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xv

Welcome to the first edition of our book Sustainable Separation Engineering. This is the 
brainchild of our academic and industrial research, as well as our university teachings on 
advanced separations and green engineering. You will find this two- volume book both as 
an engaging and exciting reference guide on the latest materials, techniques, and pro-
cesses related to sustainable separations and as a textbook that builds a solid theoretical 
foundation for sustainable separations. Our main objective is to present an overview of 
the fundamentals underlying the conventional and emerging separation processes, with 
an emphasis on sustainability. Gone are the days when separation engineering was the 
exclusive domain of chemical engineers. Modern sustainable separation engineering is 
highly interdisciplinary, with significant contributions ranging from chemical engineering 
to materials and polymer sciences to renewable energy sciences. Therefore, this book is 
intended for a broad audience to provide a bird’s- eye view of the interplay among these 
disciplinaries to design sustainable solutions. An up- to- date reference index is also 
 provided for easy lookup of the most relevant literature for a more detailed description 
of each topic.

One of the aims of sustainability is to manufacture products in the most environmentally 
benign, economic, and socially beneficial way through the optimization of resource utiliza-
tion and the conservation of materials, energy, and natural resources. The Sustainable 
Development Goals set by the United Nations crafted a blueprint through which a thriving 
and more sustainable future can be achieved for all. These goals target the global chal-
lenges we face, and most of them are directly or indirectly linked to material separations. 
During the manufacturing of products, separation steps are undesired yet unavoidable. 
Owing to the high energy demand and considerable waste produced during separation 
processes, there is a need to develop advanced materials and processes that minimize the 
associated environmental burden. Academic and industrial researchers are making great 
efforts to design greener processes and products. The authors of the 21 chapters in this 
book aimed to develop a holistic view of various types of separations covering microscale 
(chemistry, materials), mesoscale (unit operations), and macroscale (processes). Discussion 
is also extended to the role of sustainable separations in the chemical engineering 
curriculum.

Preface
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This book gives a contemporary and inclusive account of the sustainability aspects of 
separation engineering. It will be a useful resource for students of separation engineering 
and experts alike, as well as prospective learners who wish to broaden their horizons and 
discover other topics related to their core discipline.

Gyorgy Szekely
Jeddah, Saudi Arabia

Advanced Membranes and Porous Materials Center
King Abdullah University of Science and Technology (KAUST)

Dan Zhao
Singapore

Chemical and Biomolecular Engineering
National University of Singapore (NUS)
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1.1  Introduction

With the continuing growth of economic development and resource requirements by the 
expanding world population, separation processes continue to be critical and ubiquitously 
present in every aspect of human society [1, 2], and are effectively applied in areas ranging 
from chemical production to environmental remediation. The latter is especially important 
as it directly pertains to human livelihood, with the pressing issue of insufficient water 
availability affecting billions of people around the world [3]. Rising constraints on freshwa-
ter resulting from increasing water demand and decreasing water supply have been identi-
fied as a crucial challenge for the twenty- first century, necessitating improvements in 
aspects such as water policy, as well as technologies for water use and treatment [4–6].

Electrochemically mediated processes have emerged as promising tools for water- based 
separations due to their high potential for compact design  [7, 8], low- energy opera-
tions  [9–11], and molecularly selective removal  [12–14]. These attractive features are 
 well-suited to tackle challenges associated with the current state of separation science, 
which include the needs for improving the removal of species at dilute concentrations, and 
furthering understanding of interfacial phenomena [15]. The innate tunability of electro-
chemical frameworks renders them suitable for targeting desirable aqueous species in 
industrial purification processes, and a myriad of contaminants arising from other anthro-
pogenic sources such as pharmaceutical and personal care products (PPCPs) [16], and agri-
cultural and manufacturing activities. Judiciously designed electrochemically mediated 
systems can potentially take on a pivotal role in water purification trains as an individual 
treatment step, or even as a plug- and- play portable unit for remote use on- site, providing a 
strong alternative in the future for efficient and high- throughput new- generation water- 
phase separations. While cheaper and less energy- intensive water purification technologies 
will undoubtedly assist in attenuating the impact of water scarcity, their development may 
also enable the extension of the aqueous phase for use as a medium to facilitate separations 
of other compounds like carbon dioxide.

Kai- Jher Tan and T. Alan Hatton

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA

Electrochemically Mediated Sustainable Separations 
in Water

Sustainable Separation Engineering: Materials, Techniques and Process Development, Volume 1, 
First Edition. Edited by Gyorgy Szekely and Dan Zhao.
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.



1 Electrochemically Mediated Sustainable Separations in Water2

This chapter will provide a brief introduction to some applicable electrochemical theory 
and a general overview of aqueous electrochemical separation methods, followed by a 
more detailed discussion of recent advances in the area of electrochemically mediated sus-
tainable separations in water using heterogeneous redox- active materials.

1.2  Separation Processes

Separation processes are unit operations that distinguish materials based on their molecu-
lar, thermodynamic, or transport properties. A separation process can be conducted via 
addition of mass or energy separating agents, and can be operated under equilibrium or 
rate- limiting conditions. To quantify the efficacy of a separation process, a variety of perfor-
mance indicators can be used. One of the most important is analyte selectivity, which can 
be evaluated through the separation factor (Eq. 1.1) [17, 18]:
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C C
C CA B/

_

_

(
(

)
)

/
/

A initial A

B initial B

1
1 

(1.1)

where SA/B is the separation factor of species A relative to B (or the selectivity for species A 
relative to B), CA is the concentration of species A, CB is the concentration of species B, 
CA_initial is the initial concentration of species A, and CB_initial is the initial concentration of 
species B. A separation factor of unity would indicate that the process has no selectivity for 
either of the two species. Other useful metrics for separation processes include efficiency, 
capacity, and throughput [15]. Common separation techniques found in chemical indus-
tries include distillation, crystallization, and adsorption, and are employed to perform 
tasks such as species purification and recovery, gas production, product drying, and con-
taminant removal [19, 20]. However, one of the greatest drawbacks of these processes is 
their high energy requirement, which has been estimated to make up as much as 15% of 
energy usage around the world [21, 22]. To address this, key areas for improvement have 
been highlighted within current separation technologies and frameworks, which include 
reducing energetic footprints, boosting key performance indicators (i.e. selectivity, capac-
ity, and throughput), as well as targeted development in many water- related applications 
such as uranium recovery from seawater and other trace contaminant removal from dilute 
streams [2, 15].

1.3  Electrochemical Theory

1.3.1 Thermodynamics

Electrochemical processes operate by means of electron transfer and a chemical change 
and can be expressed via the generic half- cell equation for a redox reaction (Eq. 1.2): [23, 24]
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1.3 Electrochemical Theory 3

where Ox is the oxidized species, n is the number of electrons, Red is the reduced species, 
kf is the rate constant of the forward reaction, and kb is the rate constant of the backward 
reaction. Applying thermodynamic relationships to Eq. 1.2 results in the derivation of the 
Nernst equation, which describes the properties of a redox half- cell reaction at equilibrium 
(Eq. 1.3): [23, 24]

 
E E RT

nF
C
C

0 ln Red

Ox  
(1.3)

where E is the half- cell potential of the redox reaction, E0′ is the formal potential of the 
redox reaction, R is the gas constant, T is the temperature, n is the number of electrons 
transferred, F is Faraday’s constant, CRed and COx are the concentrations of the reduced and 
oxidized species, respectively, at equilibrium [24]. Redox couples can be activated homoge-
neously in solution, or heterogeneously with a surface- immobilized species, but both cases 
require the presence of an electrode at which the species converts electrochemically. The 
thermodynamic propensity for a half- cell reaction to occur is directly related to its standard 
reduction potential, which is readily accessible in tabulated form, known as the electro-
chemical series, for common homogeneous redox reactions [25]. Applying an electrochem-
ical potential less than the standard reduction potential will favor the generation of the 
reduced species in the half- cell reaction.

At the electrode- solution interface, a phenomenon known as the electrical double 
layer manifests as a result of the accumulation of oppositely charged ions at the charged 
surface, allowing for the storage of charge (Figure 1.1). The earliest mathematical repre-
sentation of this structure was given by the Helmholtz model for a parallel- plate capaci-
tor (Eq. 1.4): [24]
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Figure 1.1  Visual representations of the (a) Helmholtz, (b) Gouy- Chapman, and (c) Gouy- Chapman- 
Stern models of the electrical double layer. Source: Reprinted with permission from [26]. Copyright 
2011, American Chemical Society.
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where Cd is the differential capacitance, ε is the dielectric constant of the fluid, ε0 is the 
permittivity of free space, and d is the distance between the two electrodes. The Gouy- 
Chapman theory proposed the notion of a diffuse layer of charge in the solution with its 
average distance of charge separation dependent on factors such as electrode potential and 
electrolyte concentration. The Stern modification was later added to the Gouy- Chapman 
model to account for the finite sizes of ions and set a limit on the proximity with which they 
can approach the electrode surface. The resulting Gouy- Chapman- Stern model comprises 
a compact layer at the surface in series with the diffuse layer separated by the outer 
Helmholtz plane, providing a more realistic differential capacitance profile. Larger polari-
zations and electrolyte concentrations compress the charge to a greater extent so that the 
overall EDL structure approaches the initial Helmholtz model [23, 24, 26].

1.3.2 Kinetics

The rate of an electrochemical reaction is directly proportional to the current passed 
through the electrode at which it occurs (Eq. 1.5): [24]

 

i
nFA  

(1.5)

where ν is the rate of reaction, i is the current passed through the electrode, n is the stoi-
chiometric number of electrons transferred in the reaction, F is Faraday’s constant, and A 
is the surface area of the electrode. The reaction rate can also be written directly in terms of 
the general redox half- cell reaction in Eq. 1.2, resulting in a kinetic expression (Eq. 1.6): [24]

 k C k Cf Ox b Red  (1.6)

The rate constant of a chemical reaction can be denoted as a function of temperature. 
Using the Arrhenius equation, which describes the surmounting of an activation energy 
along a reaction coordinate, an empirical exponential correlation can be developed 
(Eq. 1.7): [23, 24]

 k A G RTe act /
 (1.7)

where k is the rate constant, A′ is a constant, ∆Gact is the standard free energy of activation, 
R is the gas constant, and T is the temperature. Using the more rigorous transition state 
theory framework in which the reactants form an activated complex before the products, 
an equation of a similar form to the Arrhenius relation in Eq.  (1.7) is obtained 
(Eq. 1.8): [23, 24]

 
k KT

h
G RTe act /

 
(1.8)

where κ is the transmission coefficient, K is the Boltzmann constant, and h is the Planck 
constant.

The kinetics of an electrochemical reaction depend strongly on the electrode poten-
tial. As seen in Eq.  (1.5), since the reaction rate varies linearly with current, this 
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relationship can be formally described through the current- potential characteristic 
(Eq. 1.9): [23, 24]
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(1.9)

where k0 is the standard rate constant, COx(0,t) is the concentration of the oxidized spe-
cies at the electrode surface at time t, CRed(0,t) is the concentration of the reduced spe-
cies at the electrode surface at time t, and α is the transfer coefficient. As expected, the 
reaction rate of a redox couple can also be affected by other variables. Specifically, in the 
absence of mass- transfer limitations, Eq. (1.9) simplifies to the Butler- Volmer equation 
(Eq. 1.10): [23, 24]
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where i0 is the exchange current (equivalent to FAk0C, where C = COx = CRed), and η is the 
overpotential (equivalent to E−Eeq, where Eeq is the equilibrium potential). At large over-
potentials, the Butler- Volmer equation further simplifies to an expression of the Tafel form 
(Eq. 1.11): [23, 24]

 

i i
F

RT
0e  (1.11)

An exponential Tafel response suggests an irreversible redox- active couple because the 
sluggish kinetics produce current only at high overpotentials in one reaction direction. 
Contrastingly, reversible redox- active couples have facile kinetics that are always at equilib-
rium and exhibit a Nernstian response independent of current (Eq. 1.3). The aforemen-
tioned expressions are developed from a single step, one- electron transfer process, and the 
kinetics would vary for multistep mechanisms, which may include other events such as 
chemical reactions or surface reactions [23, 24].

1.4  Electrochemical Separation Methods

Electrochemical separation methods use redox reactions to enable or facilitate species 
removal and can be broadly grouped into categories based on their separation mechanism 
(Table 1.1). Conventional techniques commonly utilize indirect effects of electrochemical 
processes to separate solid analytes, as well as charged or neutral dissolved species, but 
approaches involving a redox event that directly results in the separation of the target ana-
lyte also exist (Figure 1.2). In fact, recent developments in the field have leveraged such 
direct approaches in the development of new electrochemical separation systems to achieve 
selective analyte removal, as well as process reversibility.



Table 1.1  Electrochemical separation methods.

Electrochemical 
separation method Mechanism description

Nature of 
mechanism Analyte type

Irreversible Electrochemical electrolyte/
electrode conversion

Repurposes the effects of certain electrolytic processes:
 ● Water electrolysis:

 – pH changes: switches the sorbent state between active and 
inactive via protonation

 – Gas evolution: removes the analyte via flotation
 – Potential difference: removes the analyte via 

electromigration

 ● Electrode dissolution:

Releases metal ions into the solution that coagulate the analyte 
for subsequent removal

Indirect Solid, Charged, 
Neutral

Reversible Electrochemical analyte 
conversion

Converts the analyte into a new form:
 ● Metal reduction: alters the analyte oxidation state
 ● Heterogeneous reaction: reacts the analyte with the electrode 

material to form a new chemical species
 ● Reactive separations: couples electrochemical separation 

processes with simultaneous or subsequent conversion of the 
separated analytes to a more desirable form

Direct Charged

Electrical double layer Leverages the ion- storing electrical double layer structure that is 
formed when an electrode is held under electric potential

Direct Charged

Electrochemically mediated 
binding

Uses an electrochemical stimulus to convert a redox- active species 
to a different oxidation state to facilitate targeted binding between 
the altered redox- active species and an analyte

Direct Charged

Electrochemically mediated 
hydrophilicity tuning

Varies the oxidation state of a redox- active species in order to 
modulate the overall hydrophilicity of a sorbent material

Indirect Charged, 
Neutral



1.5 Connentional Electrochemical Separation Methods 7

1.5  Conventional Electrochemical Separation Methods

Traditional electrochemical separations often involve electrolytic reactions that convert 
water, the electrode, or the target analyte species itself to a new form in order to extract it 
from solution. Electrolytic processes operate by using an applied current or potential to 
drive a homogeneous electrochemical reaction at an electrode. Electrochemical technolo-
gies for wastewater processing are numerous and can be very effective for targeted reme-
diation, but may also require higher energy usage [27].

1.5.1 Water Electrolysis

Water electrolysis separation methods utilize electrochemical cells that perform either 
water oxidation at the anode (Eq. 1.12), water reduction at the cathode (Eq. 1.13), or both:

H O e O H2 22 1
2

2
 

(1.12)

2 2 22 2H O e OH H  (1.13)

The volumetric rate of gas production from water electrolysis at standard temperature and 
pressure can be expressed using Faraday’s laws (Eq. 1.14): [23, 24, 28, 29]

Q Q Q I V
F n ng H O

cell o

H O

1 1

 
(1.14)

where Qg is the total gas production rate, QH is the hydrogen gas production rate, QO is the 
oxygen gas production rate, Icell is the applied water electrolysis current, Vo is the molar 
volume of gases at standard temperature and pressure, F is Faraday’s constant, nH is the 
number of electrons transferred per mole of hydrogen, and nO is the number of electrons 
transferred per mole of oxygen.

(a) (b) (c)

–e––e–+e–

– + +

Figure 1.2  Examples of direct approaches for electrochemical separation: (a) metal reduction to a 
neutral state (electrochemical analyte conversion), (b) ion adsorption (electrical double layer), and 
(c) selective interactions between electrochemically activated redox- active groups and specific ions 
(electrochemically mediated binding). Blue and green represent different types of ions, and orange 
represents a redox- active species.
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1.5.1.1 Electrodialysis
Electrodialysis combines the migration of ions via an applied potential difference with 
membrane separation. Specifically, an electrodialysis cell undergoes water splitting reac-
tions to move ions toward the resulting oppositely charged electrodes, with ion exchange 
membranes placed in the ion trajectories to either screen them or allow them through, thus 
generating concentrated and dilute electrolyte streams. If chloride is present in the solu-
tion, it can also oxidize to chlorine gas at the anode. Electrodialysis stacks include alternat-
ing anion and cation exchange membranes placed between and in parallel with the 
electrodes, with the aqueous feed stream flowing through the channels (Figure  1.3) 
[17, 31–34]. The energetic requirements of electrodialysis can be determined in terms of a 
single- stack electrochemical cell (Eq. 1.15): [31]

 

W R t
Q F C C

EDI avg st
d st f d

,
,

2

 

(1.15)

where WEDI is the energy consumption of electrodialysis, Ravg,st is the average resistance of 
the stack, t is the operating duration, Qd,st is the diluate flow through the stack, F is Faraday’s 
constant, Cf is the equivalent feed concentration, Cd is the equivalent diluate concentra-
tion, and ξ is the current utilization.

The ability of electrodialysis to separate ionic species from nonionic species allows for its 
utilization in product purification and recovery in a variety of areas (Table 1.2), with a key 
application being desalination [31, 32, 34, 63, 64]. Electrodialysis can be further combined 
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Figure 1.3  A conventional electrodialysis stack setup. Source: Reprinted from [30]. Copyright 2017, 
with permission from Elsevier.
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with other separation materials to enable the performance of specialized tasks such as acid 
production and carbon dioxide removal.

A related method to electrodialysis is shock electrodialysis, a recently developed electro-
chemical technique that enhances the removal of charged species from water. In this pro-
cess, water flows through a porous medium placed in between two ion exchange elements 
that have an ionic current passed between them, resulting in the removal of salt as the 
formed ion depletion zone is propagated through the pores as a shock wave (Figure 1.4a 
and b). The sharp boundary between the depleted and nondepleted zones arises from the 
role of the porous medium’s charged surfaces in allowing the ions to move faster than with 
only diffusion; this enhanced transport allows for an “over- limiting current” and provides 

Table 1.2  Applications of traditional and augmented electrodialysis processes.

Traditional
electrodialysis

Application Examples of specific use

Desalination  ● Brackish and process water [31, 32]
 ● Seawater [35, 36]
 ● Reverse osmosis brine solution discharge [37]
 ● Drinking water treatment: Removal of nitrates  

[38, 39] and hardness [40, 41]
 ● Defluoridation of brackish water [42]
 ● Wastewater treatment: removal of phosphate [43], 

lead [44], cadmium [45]

Metal recovery  ● Copper [46], iron and water from synthetic copper 
electrowinning solutions [47]

Nutrient recovery  ● NH4- N concentrate [48]

Food industry  ● Table salt production [31, 49]
 ● Citrus juice deacidification [32, 49]
 ● Demineralization of products such as whey [31, 32, 49]

Bioprocessing  ● Protein purification and amino acid recovery [32]

Augmented
electrodialysis

Addition Examples of specific use

Permselective 
membranes

 ● Capture of specific ions [50]

Bipolar 
membranes [51]

 ● Generation of acids and bases from their associated 
salts [31, 32, 52]

 ● Production of soy protein isolates [52]
 ● Recovery of organic acids [53] from fermentation 

broths or other streams: [31, 32]
 – Citric acid [54]
 – Acetic acid [55]
 – Lactic acid [56–58]

 ● Separation of carbon dioxide [59–61]

Ion exchange resins  ● Separation of carbon dioxide via in situ 
electrochemical pH control in resin- wafer 
electrodeionization [62]

 ● Generation of ultrapure highly deionized water [31]
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this scheme with high scalability for continuous desalination  [65, 67, 68]. In addition, 
shock electrodialysis possesses the capabilities of performing disinfection and filtration 
functions during operation  [65], and removing radionuclides  [69], as well as selectively 
separating ions like Mg2+ in the presence of a ninefold excess of Na+ with a scaled retention 
selectivity on the order of magnitude of 101 [66, 70].

1.5.1.2 Electrochemical Ion Exchange
A subset of water electrolysis- based separation methods is the electrochemical ion exchange 
(EIX) process, which employs water electrolysis reactions to activate or regenerate the ion 
exchange electrodes through localized pH changes at their surfaces. A typical cation EIX 
scheme consists of three steps, starting first with the reduction of water (Eq. 1.13), followed 
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by the deprotonation of the acidic exchange material (e.g. −COOH carboxyl groups) with 
the generated hydroxide anions (Eq. 1.16): [71, 72]

R COOH OH R COO H O2  (1.16)

Finally, the negatively charged active sites adsorb the desired cation (Eq. 1.17): [71, 72]

R-COO I R-COO ICation Cation  (1.17)

where R is the non- active portion of the ion exchange material, and Ication
+ is a cation. 

Changing the electrode potential to facilitate proton generation from water oxidation ena-
bles release of the previously bound cation. Conversely, anion EIX schemes use basic 
exchangers activated to their positively charged states via protonation from water oxida-
tion [71–73]. EIX systems have been used to separate chromate  [74], various inorganic 
ions such as Cl−, SO4

2−, PO4
3−, Ca2+, Fe2+, and Mg2+  [75], and cobalt via the alkaline 

hydrolysis of the non- ion- exchanging α- zirconium hydrogen phosphate to the ion- 
exchanging zirconium oxide [76], as well as copper cations using sulfonated resin [77], 
poly(4- vinylpyridine)  [78], and poly(acrylic acid)  [79, 80]. The latter cases of copper 
removal with poly(4- vinylpyridine) and poly(acrylic acid) were accomplished using a two- 
step methodology whereby the as- made carboxyl and pyridine moieties were first used to 
capture copper cations through physisorption and were then protonated to their pyridin-
ium and carboxylic acid forms with protons created locally from water oxidation to release 
the adsorbed copper (Figure 1.5a and b) [78, 79].
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Electrochemical techniques have also been applied in other ways to ion exchange pro-
cesses. For example, after removing vanadium and molybdenum from solution with an 
anion exchange resin, a current was used to reduce only the pentavalent vanadium anion 
species to a tetravalent cation for selective electrochemical elution of vanadium over 
molybdenum [81]. Other methods have leveraged electrochemistry in ways such as creat-
ing acidic and basic aqueous solutions via bipolar membrane electrodialysis for subsequent 
regeneration of anion and cation exchange membranes used in a closed- loop water- 
softening process  [82], and the electrochemical regeneration of metal aluminosilicate 
hydrate zeolites after being used for ammonia removal [83].

1.5.1.3 Electroflotation
The process of electroflotation utilizes the bubbles produced from electrochemical water 
splitting (oxygen from anodic water oxidation in Eq. (1.12) and/or hydrogen from cathodic 
water reduction in Eq. (1.13)) to physically separate undissolved material from the aqueous 
phase. The energetic requirements of electroflotation can be determined for an electro-
chemical cell (Eq. 1.18): [28, 29]

W I E
QEF

cell cell

w  
(1.18)

where WEF is the energy consumption for electroflotation, Icell is the applied electrolysis 
current, Ecell is the cell potential, and Qw is the water flow rate. In addition to current den-
sity for bubble production, electroflotation performance depends on other variables such as 
hydraulic retention time, species concentration, solution conductivity, solution pH, cell 
design, and electrode materials [28, 29, 84–86].

Electrolytically generated bubbles are small compared with bubbles produced from 
methods like dissolved air flotation and electrostatic spraying [87], can be easily controlled 
in terms of production, and provide a higher surface area- to- volume ratio for enhanced 
contact with the material to be removed [28, 29, 84, 85]. Froth flotation is an established 
and widely used industrial technique in mineral processing for beneficiation [84–86, 88], 
and electroflotation processes have similarly been used for the removal of fine particles like 
quartz [89], pyrite [90], chalcopyrite [91], and silica [92]. Like conventional flotation, elec-
troflotation has also been employed to leverage density and hydrophobic differences to 
separate oil–water emulsions [28, 29, 84–86, 93, 94] from oil field [95] and palm oil mill [96] 
effluents, as well as to remediate turbidity in textile wastewater [97]. In flotation processes, 
other additives known as flotation reagents may also be introduced to the system to assist 
with material removal by increasing hydrophobicity, adjusting selectivity, improving recov-
ery, and changing separation kinetics. These compounds include collectors/promoters to 
render the solids hydrophobic, frothers to improve collection and form a frothing layer at 
the solution surface, and auxiliary reagents such as activators/depressants for enhancing or 
hindering collection [88].

Bubble generation for electroflotation necessitates the selection of proper materials for 
the electrodes within the electroflotation cell. Cathode materials are usually selected to be 
inert metal and alloy materials which facilitate hydrogen production, such as nickel, tita-
nium, stainless steel, and aluminum. The other end of the cell often suffers from stability 
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problems due to electrochemical corrosion, and as such, development has resulted in the 
use of graphite, lead oxide, platinum, and various titanium- containing species as common 
inert anodic materials [28, 29, 85, 98]. Alternatively, active anodes can also be used as sac-
rificial materials to release metal ions upon oxidation, which then form species that aggre-
gate unwanted compounds for electroflotation to the solution surface. This latter technique 
is termed electrocoagulation and is often used in conjunction with electroflotation in a 
single process to remove the flocculated particles via electroflocculation [28, 29, 84–86, 99]. 
These electrochemical processes have been used to treat aqueous streams from the tex-
tile [100], dairy, paper [101], laundry [102, 103], tannery [104], mining [105], semiconduc-
tor [106], oil [107, 108], maritime, restaurant [109], and food industries [110], as well as for 
purification of drinking water  [111], surface waters  [112] and other streams containing 
industrial effluents, heavy metals [113–117], and biological wastes [28, 29, 84–86].

1.5.2 Electrocoagulation

In electrocoagulation, coagulating agents for the aqueous media to be treated are generated 
in situ via electrolytic electrode dissolution (Figure 1.6). Similar to a chemical coagulation 
process, the dissolved reagents destabilize the target species by precipitation and/or the 
breaking of emulsions and suspensions to separate them from the water phase and are 
extracted through another method like filtration or electroflotation. In a conventional elec-
trocoagulation cell, iron and aluminum are typically used as sacrificial anode materials for 
generating charged cations upon oxidation to form subsequent coagulating agents such as 
polyhydroxides that facilitate a three- stage aggregation process comprising double layer 
compression of the charged species, charge neutralization of ionic species by the released 
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anodic counter- ions, and floc formation [99, 119–123]. Like water electrolysis, the metal 
dissolution rate during electrocoagulation can be expressed using Faraday’s Laws 
(Eq. 1.19): [23, 24, 99, 119, 120, 122, 123]

Q I M
nFm

cell m

 
(1.19)

where Qm is the metal dissolution rate, Icell is the applied electrolytic current, Mm is the 
molar mass of the metal, n is the number of electrons transferred per mole of the metal, 
and F is Faraday’s constant. During cell operation, oxygen and hydrogen bubbles are also 
generated (oxygen from anodic water oxidation in Eq. (1.12) and/or hydrogen from cathodic 
water reduction in Eq.  (1.13)), rendering electroflotation intrinsically suitable for use 
alongside electrocoagulation to fully separate the solid materials from the solutions. 
Furthermore, electrocoagulation processes are generally easy to operate, do not require the 
addition of chemicals, and produce flocs and sludge with tractable properties for separa-
tion [85, 99, 117, 119–123]. Electrocoagulation has been used to remove a variety of differ-
ent pollutants from aqueous solution (Table 1.3) [146] and also has potential as a localized 
water treatment technology [147].

1.5.3 Electrodeposition

Electrodeposition refers to electrolytic processes that facilitate the electrochemical reduction 
of dissolved metal ions to their solid forms at cathode surfaces (Eq. 1.20): [23, 24, 85, 148–151]

 
M Mn

aq sen  (1.20)

Table 1.3  Applications of electrocoagulation processes.

Water sources Contaminants

 ● Wastewater:
 – Tanneries [124]
 – Petroleum refineries [125]
 – Paint manufacturing [126]
 – Olive mills [127, 128]
 – Potato chip manufacturing [129]
 – Baker’s yeast production [130]
 – Electroplating [131]
 – Textile industry [132–134]
 – Black liquor from the paper industry [135]
 – Dairy effluents [136]

 ● Oil [118]
 ● Dyes [137, 138] such as orange II [139]
 ● Escherichia coli cells for disinfection [140]
 ● Trivalent chromium [141]
 ● Nitrate [142]
 ● Arsenic [143]
 ● Copper, zinc, and hexavalent chromium [131]
 ● Iron [144]

 ● Tap water [144]

 ● Potable water [145]
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where Mn+
(aq) is the metal ion to be extracted, n is its valence, and M(s) is the reduced neu-

tral metal in its solid state. The energetic requirements of electrodeposition can be deter-
mined for an electrochemical cell (Eq. 1.21): [149, 150]

 

W nFE
MEDP

cell

m CE
 

(1.21)

where WEDP is the energy consumption for electrodeposition, F is Faraday’s constant, Ecell 
is the applied cell potential, Mm is the molar mass of the metal, and CE is the current effi-
ciency. Historically, electrochemical deposition has been utilized notably for the electrow-
inning of metals in metallurgy (i.e. the extraction of metal species from solution by reducing 
them electrochemically)  [149–151] and electroplating applications to generate coat-
ings [148, 150, 152], but can also be applied to the extraction of metals from aqueous waste 
streams [117, 153]. Electrochemistry is employed in the field of electrometallurgy for the 
electrowinning of metals from leaching solutions after isolation from their ores, as well as 
for the subsequent electrorefining of an electrowon metal via further dissolution and depo-
sition to remove co- deposited impurities. In aqueous electrowinning, lead is often used as 
the anode, and titanium or stainless steel as the cathode. The anode can also be modified 
or selected in a way to catalytically promote oxygen evolution to reduce its overpotential 
and lower energy consumption. Similarly, metals with relatively lower reduction potentials 
may be difficult or impossible to electrowin in aqueous media due to competition from 
hydrogen evolution, hence the common application of aqueous electrowinning to the pro-
duction of metals such as copper [154] and zinc [155], as well as for cadmium [156] and 
nickel [157] recovery [149–151]. However, electrodeposition has also been utilized for the 
separation of various other metals (Table 1.4).

Selective separation processes can be carried out before the electrodeposition step to 
enable individual metal ion extraction, but in theory, electrodeposition can also be per-
formed with specificity from a mixture of metal ions based on differences in metal reduc-
tion potentials. For example, this has been accomplished experimentally with the removal 
of copper and nickel by electrodeposition from electronic and galvanic industrial waste 
solutions [178, 179], as well as the recovery of copper, lead, cadmium, and zinc from chlo-
ride solution [180]. Selective electrodeposition has also been used in the targeted reduction 
of uranyl cations to urania onto an anionic conducting polymer over competing lanthanide 
cations for radioactive waste applications [181], as well as onto amidoxime- functionalized 
carbon over competing ions from seawater using a half- wave- rectified alternating current 
electrochemical method [182]. In another study, cadmium was recovered from binary mix-
tures containing either cobalt or nickel without co- deposition of the latter cation through 
the use of nucleation potential measurements obtained from the addition of counter- 
anions at different cation concentrations to influence deposition potentials [183]. In a final 
example, a direct/alternating current electrochemical method with tunable alternating 
current amplitude, frequency, and offset was utilized to separately recover copper, cad-
mium, and lead from the same solution [184].

The concept of electrochemically recovering metals from metal–organic complexes 
through electrodeposition has been further extended to carbon dioxide separation in 
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aqueous media. An example of this is the electrochemically mediated amine regeneration 
(EMAR) process (Figure 1.7a and b), which makes use of the electrochemical conversion 
of copper between its ionic and solid states to mediate reversible CO2 capture and release 
(Eqs. 1.22–1.24): [186, 187]

Am CO Am COaq g aq
m

m2 2
 

(1.22)

2 2 22
2

2 2m m
m

Am CO Cu CuAm CO e
aq s aq g

 
(1.23)

CuAm e Cu Am
aq s aq

2
2 2 2

m m
 

(1.24)

Table 1.4  Applications of electrodeposition processes.

Number of metals 
removed in application Metal(s) Recovery application/solution

One Copper  ● Cathodic reduction in a microbial fuel cell [158]
 ● Photoelectrocatalytic oxidation cell for copper–

ethylenediaminetetraacetic acid complexes [159]
 ● Ultrafiltration cell for copper–poly(acrylic acid) 

complexes [160]
 ● Electrowinning from spent electroplating 

electrolyte [161]
 ● From printed circuit boards after acid 

leaching [162–164]

Gold  ● From thiourea solution [165]

Iron  ● From sulfate solution [166]

Lead  ● From smelting fly ash of waste lead- acid 
batteries [167]

Selenium  ● Cyclone electrowinning [168]

Palladium  ● From nitric acid [169]

Cobalt  ● From sulfate solution [170]

Zinc  ● From electric arc furnace dust leach liquor [171]

Cadmium  ● From spent batteries subject to an acid leaching 
process [172]

Two Zinc and cadmium  ● From spent batteries subject to an acid leaching 
process [173]

Zinc and manganese  ● From household alkaline batteries [174]

Copper and lead  ● From printed circuit boards after acid leaching [175]

Three Copper, nickel, and 
cadmium

 ● Cyclic electrowinning and precipitation system [176]

Copper, nickel, and 
cobalt

 ● From chelated complexes using a two- chamber 
cell fitted with a cation exchange membrane [177]
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where Cu is copper, Am is an amine, and m is a stoichiometric coefficient. The EMAR system 
has been extensively studied and developed through multiple bench- scale experimental set-
ups [185, 186, 188–190], detailed modeling [187, 189], and technoeconomic analyses [191], 
and can be applied to post- combustion capture with projected energy consumptions of 50 kJ/
mol CO2 with potential for further reduction to 40–45 kJ/mol CO2, stability after 200 hours of 
continuous operation with electrode switching, and estimated carbon capture costs of below 
$50/ton CO2 [192].
Similar aqueous electrochemically modulated complexation processes leveraging the 
Cu(I)/Cu(II) redox couple have been applied for the capture and release of carbon diox-
ide [193] via a binuclear copper complex to reversibly bind carbonate with the ability of 
concentrating CO2 content from 10 to 75% in nitrogen  [194], the selective extraction of 
other gaseous species such as carbon monoxide from nitrogen [195], and ethylene from 
ethane [196] using copper chlorides, as well as various alkenes using a copper triflate vinyl 
sulfonate complex [197].

1.6   Electrochemically Mediated Sustainable 
Separation Methods

While many conventional electrochemical separation processes have been very suc-
cessful in commercial and industrial applications, electrochemical processes for water 
treatment can often require high energetic inputs  [7], especially since a majority of 
them rely on water electrolysis to enable removal of the desired material. Contrastingly, 
electrochemically mediated sustainable separation systems offer strong potential for 
enhanced separation efficiency, specifically in areas such as heightened selectivity for 
specific target analytes, reduction in energetic requirements, and process reversibility. 
In general, these methods utilize heterogeneous electrochemical phenomena at bare or 
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functionalized electrodes to nondestructively remove target species in their initial 
state, such as ions [198], but can also be combined with electrochemical reactions for 
enhanced remediation.

1.6.1  Electrochemical Conversion Processes

Electrochemical conversion involves the direct reaction of an electrode material with the 
target analyte to create a new phase through the formation of chemical bonds. An interest-
ing example is the specific electrochemical reaction of bismuth with chloride, which has 
been expressed as the following anodic half- reactions (Eqs. 1.25 and 1.26): [199, 200]

Bi Bi O Cl BiOCl e2 3 3 3 3  (1.25)

 Bi Cl H O BiOCl H e2 2 3  (1.26)

This reversible phenomenon is highly pertinent to water desalination and facilitates the 
targeted uptake and release of chloride anions from seawater. The bismuth electrode can 
then be coupled with a sodium- selective redox species at the other electrode to form a 
desalination battery (Figure 1.8a). Chloride extraction via electrochemical conversion for 
desalination has also been accomplished using the Ag/AgCl redox couple [202], in both 
asymmetric and symmetric configurations. A hybrid battery comprised of a silver electrode 
and the sodium- intercalating Na2−xMn5O10 species yielded high selectivity for sodium and 
chloride ion removal from seawater with coulombic efficiencies of 57 and 76%, respec-
tively, with less than 10% efficiency for each of the other competing ions after 50% of the 
total salt was removed  [203]. The Ag/AgCl system has also been incorporated into a 
“rocking- chair” battery framework comprised of silver and silver- chloride electrodes 
(Figure  1.8b) that produced a salt removal capacity of 115 mg/g at a concentration of 
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600 mM NaCl with a cell voltage of only 0.2 V  [201]. In the same vein, aqueous battery 
chemistries utilizing metal- halide bond formation for energy storage may also be poten-
tially applicable for reversible water- based ion separations in the future [204, 205], with a 
noteworthy case study being an aqueous lithium- ion battery containing a composite cath-
ode made up of graphite and LiBr and LiCl salts, which was reversibly oxidized to yield 
Br− and Cl− anions for subsequent intercalation into the graphite [206].

1.6.2  Electrical Double Layer Processes

The main electrochemical separation technique that leverages the ability of the electrical 
double layer to store ions is capacitive deionization (CDI). CDI operates through the 
activation of an electrochemical potential difference between porous electrodes to form 
electrical double layers at their surfaces for ion removal by electrosorption (Figure 1.9a) 
and is primarily applied for water desalination and softening with high potential for use 
as an energy- efficient separation process in the brackish salinity range [9, 10, 202, 207, 
210–213], but has also been used for carbon dioxide removal through a supercapacitive 
swing adsorption process [214]. The CDI process is reversible with charging (salt uptake) 
and discharging (salt release) voltages usually around 1.2 and 0 V, respectively, which can 
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subsequently lead to salt adsorption capacities of nearly 15 mg/g and over 20 mg/g under 
batch and flow operation conditions, respectively [9, 211]. During CDI, both non- Faradaic 
and Faradaic phenomena can occur. Non- Faradaic effects include the main capacitive 
ion storage mechanism in the formed electrical double layers, and transport of ions 
within the porous electrodes, and can also include interactions between ions and chemi-
cal charges present on the electrode surface. Faradaic changes may also occur at the 
anode and cathode, such as oxidation and reduction of the carbon material, and water 
chemistry half- reactions like chloride oxidation and oxygen reduction, as well as water 
splitting from water oxidation and water reduction, respectively. Parasitic side reactions 
can lower performance and are the dominant cause of energy losses at low charging cur-
rents due to the longer durations that the electrodes operate at higher voltages  [215]. 
Additionally, unwanted Faradaic reactions may affect water quality by causing changes 
in solution pH, as well as the formation of chemical byproducts. Leakage current from 
water electrolysis also causes the charging potential to be constrained by the water stabil-
ity window of 1.23 V [9, 10, 207, 211].

Selective ion adsorption with CDI can be accomplished through a variety of methods [10, 
211, 216]. Examples exploiting ion characteristics include the leveraging of hydrated ion 
properties using an ultramicroporous electrode with narrow pores less than 1 nm to allow 
for targeted adsorption of the planar weakly hydrated nitrate over chloride and sulfate with 
selectivities of over 6 and 17 at a one-  and half fold excess, respectively [217], hydration 
ratios (ratio of the hydrated ion radius to the bare ion radius) for favored uptake of low 
hydration ratio ions like ammonium and nitrate over sodium and fluoride, respec-
tively  [218], hydrated ionic radii for better separation of the smaller potassium over 
sodium [212, 213, 219], ionic charges for enhanced extraction of the divalent calcium over 
the monovalent sodium attributed to surface charge screening  [212, 213], ion diffusion 
rates to attain selectivities of up to ca. 10 for perchlorate (higher diffusion coefficient) over 
an eightfold excess of chloride at 0.6 V [220], and ion electronegativities for the preferential 
removal of the more electronegative perrhenate over chloride  [221]. In addition to ion 
effects, selectivity has been imparted through modification of the electrode surfaces with 
additions such as chemical charges from chemical oxidation, which almost doubled the 
hydrated radius size- based selectivity of smaller potassium over lithium  [222], nitrogen 
groups in N- functionalized graphene for highly selective extraction of heavy metals over 
alkali/alkaline earth metals due to short- range interactions [223], anion exchange resin- 
coated carbon electrodes for targeted separation of sulfate  [224] and nitrate  [225, 226], 
sulfonic [227] and amine functional groups on graphene [228], and cetyl trimethyl ammo-
nium bromide (CTAB) that enabled a 6.5- fold selective physisorption of nitrate over chlo-
ride followed by electrochemical desorption [229].

CDI has been employed in a variety of additional different configurations [230]. Examples 
include inverted CDI (i- CDI), where desorption instead of adsorption occurs during charg-
ing [231–234], flow CDI (FCDI) (Figure 1.9b), where a flowing suspension of carbon parti-
cles is used in lieu of the fixed carbon electrodes  [208, 235–239], and membrane CDI 
(MCDI) (Figure 1.9c), [9, 10, 207–209, 211, 216, 240–243] where ion exchange membranes 
are placed in front of the carbon electrodes to offer enhanced ion selectivity, salt removal 
capacity, and energetic performance by virtue of the exchange membrane’s ion specificity, 
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retention of co- ions (ion with same charge as the electrode) during charging, and ability to 
provide efficient counter- ion flushing during regeneration. Additionally, the ion- exchange 
membrane layer in MCDI can mitigate detrimental phenomena such as anode oxidation 
from parasitic side reactions by restricting the contact of the electrode with the bulk solu-
tion [207, 244, 245]. MCDI has been used for targeted ion removal of fluoride over sul-
fate  [246], nitrate over chloride  [247], lead over calcium and magnesium [248], lithium 
over magnesium  [249], monovalent cations over divalent cations  [250], calcium over 
sodium  [251, 252], and even carbon dioxide  [253, 254]. Another electrical double layer 
method similar to CDI is ion concentration polarization [255, 256], a technique that makes 
use of the charge mismatch in nanochannels to facilitate a concentration gradient for ion 
enrichment that can be used for desalination.

1.6.3  Heterogeneously Functionalized Redox- Active Species Processes

The addition of redox- active species to a conductive heterogeneous framework can allow 
them to be used as electrodes with pre- mediated selectivity as a result of designed electro-
chemical interactions between the redox material and specific analytes [12–14]. Faradaic 
compounds can provide additional pseudocapacitance to enhance the performance of elec-
trochemical capacitors [257–260]. Compared to traditional CDI operations, electrochemi-
cal separation processes developed with Faradaic redox- active species can also provide 
significantly enhanced ion adsorption capacities [207, 216], as observed from both experi-
ments [211, 261] and modeling [262].

1.6.3.1  Electrochemically Mediated Binding
Electrochemically mediated binding processes operate by utilizing a direct interaction 
between heterogeneous redox- active species and specific analytes to achieve targeted sepa-
ration. An electrochemical stimulus is used to alter the oxidation state of a redox- active 
material to allow it to attract particular molecules. Since this affinity is imparted through 
electrochemical activation, the process is fundamentally reversible, and previously cap-
tured species can be subsequently released by simply altering the electrochemical potential 
or direction of current flow (Figure 1.10) [12–14].

1.6.3.1.1 Redox- Active Polymers
A powerful class of redox- active species for ion separation is the metallocene. As the classic 
example of a facile and reversible redox couple, ferrocene (charge of 0) is able to capture 
anions by undergoing a one- electron oxidation reaction to the ferrocenium cation (charge 
of +1) [264] (Eq. 1.27): [265–267]

Fc I Fc I eAnion Anion  (1.27)

where Fc is ferrocene, Fc+ is ferrocenium, and IAnion
− is an anion. The nature of the anion 

interacting with ferrocenium affects its electrochemical response, and, in general, it has 
been observed that inorganic electrolyte anions that are more hydrophobic promote 
ferrocene oxidation and the formation of ferrocenium- anion ion pairs  [265–271]. 



1 Electrochemically Mediated Sustainable Separations in Water22

The electrochemically mediated anion- dependent interaction of ferrocene has resulted in 
its ubiquitous use as a redox probe in applications such as sensing [272–274] and catalysis 
(Figure 1.11) [275–277].
In its neutral state, ferrocene is hydrophobic and is thus well-posed to extract anions from 
aqueous media heterogeneously. To further improve its immobility as a solid electrode, fer-
rocene can be prepared as a vinyl homopolymer, poly(vinylferrocene) (PVFc) [278], allow-
ing it to be tethered to carbon nanotubes to form a nanostructured material (PVFc- CNT) 
through non- covalent pi- pi stacking interactions. In a conductive framework, the ferrocene 
moieties are quickly activated and better utilized, resulting in a higher redox- enhanced 
pseudocapacitance (Figure 1.12a) [279, 281]. PVFc composites have been used to perform 
targeted separation of simple organic anions (i.e. carboxylates, [263, 282] sulfonates, phos-
phonates)  [283], more complex organic micropollutants  [284], proteins  [285], inorganic 
heavy metal oxyanions (HMOAs) from wastewater  [280, 286–289], and nuclear waste 
[73, 290]. As the separation process occurs only in the presence of ferrocenium, it follows  
that the amount of analyte electrosorbed by PVFc composites is dependent on the extent  
of oxidation of the ferrocene units, and thus the applied electrochemical potential 
(Figure 1.12b). Furthermore, due to the reversible nature of the ferrocene redox couple, the 
ferrocenium moieties can be electrochemically regenerated via reduction back to ferro-
cene, desorbing the previously adsorbed analyte for successive separation cycles with 
unchanged capacity (Figure 1.12c).
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Density functional theory (DFT) electronic structure calculations have revealed high bind-
ing energies for certain ferrocenium ion pairs (Figure 1.13a and b) that have been ascribed 
to redox- enhanced hydrogen bonding [283], as well as the lower ionization potentials and 
electronegativities for certain transition metal- containing oxyanions compared to halide 
electrolyte species [280]. These results have been supported by the experimentally observed 
separation selectivity of organic anions such as formate [283] and benzoate [282], and inor-
ganic HMOAs of chromium [280], arsenic [280, 286, 289], and vanadium [288], over com-
peting inorganic anions such as perchlorate. The targeted nature of the ferrocenium–anion 
interactions was clearly seen through the removal of vanadium from a 40- fold excess of 
background electrolyte with an ion selectivity greater than 10 after 3 hours adsorption at 
0.8 V vs Ag/AgCl (Figure 1.13c) [288], as well as the continuous flow removal of benzoate 
from a 50- fold excess of supporting anions with an ion selectivity of 3 after 2 minutes adsorp-
tion at 0.35 V vs Ag/AgCl at a flow rate of 1 mL/min [282]. Ferrocene moieties have also 
been incorporated into cation exchange polymers as a means of electrochemically 
releasing species that were previously adsorbed by the ion exchange component 
(Figure 1.13d). Specifically, an electroactive ion exchange polymer containing vinyl ferro-
cene (VFc), styrene (STY), and styrene sulfonate (SS−) groups, (STY)- (SS−)- (VFc), was used 
to reversibly separate the redox- active methyl viologen cation (Figure 1.13e and f) [291].

Other cobalt- containing metallocene counterparts to ferrocene have also been used in elec-
trochemically mediated redox- active separation processes. Cobaltocene is a cobalt- containing 
chemical analogue to ferrocene, and both the cobaltocenium cation and ferrocene share a 
stable 18- electron configuration [292]. The stability of cobaltocene (charge of 0) in its oxi-
dized cobaltocenium state (charge of +1) allows for its use as a reducing redox- active species. 
Cobaltocenium can be synthesized as a metallopolymer, poly(2- (methacryloyloxy)ethyl 
cobaltocenium) (PMAECoCp2) [284, 293, 294], which has been used as a cathodic electron 
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sink to suppress parasitic water splitting reactions during electrochemical separations [284]. 
A cobalt- containing organometallic variant of cobaltocene, [η5- (1- oxo- 4- methacryloyloxy- 
butyl)- cyclo- pentadienyl]cobalt(η4- tetraphenylcyclobutadiene) (CpCoCbMA), has also been 
prepared in its metallopolymer form, PCpCoCbMA [295], and subsequently applied for elec-
trochemical separation. Contrary to cobaltocene, the redox- active portion of PCpCoCbMA, 
η5- cyclopentadienyl- cobalt- η4- cyclobutadiene (CpCoCb), has a stable 18- electron configura-
tion in its neutral state (charge of 0) [296], and upon electrochemical reduction becomes a 
negative anion (charge of −1) [297], and is thus able to separate cationic species [284].

The redox- active quinone species has been utilized for reversible carbon dioxide separa-
tion in aqueous media [298]. The electrochemical interaction of quinones and other com-
pounds  [299] with carbon dioxide has previously been observed in aprotic organic 
media  [300–302], and the extension of its operation to a water phase removes concerns 
with solvent safety and toxicity. Anthraquinone can reversibly bind with carbon dioxide 
(Figure 1.14a) and has been heterogeneously functionalized on an electrode in the form of 
a heterogeneous poly(1,4- anthraquinone) (PAQ) conductive composite for use in an elec-
trochemical cell (Figure 1.14b) with near- stoichiometric CO2 uptake and release over mul-
tiple cycles (Figure 1.14c) in a water- in- salt electrolyte at a competitive energy consumption 
of ca. 56 kJ/mol CO2  [298]. Electrochemically mediated separation of carbon dioxide in 
water has also been accomplished with an organic semiconductor electrode comprising a 
naphthalene bisimide derivative at a capture efficiency of ca. 2.3 mmol/g [303]. In addition, 
quinones [304, 305] and other species like phenazines [306, 307] and a biological proton 
carrier [308] have been employed homogeneously in aqueous solution to electrochemically 
separate carbon dioxide at reasonable energy consumption values via pH gradients from 
proton- coupled electron transfer reactions.

1.6.3.1.2 Conducting Polymers
Conducting polymers have also been used for electrochemically mediated separations. In 
general, many conducting polymers are conjugated pi polymers and are conductive because 
they contain delocalized pi electrons that can move through unsaturated backbones 
(Figure 1.15a) [309, 313, 314], a property which has resulted in their application to sens-
ing [315], energy storage [316, 317], and environmental remediation [318]. Their conduc-
tivities can be varied through the addition of a dopant, which can create positive (p- doping) 
or negative (n- doping) polarons or bipolarons through a charge transfer redox process 
[309, 313, 314, 319]. Redox conversion of the conducting polymer can also be performed 
electrochemically and leveraged for ion binding. This reversible process is known as electro-
chemical doping and allows for precise control of the uptake of various dopant ions. A 
common example of a conducting polymer is poly(pyrrole) (PPy), which can be electro-
chemically oxidized to create positively charged species (Figure  1.15b), and has subse-
quently been applied for the separation of anions such as perchlorate  [320], hexavalent 
chromium [321], and chloride via chloride- ion [322] and desalination batteries [323]. PPy 
has been used in electrochemical solid- phase microextraction (SP- ME) techniques  [324, 
325] for the enhanced removal of species such as fluoroquinolones  [326] and inorganic 
anions  [327], as well as in the electrochemical chromatography  [328] of dansyl amino 
acids; the latter application is particularly interesting due to the ability of the process to 
vary the capacity factors of the amino acids by at least an order of magnitude and reducing 
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elution band half- widths and retention times for the optimized separation of a mixture 
containing three different amino acids (Figure 1.15c)  [310]. Other conducting polymers 
have also been used for electrochemical ion separation, including poly(aniline) (PANI) for 
fluoride [329] and heavy metal cations (Figure 1.15d) [311, 330], poly(3- methylthiophene) 
(P3MT) for arsenate anions [331], and poly(2,6- pyridinedicarboxylic acid) (PPDA) for cop-
per anions [312]. The latter polymer leverages a three- way interaction between Cu2+, the 
PPDA carboxyl group, and the PPDA pyridine group, whereby potentials below the lowest 
critical transfer potential (LCTP) and above the highest critical transfer potential (HCTP) 
result in the formation of intermolecular hydrogen bonds between the copper cations and 
the carboxyl groups, and the pyridine and carboxyl groups, respectively, resulting in high 
selectivities for Cu2+ uptake over co- existing cations in solution (Figure 1.15e) [312].

1.6.3.1.3 Electroactive Crystalline Species
Like the aforementioned organic macromolecules, inorganic species can also possess 
redox- active properties. The quintessential archetype is the Prussian Blue analog (PBA) 
class of compounds, which contain electrochemically active transition metals that ena-
ble the redox- mediated selective intercalation of cations into its open frame-
work  [332–334]. This reversible phenomenon has been applied to the uptake of 
ammonium ions  [335], divalent alkaline earth metal cations like magnesium and cal-
cium (Figure 1.16a) [336], and trivalent cations like aluminum and yttrium [340], as well 
as in electrochemically switched ion exchange (ESIX) processes for alkali metal cations 
such as sodium and cesium (Figure 1.16b), the latter of which have found fitting applica-
tions in both nuclear waste remediation due to the radioactive 137Cs isotope 
(Figure 1.16c) [337, 338, 341, 342], and desalination [343]. The nickel hexacyanoferrate 
(NiHCF) PBA has been observed to exhibit selectivities for both Cs+ and K+ over Na+, at 
experimentally quantified separation factors of around 360 and 5  in solutions with an  
80- fold and a 10- fold excess of Na+, respectively, measured at steady- state conditions 
after voltammetric cycling [342]. It has been previously observed that it is easier for alkali 
metal cations with smaller hydrated ionic radii to electrochemically intercalate into 
NiHCF, hence its affinity for cesium over sodium  [344–347]. Electrode materials for 
aqueous batteries (especially of the near- neutral class) such as graphite, oxides, and poly-
anionic compounds may potentially also be repurposed for ion extraction in water, due to 
their ability to reversibly store charge carriers like metal cations (e.g. lithium, potassium, 
sodium, magnesium, calcium, zinc, and aluminum) and non- metal ions (e.g. hydroxide, 
halides, protons, ammonium, and even nitrate [348]) [204]. Specifically, some possible 
candidates include hexacyanomanganate compounds  [349], iron- based polyanionic 
compounds (e.g. FePO4), vanadium- based oxides (e.g. VO2), and manganese- based oxides 
(e.g. MnO2). The proton- intercalating ability of MnO2 has also been leveraged to control 
the pH of aqueous media to facilitate electrochemically mediated proton concentration 
for carbon dioxide capture and release [350, 351]. Some of these crystalline species are 
already being used interchangeably between energy storage and separations, with the 
most notable examples being PBAs and lithium- intercalating compounds for the extrac-
tion of lithium from brine (Figure 1.16d) [339, 352], and the recovery of ammonium from 
wastewater  [353]. Metal- organic frameworks (MOFs) with engineered electrochemical 
properties are a rapidly growing field  [354–357] and may also prove to be 
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possible options for future use in separation processes, with some species already exhibit-
ing promising performance in aqueous supercapacitor applications [358–360].

1.6.3.1.4 Hybrid Organic–Inorganic Composites
Hybrid systems leveraging both organic and inorganic redox- active materials have also 
been developed for electrochemically mediated separation. One framework involved a lay-
ered α- zirconium phosphate (α- ZrP) nanosheet intercalated with a poly(aniline) chain for 
the reversible capture and release of heavy metals via a proton- pumping mechanism 
(Figure 1.17a). Specifically, heavy metal cations enter the α- ZrP reservoir under reducing 
potential and are expelled in the oxidizing step by the protons released from PANI oxida-
tion. In its reduced state, the composite had an adsorption capacity of ca. 100 mg Ni2+/g in 
the presence of various other heavy metal cations at the same concentration of 100 mM, 
revealing a roughly 10- fold selectivity for Ni2+ (Figure 1.17b) [361]. The technique of ion 
imprinting has also been leveraged to impart selectivity in electrochemical separations. 
Molecular imprinting involves the preparation of a material with tailor- made templated 
sites with memory recognition for preferential species binding  [363]. Imprinted 
ferricyanide- embedded poly(pyrrole) (FCN/PPy) synthesized through unipolar pulse elec-
tropolymerization (UPEP) of pyrrole doped with ferricyanide in the presence of Ni2+ and 
Y3+ allowed for the selective removal of those cations during electrochemical reduction of 
the Fe(CN)6

3− groups to Fe(CN)6
4− followed by their subsequent release during oxidation 

(Figure 1.17c and d) [362, 364].

1.6.3.1.5 Asymmetric Electrochemical Cells
The concept of an asymmetric electrode system in charge storage applications can also be 
utilized for electrochemically mediated separation processes. In this context, the anode and 
cathode of the electrochemical cell are each functionalized with a different redox- active 
species for the purpose of providing enhanced separation performance and additional 
functionality.

One such example of a dual- functionalized redox- active framework is a heterogeneous 
system comprising poly(vinylferrocene) at its anode and a transition metal hexacyanofer-
rate at its cathode (Figure 1.18a). This combination has an innately low energetic require-
ment due to the tunability of the crystalline material (Figure 1.18b), which is used to impart 
a high initial extent of oxidation for the cathodic material (Figure 1.18c), as well as achieve 
a close proximity between the redox potentials of the two species (Figure 1.18d). The pres-
ence of the Faradaic hexacyanoferrate species allows not only for the removal of sodium 
cations at the cathode in tandem with anions at the anode but also for the diversion of cur-
rent away from the parasitic water reduction side reaction. The latter provides multiple 
benefits, namely, boosting anion recovery amounts (Figure  1.18e), reducing separation 
energy requirements by fourfold compared with a nonfunctionalized inert cathode 
(Figure 1.18f), suppressing pH increases in the solution, and undesirable changes in oxida-
tion state to redox- active analytes like phosphomolybdate at the cathode- solution 
interface [287].
Contrary to water electrolysis and electrical double layer methods, the electrochemical cur-
rent results from the pseudocapacitance of the functionalized electroactive species. In 
water, PVFc and nickel hexacyanoferrate have oxidation and reduction potentials at ca. 0.6 
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and 0.2 V vs Ag/AgCl (ca. 0.83 and 0.43 V vs SHE), respectively [287], compared to those of 
water oxidation and reduction at 0.81 and −0.41 V vs SHE at pH 7, respectively. As such, the 
operation of the electrochemical cell at redox potentials well within the water stability 
window offers both significant energy savings, as well as the prevention of rises in water 
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pH. Basification of solution chemistry can hinder the adsorption capacity of PVFc via the 
fouling or destruction of the ferrocene moieties by nucleophilic species such as hydroxide 
anions, with one hypothesized mechanism for ferrocene deactivation being the substitu-
tion of the cyclopentadiene ring with the nucleophile [284, 365–367].

An additional asymmetric design for electrochemically mediated ion separation in a con-
stant pH environment leverages redox- active polymers at both the anode and cathode [284]. 
As reducing analogues to ferrocene, the use of the cobalt- containing metallopolymers 
PMAECoCp2 and PCpCoCbMA at the cathode are able to both prevent pH excursions 
(Figure 1.19a) by accepting electrons, but achieve electroneutrality differently due to the 
nature of their redox- mediated oxidation state changes. Specifically, PMAECoCp2 starts in 
an oxidized state (charge of +1) as PMAECoCp2

+PF6
− and reduces to PMAECoCp2 (charge 

of 0) by releasing the PF6
− anion into the solution (Figure 1.19b and c)  [284, 293, 294], 

whereas PCpCoCbMA begins in a neutral state (charge of 0) and reduces to a negatively 
charged form that allows it to subsequently remove cations in the solution in a similar 
fashion as NiHCF (Figure 1.19d) [295–297].

Other asymmetric electrochemical separation systems have also been developed, such as 
a dual- functionalized poly(pyrrole) and NiHCF cell for the simultaneous selective separa-
tion of iodide and cesium from a 100- fold excess of sodium chloride with separation factors 
of 90 and ca. 450, respectively, after 200 minutes adsorption at 2 V [368], as well as a con-
tinuous flow process using PVFc anodes coupled with poly(pyrrole)-dodecylbenzenesul-
fonate (PPy- DBS) cathodes (Figure  1.19e and f)  [282, 288]. These various asymmetric 
systems have been successfully applied for the separation of inorganic species like heavy 
metal oxyanions, phosphomolybdate, alkali metal cations, and iodide, as well as organic 
compounds such as benzoate and micropollutant species including butyl pyridinium and 
methyl viologen [282, 284, 287, 288, 368].

1.6.3.2  Electrochemically Mediated Hydrophilicity Tuning
The electrochemical modulation of the redox state of heterogeneous redox- active materials 
can also be used to alter their hydrophilicity, allowing them to then be used for the selective 
targeting of neutral organic compounds. This indirect separation approach has previously 
been referred to as electrochemically tunable affinity separation (ETAS) [369].

ETAS has previously been explored using a hybrid adsorbent consisting of electropolym-
erized poly(pyrrole) and electroprecipitated PVFc (Figure 1.20a) [369, 371]. Electrochemical 
oxidation of the ferrocene units in the co- deposited PVFc/PPy composite increased its 
hydrophilicity for the subsequent physisorption of organic pollutants, and subsequent 
reduction of the ferrocene moieties released the adsorbed species to complete the electro-
chemical cycle. Changes in the level of hydrophilicity of the adsorbent through precise 
electrochemical modulation of the ratio of hydrophobic ferrocene to hydrophilic ferroce-
nium yielded starkly different removal amounts (Figure 1.20b), demonstrating the ability 
of ETAS to optimize selectivity and thus, adsorption capacity, based on the nature of the 
target organic species (Figure 1.20c), as well as balance separation degree versus energetic 
efficiency  [369]. In general, ETAS required energy consumption on the order of 102 to 
103 J/g organic compound removed (and even reached as low as ca. 20 J/g in the case of the 
separation of Sudan Orange G with a 0.30–0.35 V potential swing), compared to that of 
104 J/g usually required by a thermal swing approach. The technique of ferrocene- mediated 
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hydrophilicity switching has also been previously shown with poly(vinylferrocene- co- 
hydroxybutylmethacrylate) hydrogels, which selectively extracted butanol with a separa-
tion factor of ca. 6 at ca. 1% butanol by mass in water when the ferrocene moieties were in 
their neutral state, and then released the captured butanol upon chemical oxidation of the 
ferrocene groups to ferrocenium [372].

PPy has also been separately studied for its ability to vary its hydrophilicity through electro-
chemically controlled modulation of its dopant anion configuration (Figure 1.20d). Specifically, 
when PPy doped with dioctyl sulfosuccinate (AOT) surfactant anions was oxidized to PPy+, 
DFT calculations revealed that the AOT anions were oriented with their negatively charged 

Apply
potential

(b)

2,4-Dichlorophenol (DCP)

1-Naphthylamine (NA)

2-Naphthol (NT)

Bisphenol A (BA)

Metolachlor (MC)

Propranolol hydrochloride (PH)

Rhodamine B (RB)

Bisphenol S (BS)

Ethinyl estradiol (EE)

Methyl orange (MO)

0 0.5 1

Kd (105 mL/g)

1.5

0.0 V 0.3 V 0.5 V

2

300200

Ce (mg/L)

0.40 V

0.35 V

0.30 V

0.25 V

0.20 V

1000

1200

1000

800

600

Q
e 

(m
g/

g)

400

200

0

E
TA

S Hydrophobic
interaction

Ferrocenium Inert ion Target ion

(a)

(b)

(c)

(d)

Uncharged organicFc+

Figure 1.20  (a) Hybrid PVFc/PPy material for ETAS via the redox activity of PVFc, (b) variation in 
the adsorption isotherms of Sudan Orange G with the activation potential of the PVFc/PPy carbon 
nanotube composite sorbent, and (c) variation of contaminant distribution coefficients with 
different PVFc/PPy activation potentials [369]. Licensed under CC BY 3.0. (d) AOT- doped PPy 
material for ETAS via the change in orientation of AOT. Source: Used with permission from [370]. 
Copyright 2018, Wiley.



1.6 Electrochemically Mediated Sustainable Separation Methods 37

sulfonate groups electrostatically bound to PPy+, leaving their hydrophobic alkyl chains facing 
the aqueous solution. This configuration allowed AOT- doped PPy+ to adsorb neutral hydrogen 
bond donor species such as Sudan Orange G with a capacity of more than 570 mg/g polymer 
through pi- pi stacking, as well as moderate to strong hydrogen bonding arising from strong 
electrostatic, polarization, and charge- transfer interactions. Upon reduction from PPy+ to PPy, 
the AOT rotated such that its alkyl chains were facing toward PPy, rendering the polymer sur-
face hydrophilic and allowing for the release of the previously bound molecules. It was also 
observed that the addition of bipyrrole during the synthesis of PPy increased polymer porosity 
and imparted superhydrophobic properties that aided in its ability to separate oils [373], as well 
as other neutral organic pollutants. The AOT- doped PPy has also been combined with PVFc/
PPy to form a complementary electrochemical cell that can be modulated between hydrophilic 
and hydrophobic states for the selective and reversible separation of organic contaminants such 
as 1- napthol from a 10- fold excess of propranolol hydrochloride with a separation factor of ca. 
7. This system was observed to yield a lower specific energy consumption (1258 J/g contami-
nant) when regenerated and reactivated at 0.9 and 0.3 V, respectively, compared to activated 
carbons regenerated via thermal desorption (1474 J/g contaminant) [370, 374].

1.6.3.3  Electrochemically Mediated Reactive Separations
A promising new direction and application for redox- active species is in the design of novel 
electrochemically mediated reactive separation methods. Traditional reactive separations 
aim to improve process efficiency by integrating both the reaction and separation steps into 
one unit for concurrent generation and removal of products, and find industrial applica-
tion in techniques such as reactive distillation [375, 376]. The innate two- electrode setup of 
an electrochemical cell inherently provides a favorably suitable framework for reactive 
separations. In fact, combined electrocoagulation–electroflotation systems reflect this con-
cept [122], although the electrodes used in the process are not necessarily comprised of 
heterogeneously tethered redox- active species.

To this end, a hybrid electrochemical system for synchronized desalination and oxidation 
has previously been developed using a redox- active species as the cathode and an oxidant- 
generating material as the anode. In this cell, a sodium manganese oxide cathode was used 
to selectively intercalate sodium cations, with the chloride counter- anions diffusing across 
an anion exchange membrane for electrochemical oxidation at a titanium oxide nanotube 
anode, allowing for simultaneous ion separation and generation of reactive chlorine and 
oxygen species. The anodic oxidation process was used as a technique to effectively over-
come the capacity limitations of electrochemical desalination systems with poor anion 
removal, as observed from the desalination coulombic efficiency of over 96% at a specific 
capacity of ca. 33 mAh/g cation- selective material (Figure 1.21a) [377].

Two additional reactive separation schemes using a single electrochemical cell employ-
ing heterogeneous redox- active polymers have also been developed for the capture and 
subsequent transformation of heavy metal oxyanions (HMOAs). In both designs, the  
target HMOA analyte is first electrochemically removed from aqueous solution by 
poly(vinylferrocenium) (PVFc+) via an adsorption stage and then subsequently released 
and altered in a combined desorption and conversion stage. The switch between the two 
steps in this staggered approach is easily facilitated by modulating the polarity and 
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magnitude of the cell potential. In the first reactive separation system, chromium is first 
adsorbed at the PVFc+ anode in the hexavalent state as either Cr2O7

2−, CrO4
2−, or HCrO4

−, 
and then converted to its trivalent state as the less toxic Cr3+ upon its release from the 
PVFc+ electrode (Figure 1.21b). During electrodesorption, the PVFc+ electrode accepts 
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Figure 1.21  Electrochemical reactive separation processes for (a) simultaneous desalination and 
reactive chlorine and oxygen species generation via electrochemical oxidation, Source: Adapted 
with permission from [377]. Copyright 2018, American Chemical Society. The separation and 
conversion of (b) chromium [280] Licensed under CC BY 4.0., and (c) arsenic. Source: Used with 
permission from [286]. Copyright 2020, Wiley.
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electrons in order to return back to its neutral PVFc form, with a portion of the electrons 
also reducing the oxidation state of the released chromium species from +6 to +3. At the 
same time, water oxidation occurs at the opposite inert electrode to complete the circuit, 
acidifying the solution for even more conducive conversion of Cr(VI) to Cr(III). The pro-
cess can be performed by changing the potential of the PVFc electrode from 0.8 to 0 V vs 
Ag/AgCl for chromium uptake and discharge/conversion, respectively [280]. In the sec-
ond reactive separation system, arsenic is first removed through binding with PVFc+ in 
the trivalent state, and then converted to its pentavalent state at the opposite electrode 
after its release from the PVFc+ electrode (Figure 1.21c). The complementary electrode is 
functionalized with a redox- active polymer (PTMA) containing (2,2,6,6- tetramethylpipe
ridin- 1- yl)oxyl (TEMPO) radical moieties which are strong oxidants in their oxoammo-
nium cationic form (TEMPO+). The TEMPO moieties oxidize to TEMPO+ while As(III) 
re- enters the solution as a result of PVFc+ reverting to PVFc and are then used to enhance 
the electrocatalytic oxidation of As(III) to the less harmful As(V). Arsenic electrosorp-
tion and conversion can be achieved using electrode potentials of 0.8 V vs  
Ag/AgCl for both the PVFc and PTMA electrodes, respectively. Under an energy integra-
tion approach with the asymmetric framework, the overall process was observed to con-
sume a total of 0.45 kWh/mol arsenic for arsenic separation and conversion. The 
well- defined nature of the second framework allows for the compartmentalization of the 
separation and reaction processes to two specialized individual electrodes for electrosorp-
tion and electrocatalysis, respectively [286]. In both cases, capturing an as- made HMOA 
and converting it to a less harmful state upon or right after its release avoids the need to 
implement a separate purification step for toxicity mitigation.

1.7   Conclusions and Future Outlook

Electrochemical techniques have been extensively studied and engineered for use in 
aqueous separations to address areas ranging from water remediation to the recovery of 
valuable bioproducts. Traditional electrochemical processes leverage electrolytic phe-
nomena such as electrodeposition and water splitting, with many of them having well- 
established applications in sectors like the mining, food, and bioprocess industries. The 
burgeoning field of electrochemically mediated sustainable separations is developing 
quickly, with the aim of further increasing separation efficiency by reducing electro-
chemical energy requirements and improving separation selectivity through novel con-
cepts to meet growing global resource demand, as well as other critical and persistent 
challenges like water security. Heterogeneous electrochemically mediated systems hold 
great promise as a next- generation water- based separation technology, by virtue of their 
innate potential to be compactly designed, reversibly operated, precisely controlled, and 
easily scaled. Current frameworks employ redox- active moieties in the form of polymers 
and/or crystalline species to capture a variety of water- soluble species via electrochemi-
cal conversion, direct electrochemical binding or sorbent hydrophilicity modulation, and 
can provide specificity in molecular recognition in addition to amplifying uptake capac-
ity through Faradaic pseudocapacitance. In particular, asymmetric systems comprised of 
two complementary electroactive materials have been shown to effectively enhance sepa-
ration performance by increasing the overall amount of species removed, preventing 
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parasitic water splitting reactions from raising cell potentials and generating excursions 
in solution pH, minimizing energy requirements by tuning the redox potentials of the 
anode and cathode, and either mitigating undesirable analyte conversion or facilitating 
beneficial reactive separation.

Electrochemically mediated sustainable separations have already been investigated for 
use in desalination, charged and neutral contaminant removal, valuable product recovery, 
and aqueous carbon dioxide capture, and may continue to find prospective future applica-
tion in fields such as sensing, catalysis [378, 379], contaminant remediation [380, 381], drug 
delivery, and energy storage [279, 371], as well as in organic phase separations [263, 382]. 
Moving forward, the format and efficacy of these electrochemical systems will undoubtedly 
depend greatly on the advancement of redox- active materials. Environmentally friendly 
materials made through simpler synthesis strategies or from sustainable sources can further 
improve the sustainability of electrochemical processes such as CDI [234, 383, 384], water 
electrolysis [385], and even energy storage [386]. Repurposing energy storage materials for 
separation, as well as synthesizing more complex structures such as new redox- active metal- 
organic frameworks and macrocycles may also broaden the research space by imparting 
further functionality to heterogeneous electrosorbents. From an engineering perspective, 
the continuation of the extensive development in flow and stack layout design within areas 
like capacitive deionization is also crucial in order to achieve scalable continuous electro-
chemical separation processes. Other points of consideration may include the planning of 
batch or in- line regeneration steps to ensure cyclic separation, as well as stream recycling. 
The separation performance of a finalized system at scale can then offer insight regarding its 
optimal application suitability, either as a small portable device, integrated within separa-
tion process trains as a standalone module, or as a larger and more comprehensive unit 
operation.
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2

2.1  Introduction

Global challenges have often been discussed within different environments in recent years 
and the COVID- 19 outbreak has clearly shown how such issues must be dealt with through 
cooperation among countries. This is no different when addressing food security, access, 
and distribution, for instance, where global relations interplay and require complex solu-
tions. Better distribution and pricing should be one of the primary responses to improve 
food access in poorer countries as changes in politics and economic dynamics may help 
enhance distribution. Long- distance transport contributes significantly to greenhouse gas 
emissions. Thus, local or regional solutions must be prioritized, and social and political 
factors have to be addressed and could help in enhancing the emancipation of deeply 
dependent economies. Another major cause of poor food access across the globe is the 
amount of waste and losses throughout the food supply chain (FSC), which comprises all 
steps related to food production for human consumption.

It is estimated that nearly one- third of the total food mass- produced is discarded as 
waste, totalling 1.3 billion tons yearly [1]. The level of the chain in which most of the Food 
Supply Chain Waste (FSCW) is generated varies among developed and developing coun-
tries. While in developed countries, waste is generated mostly at retailer and consumer 
levels of the FSC, developing countries show a higher loss during harvest and postharvest 
steps (e.g. transport and storage logistics) [2]. This large volume of FSCW can also be trans-
lated into a financial loss to agro- industrial and food companies (U$750 bi/year) [3] and a 
high environmental burden (4.4 bi tons of CO2 equiv./year) [4], not to mention the high 
social and health impacts of the lack of accessibility to food with high nutritional quality. 
The environmental impact of food waste is mostly, but not uniquely, related to landfill dis-
posal. Other factors include the embedded carbon footprint of the supply chain, land- use 
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change, depletion of natural resources, and the use of mineral fertilizers and pesticides [5]. 
Whilst a large sum of this waste can be dealt with through improved logistics practices and 
better consumer behavior, most of it is considered to be unavoidable. The unavoidable 
FSCW (uFSCW) is defined as the nonedible waste from the chain, consisting mainly of 
fruit skin, cores, and other parts of food- related plants, as well as bones from meat indus-
tries [5]. This waste stream is responsible for most of the plant- based residues generated by 
humankind.

The European Green Deal (2020) [6], the recent effort made by the European Union (EU) 
to boost sustainable development on the continent, has at its core the “Farm to Fork” strat-
egy, a set of policies aimed toward developing a fairer and more sustainable FSC [7]. Indeed, 
food is frequently at the centre of discussions regarding the future of our planet. The second 
of the United Nation’s 17 Sustainable Development Goals (SDGs) [8], “Zero Hunger” aims 
at developing a better food network to increase security and access, strengthen small scale 
food producers to be resilient to climate change impacts, increase productivity, and develop 
sustainable food production systems. Besides that, the UN highlights the access to healthy, 
nutritionally enhanced food – a shift from current market practices that offer cheap, indus-
trialized, and nutritionally poor food. Minimizing food waste is addressed in SDG 12, 
“Responsible Consumption and Production,” as one of the key components to reduce the 
environmental impact of the FSC and to enhance food security and nutrition [8].

Another point regarding the steps necessary for humankind to achieve more sustainable 
use of its resources is the shift of current economic and industrial practices. Old linear- based 
economy, in which a product is manufactured from a limited resource, shipped, consumed, 
and discarded at the end of the chain, would have to be changed to a circular economy, 
where minimum waste is generated between the process of fabricating and consuming a 
good [9]. Encompassed within this change is the use of green and sustainable processes, 
which inherently generates less waste, but also have better energy and material efficiency. 
This point is currently addressed by the Green and Sustainable Chemistry movement, which 
aims at improving such efficiencies, as well as enhancing process security and looking into 
the environmental impacts of the whole process and its products. Its purpose is to have a 
more holistic view regarding chemistry and its systems, considering environmental, eco-
nomic, and social factors [10]. A push toward an economy based on biological feedstocks, 
processes, and products (bioeconomy) has also been part of the discussions within this con-
text, aiming at reducing or removing the use of nonrenewable resources and developing 
synergetic and energetically efficient processes [11]. Lastly, ethical factors should be consid-
ered in this new industrial environment as a way to protect local communities and ensure 
that no human rights are being violated in the process of making a product.

Industrial systematization based on recently developed ideas in the context of sustainable 
development, as presented above, culminated in the concept of biorefineries. By definition, 
biorefineries are chemical or biochemical platforms that convert biomass into value- added 
products, from biofuels to specialty chemical products [12]. Different to petrol refineries, 
biorefineries use natural renewable feedstock, and using high- end separation and isolation 
processes, are developed to obtain several compounds from the same starting material or a 
mixture of feedstocks. This model has been discussed as a financially viable project to incor-
porate FSCWs back into the economy as these are complex materials that have the potential 
to offer multiple products that could be used in the food, pharmaceutical, and materials 
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sectors [13]. It is important to notice the importance of developing green and sustainable 
processes and products to be applied in such biorefinery schemes, fulfilling the gaps for a 
sustainable industry and integrating concepts of a circular and bio- based economy [14].

All these factors combined have been naturally – and also promoted by prominent sus-
tainable development policies – stimulating various studies that use natural products from 
agro- industrial and food waste in order to extract valuable compounds and create new sorts 
of products and ingredients that meet the requirements of a sustainable future [15]. Maina 
et al. (2017) have listed some of the current practices on the valorization of waste in the 
context of bioeconomy [16]. In this case, it is important to study and develop new method-
ologies to extract, isolate, determine, and process valuable compounds. Green and sustain-
able extractions are chemical, biochemical, or physical methodologies to extract target 
compounds that, by determining sustainability factors and metrics, are intrinsically less 
harmful to the environment and are aware of social and economic spheres. In academic 
production, works related to sample preparation in analytical studies are considered guide-
lines for future industrial processes that can be used to efficiently extract such compounds 
from agro- industrial residues.

Waste materials can be recycled back to the FSC and be used in a wide range of applica-
tions, either as low- cost substitutes for food ingredients, adding financial value to the FSC, 
as well as to enhance the nutritional value of food products [17]. Therefore, it would be 
possible to reduce costs and improve food quality overall, fulfilling the needs of a more 
sustainable FSC. Sustainability and efficiency metrics play an important role in the consoli-
dation of food waste biorefineries, which can help highlight its importance within sustain-
able development practices [18]. A scheme on how circular economy is applied in FSC is 
shown in Figure 2.1.

In light of the facts presented above, the concepts that circulate current discussions on 
sustainable development and food security, including the circular economy, bioeconomy, 
green and sustainable chemistry, and biorefineries, are well intertwined and present inter-
esting opportunities for research. In this context, a recent action launched in 2019 in Brazil 
and known as the Field & Food Tech Hub – UFSCar encompasses and materializes these 
objectives, aiming at bringing together initiatives regarding the design, production, distribu-
tion, consumption, and management of biomass or agro- industrial food chain residues and 
other appropriate materials.1 Considering that the humanitarian goals for the reduction of 
avoidable food waste will be achieved, as well as to preserve new developments from com-
peting with food growth and production, the unavoidable part of the FSC has been stud-
ied as a good candidate for valorizing residues in the FSC. The characteristics of these 
materials and the main challenges of implementing these industrial frameworks will be 
discussed next.

2.1.1 High- Value Compounds from Food Supply Chain Waste (FSCW)

The FSCW consists of a wide range of materials mostly generated upstream the FSC, i.e. at 
harvest, postharvest, storage, transport, and processing of agricultural and meat goods. 
Besides being a natural and renewable feedstock to explore, it is produced in high volumes 
and the cost of disposing it off has been increasing every year [13], which has recently been 
pressing for applications for its valorization. Since it is mostly disposed off into landfills, 
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the option to use it as feedstock for other processes is a good opportunity to reduce the pol-
lutant loading of the FSC as these materials have high COD and BOD levels  [19]. 
Additionally, as most of the uFSCW is generated between harvest and processing levels, it 
has improved traceability and a more homogeneous composition, when compared to end- 
of- chain domestic and commercial organic wastes [20], increasing its potential for valoriza-
tion. The fact that it is mostly produced in agricultural and industrial complexes is also an 
advantage for creating integrated food- waste biorefinery industrial networks, a more eco-
nomically feasible scenario due to the high costs of transportation of these often highly 
moisturized materials [13].

In fact, as illustrated by Cecilia et al. (2019) [19], the classification of different streams of 
food waste shows that organic crop residues and animal by- products (including processing 
wastes) demonstrate a higher potential for valorization. The main applications that develop 
most of the potential of such fractions are valuable component extraction and biofuel 
 production. These applications are considered by Imbert (2017)  [21] as highly valorized 

Food Supply Chain

(proposed circularity)

Food ingredients

Pharmaceuticals
Nutraceuticals
Cosmetics
Specialty chemicals
Platform chemicals
Functional materials

Figure 2.1 Scheme of proposed circularity 
in FSC applying biorefinery concepts.
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practices along with the production of biogas through anaerobic digestion. This hierarchy 
of value for FSCW applications is shown in numbers by Tuck et al. (2012) [22], exemplify-
ing that an average bulk chemical production has a valorization of US$1000/tonne of bio-
mass, followed by transportation fuel (200–400), cattle feed (70–200), electricity generation 
(60–150), and disposal in a landfill, which has a cost of US$400/tonne of biomass. The 
current practice for most global FSC waste streams, although more frequent in countries 
with more expensive landfills, is to add some value to the waste, whether using it for gen-
erating electricity, land spreading, or animal feed.

Developing new processes and products for extraction, separation, and chemical or 
 biochemical conversion of biomass is, therefore, the main strategy to valorize waste streams 
in the FSC. The seasonal fluctuation of feedstock volumes and the chemical composition of 
agricultural streams poses one of the main challenges for valorizing uFSCWs. Developing 
flexible processes and equipment, which receive and treat different feedstocks throughout 
the year, is a promising approach to solve this issue. As mentioned above, the high amount 
of moisture content in these materials increases the cost of transportation and usually con-
cludes that on- site processing is more financially feasible than transporting the residue to 
other locations. Technological constraints also limit the progress of uFSCW- processing fac-
tories that require high- end technologies to separate valuable compounds from complex 
materials. Legislation and market acceptance of new products may also impose barriers 
and must be dealt with by having in- depth discussions and market development.

Plant and animal metabolites are the main focus of studies regarding the use of uFSCW as 
they are compounds that are biosynthesized by the living organisms where they are found, 
consequently found in the unused fraction of the food chain that is discarded. Primary 
metabolites are the substances that are essential to an organism’s growth, development, and 
reproduction, accounting for the major fraction of the total mass. The main compounds 
encompassed in this class are proteins, lipids, carbohydrates, and other biopolymers, such as 
lignin. Since this is a broad classification, the different groups of materials encompassed in 
primary metabolites will be discussed separately, according to the current interest in their 
valorization within the FSC residues. Secondary metabolites, instead, are substances found 
in much lower concentrations in organisms, and are responsible for defence, color, smell, 
and other natural mechanisms. Although found in small fractions, they represent a very 
wide number of compounds, and their bioactivity and other special features make them a 
valuable asset that can increase financial feasibility in FSCW biorefineries.

Figure 2.2 shows metabolite classes that could be obtained from FSCW and its applica-
tions. As can be seen, the possibilities of extracting high- value compounds are complemen-
tary, thus reinforcing the role of biorefinery. The main groups of substances that are 
considered to increase value in the FSC will be discussed in the next section, including 
their concepts, singularities, and examples.

2.1.1.1 Secondary Metabolites
Secondary metabolites are a diverse class of organic chemical compounds of low molecular 
weight synthesized by plants that present biological activity (or bioactivity). While primary 
metabolites have structural and energy storage functions, secondary metabolites play a 
very important role in plants’ ecological functions. Different from what the term “second-
ary” may suggest, these compounds are not secondary in chemical grounds as all- natural 
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products produced by plants have some survival value to the plant. They are key compo-
nents of active and potent defence mechanisms of plants and are essential for plant sur-
vival in stressful environments, protecting plants against herbivores, pests, and pathogens 
through deterrence, toxicity, or acting as precursors of physical defence systems, besides 
making a major contribution to the smell, taste, and color of plants, serving as an attraction 
for pollinators. Secondary metabolites can be divided into three chemically distinct groups: 
terpenes, phenolic compounds, and nitrogen compounds.

Terpenes are a large group of compounds and, despite their diversity, they have a simple 
unifying feature referred to as the isoprene rule, which describes that all terpenes have 
fundamental repeating five- carbon isoprene units. The function of terpenes in plants is 
generally considered to be both ecological and physiological. Many of them are known 
because of their resistance to various insect pests and pathogens, containing insecticidal 
action and inhibiting the growth of competing plants. The insecticidal activity of terpenes 
is due to their deterrent action, in the release of toxins, or as modifiers of insect develop-
ment. Others are known to attract insect pollinators. Both in attraction (limonene and 
menthol, for example) and repulsion of insects (pyrethroids and natural insecticides), the 
smell is an important feature for terpenes, and they have been valued for their presence in 
essential oils and their use as fragrances. Moreover, they are a source of rubber and medi-
cines to treat cancer [23].

Phenolic compounds represent a structurally diverse group of secondary metabo-
lites, including metabolites derived from the condensation of acetate units; produced 
by the modification of aromatic amino acids; flavonoids; isoflavonoids; and tan-
nins [24]. Among the main functions that phenolics play in plants are their action as a 
deterrent for herbivores (insects and birds) and enzyme inhibitors. They also play an 
important role in resistance against fungal infection, bacteria, and nematodes by direct 
toxic effects or active and rapid deposition of barriers, in addition to providing defence 
against freeze/thaw, nutrient deprivation, and dehydration. In the case of flavonoids, 
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they also act as a defence against oxygen radicals generated during photosynthesis and 
ultraviolet (UV)- B light and are also recognized due to health- enhancing effects such 
as antioxidant, anti- inflammatory, antiallergic, hepatoprotective, antithrombotic, 
 antiviral, and anticarcinogenic ones [23]. Berries are an example of an excellent source 
of flavonoids among fruits  – blueberries, bilberries, huckleberries, cranberries, and 
lingonberries.

Nitrogen compounds or alkaloids are basic compounds synthesized from plants of differ-
ent groups, pharmacologically active and derived from amino acids that contain one or 
more heterocyclic nitrogen atoms. This class of compounds is known for the presence of 
substances that have a marked effect on the nervous system and its main uses are in the 
form of plant extracts for poisons, narcotics, stimulants, and medicines. Therefore, many of 
the drugs taken today are based on alkaloids. Some examples are caffeine, nicotine, cocaine, 
and morphine.

Human interest in secondary metabolites is mainly due to their potential use for medici-
nal purposes. The ecological self- defence functions of plants reflect these same effects on 
humans. For example, the secondary metabolites that act in the defence of microbial path-
ogens through cytotoxicity can be useful as antimicrobial medicines in humans (if they are 
not too toxic); those involved in defence against herbivores through neurotoxic activity may 
have antidepressants, sedatives, muscle relaxants, or anaesthetic effects through their 
action on our central nervous system; flavonoids protect humans against oxygen radicals 
and destructive agents and processes the same way they act in plants [23]. The extraction 
of bioactive secondary metabolites from FSCW has been extensively explored over the last 
decade, either targeting their potential use by pharmaceutical and nutraceutical use or as 
part of the composition of cosmetics and processed food products [17, 25–30]. New mar-
kets such as cosmeceuticals, i.e. cosmetics that use natural compounds with active proper-
ties, have boosted the demand for natural ingredients in the cosmetic and beauty industries. 
Biodegradable packaging films embedded with bioactive compounds can use food waste- 
derived secondary metabolites in order to have better storage for fresh food and help avoid 
food waste downstream of the FSC [31]. The development of methodologies to the efficient 
and sustainable separation of these fractions from FSCW [32–35] has been seen as a viable 
approach to biorefineries and may help achieve more sustainable production, either to 
manufacture specialty chemicals for other industries or to use such compounds incorpo-
rated in the same food chain [15].

2.1.1.2 Lipids
Lipids are generally defined as biomolecules insoluble in water and soluble in nonpolar 
solvents. Fatty acids are the simplest lipids – made up of a polar hydrophilic head region 
connected to a long hydrophobic tail – and their derivatives can be acylglycerol esters, wax 
esters, or alcohols such as sterols. Up to 99% of lipids in plant and animal material consist 
of such esters, also referred to as fats and oils  [36]. Many lipids are used for plants for 
energy storage in fruits and seeds, as in fats and oils found in avocados, olives, soybeans, 
sunflower seeds, and peanuts.

Some fats, such as linoleic acid and α- linolenic acid have protective properties and are 
the second main cardioprotective nutrient. These are referred to as essential fatty acids and, 
as the name implies, they play an essential role in human nutrition. Their main functions 
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in human physiology are the formation of healthy cell membranes and their importance in 
the proper development and functioning of the brain and the nervous system – studies sug-
gest that a diet with an ideal balance of these fats can delay the onset of neurodegenerative 
diseases, such as Parkinson’s and Alzheimer’s disease [23]. Good examples of where to find 
linoleic acid are seeds, nuts, grains, and legumes, while α- linolenic acid can be found in the 
green leaves of plants, including phytoplankton and algae, and in flax and canola seeds, 
nuts, and soybeans.

Considering food and agricultural wastes, the main use of lipids involves the conver-
sion of fatty acids into biodiesel through transesterification, especially using used cook-
ing oils  [37]. Besides that, oil extracted from fruit and vegetable seeds contained in 
food- processing wastes often contain a higher phenolic content and can be used as nutri-
tionally enhanced ingredients for food and cosmetic applications [29]. Promising exam-
ples include mango seed fats  [38], which can even be used as an alternative to cocoa 
butter, citrus seed oil [39], coconut solid fats [40], passion fruit seed oil [41], and many 
others [42].

2.1.1.3 Carbohydrates
This is the most abundant class of organic compounds found in plants. Carbohydrates, 
popularly known as sugars, are primary sources of energy for plants. They are produced 
from photosynthesis – a process in which carbon dioxide is reduced in the presence of light 
and chlorophyll. The energy that carbohydrates provide is stored as starch or fructan, used 
as sucrose and polymerized to form cellulose. Carbohydrates also combine to form glyco-
sides of many fundamental groups of natural products, including terpenes, phenols, and 
alkaloids. Depending on the size of their chain, carbohydrates can be divided into three 
groups: monosaccharides, oligosaccharides, and polysaccharides.

Monosaccharides are the simplest carbohydrate group, and glucose and fructose are part 
of it. Corn syrup consisting mainly of glucose  – obtained from the hydrolysis of corn 
starch – is widely used in many commercial products. Fructose is also used for this pur-
pose, especially in the food industry. It is largely present, for example, in the manufacturing 
of soft drinks, through an enzymatic process that converts about half of the glucose in corn 
syrup into fructose, forming a very sweet corn sweetener [23]. Oligosaccharides or disac-
charides are formed by the condensation of a pair of monosaccharides and one of the best 
known is sucrose. It is the sweetest of the disaccharides and is extensively used for com-
mercial purposes. Polysaccharides are compounds of high molecular weight and it is the 
carbohydrate class that is mostly found in plants. The most abundant organic material on 
the planet is cellulose, a polysaccharide that has a structural function in the cell walls of 
plants and is the major component of wood. Its main use is in papermaking from the chem-
ical treatment of wood pulp.

While cellulose is mostly derived from glucose, hemicellulose, another abundant 
 polysaccharide, is composed of many different sugar monomers. A branched polymeric 
structure allows hemicellulose to bind in cell walls between cellulose and pectin, another 
structural polysaccharide that constitutes the composition of plants. Although not a carbo-
hydrate, lignin is a biopolymer often found in association with cellulose and hemicellulose, 
and it is commonly discussed together with the polysaccharides as the main materials 
found in plants, and, consequently, in agro- industrial residues.
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The main feedstocks for biotechnological conversion to alcohols, carbohydrates found in 
FSCW are often used to produce bioethanol, especially fractions that are rich in glucose 
and edible sugars [43]. Polysaccharides with higher complexity, such as starch, cellulose, 
and lignin, are required to have extensive pretreatments prior to fermentation, and residues 
richer in those fractions have been extensively explored in second- generation bioethanol 
production [44]. Carbohydrates can be isolated from food residues to serve a wide range of 
applications, from ingredients for food to specialty chemicals, passing through functional 
materials and building blocks to produce a series of chemical compounds [13, 20].

2.1.1.4 Proteins
Proteins are the primary constituents of living things. Much of the genetic information that 
each plant and animal cell has is expressed in the form of proteins – not just one type, but 
several thousand. Proteins are compounds that often have high molecular weight and are 
made individually from large chains of amino acids – the sequence of amino acids and 
their content determines the biological activity of a specific protein. Smaller proteins (made 
up of short chains of amino acids) are called peptides. Amino acids, as the name suggests, 
are organic compounds that contain both carboxyl and amino functional groups. They play 
an important role in living cells, not only as building blocks of proteins, but also as inter-
mediates in the metabolism.

Human bodies can use all the amino acids obtained from food to synthesize new  proteins. 
There are nine amino acids considered essential for living beings that are not produced by 
their organism but must be present in their diet. They are: histidine, lysine, isoleucine, 
leucine, methionine, phenylalanine, threonine, tryptophan, and valine  [23, 45]. On the 
other hand, there are amino acids that do not need to be provided by the diet as they can be 
synthesized from other amino acids in the body. They are: alanine, asparagine, aspartic 
acid, cysteine, glutamic acid, glutamine, glycine, proline, serine, and tyrosine [45]. In addi-
tion, there are amino acids that are considered semi- essential, such as arginine, because it 
is essential for babies, who are unable to synthesize it, but are not essential for adults, as 
they are able to synthesize it in other ways. The same occurs with glutamine, which is 
 fundamental only in very stressful conditions, such as very intense exercise, infectious dis-
eases, surgery, burns, or any other acute trauma.

Due to the flexible nature of proteins, they can change between several different struc-
tures in the performance of their biological function. These structures are called conforma-
tional changes and are classified as primary, secondary, tertiary, and quaternary structures. 
The primary one is the simplest structure, consisting of the sequence of amino acids. The 
secondary one considers the folding of the protein, which may result in structures that 
resemble leaves or helices. The tertiary structure corresponds to the general shape of a 
single protein molecule and is the result of the previous conformations. The quaternary 
refers to the shape or structure that results from the union of more than one protein mol-
ecule. A simplified version of these structures is represented in Figure  2.3. In addition, 
there is a fifth form, called post- translational modification, which corresponds to the addi-
tion of other chemical groups to the protein, varying according to their interactions with 
other molecules within the cell that leads many proteins to their final cellular function.

Proteins perform several fundamental functions in living organisms. They form a large 
part of the structure of cells and tissues. Some proteins channel a huge variety of reactions 



2 Green and Sustainable Extraction of High- Value Compounds: Protein from Food Supply Chain Waste72

in metabolism into essential pathways through enzymes, the natural catalysts – to make 
compounds as those discussed earlier, such as sugars, waxes, lignin, starch, pigments, or 
alkaloids, plants use specific enzymes for each reaction. Other proteins act as receptors for 
molecules, changing their conformation when they come into contact with these specific 
molecules. Some proteins, referred to as seed storage protein, act as an energy reserve for 
the cell, and are synthesized and stored in seed and fruit cells during fruit ripening – the 
main storage proteins in soybeans are glycolines and in rice are prolamine, albumin, globu-
lin, and glutelin [23].

Proteins have immense importance for the proper functioning of all living organisms. 
Their role in human health and nutrition and in the economy will be presented in the next 
section, considering the problems related to their deficiency, their significance in the food 
chain and the current state of the global protein market. Further on, ways to obtain pro-
teins from the uFSCW will also be discussed as a way of adding value to them, redirecting 
the linearity of the food production and consumption chain.

2.1.2 Proteins: Importance, Market, and Alternative Sources

As mentioned earlier, proteins play a central role in sustaining structural and regulatory 
functions in the body and are necessary for its growth and development. Muscles and 
organs are largely made of proteins; they are an essential constituent of certain hormones; 
fundamental for body maintenance and the repair and replacement of worn- out or dam-
aged tissues; and also important to produce metabolic and digestive enzymes [45].

As they are essential nutrients for a healthy metabolism, the interest in protein consump-
tion has been consistently growing in recent years. Proteins are conventionally found in 
animals (meat and milk) and plant- based foods, but as the world’s population increases at 
a fast pace, food, water, and land resources are becoming scarce due to an unbalanced rela-
tionship with natural resources  [46]. Considering the food challenge, together with our 
obligation to find new ways to survive in a sustainable way, it is of great interest to find 
alternative ways to provide the protein required to meet human nutritional needs. 
Therefore, the market of proteins from different sources, including waste, could be an 
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alternative and has a huge potential to meet this need, and is advantageous to extract pro-
teins from residues that already exist instead of increasing crops and livestock to do so, as 
the problem we face today is not necessarily a lack of food, but a matter of efficiency – as 
mentioned before when discussing the food waste scenario.

Despite the wastage that has accompanied our food consumption chain model, in 2008, the 
World Bank estimated that there were 967 million malnourished people in the world and 
most of them lived on a monocarbohydrate diet (e.g. maize or rice) and lacked the required 
protein consumption, as well as fat, vitamin A, iodine, zinc, and iron  [46]. Studies have 
reported that most of the weaning foods consumed by children from developing countries are 
deficient in essential macronutrients and micronutrients [45]. More recently, in 2015, hunger 
began to rise in the world and malnutrition emerged as a growing concern [47].

Food insecurity is largely responsible for this scenario. Millions of people worldwide, 
especially children and those from developing countries, suffer the effects of the disruption 
of food intake or eating patterns due to a lack of financial resources. All these cases lead to 
an energy- protein deficiency owing to the non- ingestion in adequate amounts of the 
smaller molecules which constitute proteins and amino acids. Consequences range in 
severity from fatigue, insulin resistance, hair loss, and loss of hair pigment, cracking of the 
skin, loss of muscle mass, low body temperature, low immunity, growth failure – resulting 
in low weight and short stature –, hormonal irregularities, weakening of the heart, respira-
tory system problems, and even death [23, 46].

The characteristics of even a small and relatively simple protein are a composite of the 
properties of the amino acids which comprise the protein. That is why each amino acid 
within a protein is unique and irreplaceable. The nutritional quality of food proteins is 
determined largely by their composition of amino acids, ratios of essential amino acids, 
and susceptibility to hydrolysis during digestion. Once the failure to obtain enough of one 
of the nine essential amino acids has serious health implications, an adequate diet must 
contain all of them [45]. Among the ways of obtaining essential amino acids, in the first 
place is the intake of meat, and occupying a secondary position is the consumption of 
cereal grains and legumes as an alternative source of protein.

It is clear that the match between dietary supply and human protein needs is vital to sup-
port the health and well- being of human populations. Equally important is how this pro-
tein gets from the field to the table considering sustainable socio- environmental aspects, 
resulting in an expandable protein market, in which alternative sources have been growing 
considerably. Without these concerns and constant innovations, the world risks failing to 
meet the United Nations’ SDGs, especially number 2 “Zero Hunger,” and today’s children 
will have to deal with a planet where much of the population will suffer from malnutrition 
and preventable diseases.

2.1.2.1 Plant- based Protein Market
The scenario of alternative proteins says a lot about current consumption models, as well 
as future challenges and aspirations. Paralleling to the conventional animal protein mar-
ket, the growth rate of alternative proteins from plants in contrast to meat is completely 
secondary as the market base for alternative protein is approximately US$2.2 billion com-
pared to a global meat market of approximately US$1.7 trillion [48]. Considering that the 
current protein demand for the 7.3 billion inhabitants of the world is approximately 
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202  million tonnes globally  [49] and that the global demand for protein ingredients is 
expected to reach approximately 6.8  million tons by 2025, which corresponds to US$50 
 billion [50], alternative proteins have room to grow in the market and in people’s aware-
ness. However, it still competes mildly with a conventional model that needs to be rethought 
considering socio- environmental issues.

The challenge will be to feed a future population of 10 billion people in 2050 [51] with a 
healthy and sustainable diet within planetary boundaries. Reaching this goal means recon-
ceiving the current supply system to an equally sustainable food system. This transforma-
tion to healthy and sustainable diets by 2050 will require substantial dietary changes: the 
overall consumption of fruits, vegetables, nuts, and legumes will have to double, and the 
consumption of foods such as red meat and sugar will have to be reduced by more than 
50% [51]. These strategies are at the top of the list published by the Eat- Lancet Commission 
to achieve the sustainable food system goal as a diet rich in plant- based foods and with 
fewer animal source foods confers both improved health and environmental benefits, 
achieving not only many of the United Nations’ SDGs, but also contributing to the Paris 
Agreement as the world has been severely degraded by the current practices used in 
the FSC.

High expectations fall on alternative sources of protein. As part of these sources, plant- 
based proteins are derived from plants such as soybean, wheat, nuts, pea, lentil, peanuts, 
seeds, potato, rice, and others. They are a highly nutritive source, containing fiber, vita-
mins, minerals, and essential amino acids. These products tend to be lower in calories and 
fat than animal proteins and higher in fiber and essential nutrients [46].

The interest in plant- based proteins grew gradually until 2007 and accelerated over the 
past decade [48]. Increasing consumers’ preference for plant- based food and beverages and 
for the adoption of a vegan diet is one of the major factors expected to drive the growth of 
the plant- based protein market across the globe, besides concerns about lactose intolerance 
and glutamic disorders. The number of consumers who self- declare themselves as vegan 
has increased in many industrialized countries, such as the United States, where it grew 
from 1 to 6% between 2014 and 2017, a very significant increase [48, 49]. These preferences 
are due to health concerns, including the risks of type 2 diabetes and cardiovascular dis-
eases related to the consumption of meat products; animal protein allergies – 90% of food 
allergy is caused by eggs, milk, fish, red meat, soy, and nuts [49] –; environmental concerns, 
and animal welfare.

North America is expected to dominate the global plant- based protein market owing to 
the increasing awareness of healthy food ingredients and the trend of weight management 
among consumers. Europe is the second- largest region in the global plant- based protein 
market due to the increasing demand for healthy and nutritional products, as well as health 
and wellness trends. The global alternative protein market was valued at US$16.45 billion 
in 2018, the same year that sales of plant- based foods increased by 17%, and it is expected 
to reach US$40.53 billion by 2025 [49].

However, the inconsistent plant raw material price is a factor that may hamper the 
growth of the alternative protein market. Although the commercialization of soy protein 
dominates sales, remarkable growth in the consumption of proteins is already being 
observed from different plant sources. Proteins from pulses (peas, chickpeas, lentils, and 
beans), potatoes, rice, corn, oats, algae, and ancient grains are gaining traction  [50, 
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52] – while concerns over allergenic and estrogenic effects from the soybean reduced its 
consumption slightly, the interest in pea protein, for example, grew at a compound annual 
growth rate of 30% from 2004 to 2019 [48]. These new sources linked to the global increase 
in consumer interest in nonmeat- based products can provide various opportunities for the 
further spread of the plant- based protein market.

The diversity of feedstock options of this market shows its versatility, demonstrating the 
vastness of the plant- based protein marketplace. However, the question is: how many new 
possibilities can arise by obtaining proteins from other sources, more specifically the alter-
native sources discussed above? Considering the uFSCW, there is a potential extensive 
source of proteins with no significant use that can be very well utilized considering its 
reintroduction into the FSC in a circular way. There are many challenges that should be 
faced, such as motivation to achieve a more sustainable future in the FSC toward what 
addresses SDG 12, “Responsible Consumption and Production,” such as replacing chemi-
cal ingredients with functional proteins, enhancing the nutritional value of food products; 
making these novel products more affordable; and finding a unique and competitive place 
in the market. Therefore, proteins from uFSCW can become potential substitutes for cur-
rent sources [17]. The different sources of residues from food- processing streams will be 
discussed next, exploring their potential uses as a protein source, availability, and 
possibilities.

2.1.2.2 Unavoidable Food Supply Chain Waste (FSCW) as a Protein Source
Many of the products offered by the chemical industry are still derived from petroleum. 
However, the increasing financial and environmental costs of oil have led to alternative 
routes for manufacturing chemicals, fuels, and solvents, for example. The key point of this 
route is to use residual biomass. Several studies have focused on the insertion of this resid-
ual biomass – uFSCW, by- products of current agro- industrial, and food- processing flows – 
as a raw material for obtaining various classes of chemicals [22]. The interest in recovering 
proteins from these residues has grown for different purposes in several areas of the 
 industry [53] – protein- containing by- products have become increasingly abundant due to 
the growth of the biodiesel and bioethanol markets, for example. Among the varied uses for 
extracted proteins from agro- industrial and food- processing stream residues, they could be 
reutilized not only as nutrients for food and dietary supplements, but also as techno- 
functional food ingredients due to their emulsifying, gelling, foaming, and water- binding 
properties; as a biopolymer development material for a variety of food, nonfood, and 
healthcare products; and for other biorefinery purposes [54].

Some products have been on the market for a long time, such as whey and soy protein, 
which will be explained next. After being extracted, they are commercialized as proteins in 
different types: isolated, concentrated, hydrolyzed, and flour. The usual classification 
occurs through the percentage of protein that each one contains: protein flours contain up 
to 65% of proteins, protein concentrates contain up to 65–90%, isolates contain more than 
90%, and hydrolyzed proteins can contain 95% of proteins, which may be more digestible 
than native proteins due to the unfolding of the protein structure [54]. Among this catego-
rization, proteins could be derived from animals or plants.

Regarding animal proteins, the main source of hydrolyzed, isolated, or concentrated com-
mercialized protein is whey – the most well- established product of separated protein from 
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animal sources on the market. Whey protein is a by- product of cheese manufacturing. In 
rural dairies, milk is taken to a manufacturing and processing centre. During the process of 
making cheese, enzymes are added to the milk, separating it into its constituent parts: the 
solid part, called curd, that consists of casein and lipids – used in the production of the cheese, 
and the liquid fraction that contains whey proteins, carbohydrates (lactose), and fats [55]. 
Then, the whey is pasteurized and dried, resulting in a powder with several purposes.

Among the main uses of whey protein are the improvement in physical and mental qual-
ity, nutritional supplementation, the prevention of hypersensitivity conditions in newborn 
children, weight reduction in individuals with HIV, and prevention of cancer agents, 
besides the advantages such as lactose intolerance, gluten- free, and simplicity of convey-
ing. It is also used in novel aesthetics and beauty items such as face care rest patches, eye 
cover gel, against wrinkle whey protein patches, hostile to maturing facial veil, whey pro-
tein brow veil, and hair fall and hair development cleanser. An increase in livestock has 
also attracted interest in terms of animal protein, as well as interest in human nutrition and 
health. In addition to the interest in nutrition and human health, the increase in livestock 
is also driving the interest in animal protein  [56]. The size of the global whey protein 
 market has been estimated at US$7.4 billion and the development of awareness about the 
advantages of consuming this product is expected to boost the market even more from 2020 
to 2025 [56].

Another residue from animal sources used for protein production comes from the pro-
duction of shrimp meat, as a considerable amount of protein contained in this residue is 
used in animal feed. However, this waste could be used to a more valuable end as a raw 
material to produce basic organic compounds. For example, essential amino acids could be 
used for animal feed purposes and nonessential amino acids, such as chemical feed-
stocks [22]. The main coproduct in poultry production is feathers, another feedstock that 
could be considered to produce protein, generated mainly in poultry slaughterhouses. 
About 15 billion tonnes of chicken feathers are produced per year globally [57]. Similarly 
to the residues generated in shrimp meat production, feathers have been used as animal 
feed, although in small quantities. The problem is that most of them go to landfills, causing 
problematic environmental issues of waste disposal. The feathers are composed of more 
than 90% of keratin [53] – rigid and fibrous protein also found in hair, skin, hooves, and 
nails. Globally, chicken feather residues are the most abundant and sustainable keratinous 
material in nature that have not yet been used properly [57] and may have the potential to 
be used in a more valuable way. Some specific properties that keratin has, its availability 
and low cost, make chicken feathers an excellent option for several applications for materi-
als that require good tensile strength and elasticity, as they can be used to produce film, 
fibers, hydrogels, blinders, particles for cosmetics, medicines, textiles, composites, and 
other industrial uses [57, 58].

Despite this scenario that shows great whey adhesion by consumers and several oppor-
tunities for new products from residues from animal protein sources, consumers’ opinions 
about protein sources are gradually changing. A study carried out in 2018 revealed that 74% 
of the people interviewed classified proteins from animal sources as healthy, whereas for 
proteins from plant sources, the percentage was 82% [48].

Regarding plant- based proteins, only those originating from soybean and rapeseed or 
canola are commercialized as isolated or concentrated, unlike the different types of protein 
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flours which are widely marketed [54], which means that soybean still dominates this mar-
ket. Soybean protein is produced from the remaining solid obtained through soy oil extrac-
tion, which is dried and cooled to be commercialized later. However, only 2% of waste from 
soy grain processing is destined for human consumption, while the main use is for feeding 
cattle and other livestock [59]. Although most soybean protein is not used for human con-
sumption, many studies have begun to emerge showing other alternatives to extract protein 
from biomass. The food and beverage industry, for example, generates a large amount of 
protein- containing by- products, such as distiller’s grains (from maize or wheat), vinasse 
(from sugar, beet, or sugarcane), fish silage, cakes (from oil seeds like rapeseed or palm), 
materials from coffee and tea processing, by- products from the production of biofuels, 
among other agricultural residues from various crops [22, 53].

These examples are just some of the possibilities for recovery and reinsertion of the huge 
amounts of animal and vegetable waste that the planet receives each year. Their uses are the 
most diverse, and especially among those that are already on the market, range from alterna-
tives to conventional food – processed meat, poultry, seafood, bakery products, dairy alterna-
tives, protein beverages –, new products aimed at aesthetics, and primarily for sports nutrition 
and nutritional supplements. There are two target audiences very focused on these last uses, 
respectively: athletes who have difficulty in reaching their daily protein goals as they need 
more than the recommended daily protein dose; and the elderly, although supplements are 
not yet expressively used by this age group, because a greater amount of protein to maintain 
muscle mass is needed as these people age, while consuming it naturally, as food, is reduced 
because this population´s taste buds start developing a taste for sweet food [60].

The growing availability of agro- industrial by- products paves the way for developing 
novel sustainable extraction technologies. Since biomass waste is a complex and variable 
mixture of molecules, separation becomes a key issue, fundamental for the conversion of 
biomass into new biomaterials. Following the sustainability line, more than reuse waste in 
a circular way, the techniques applied to deal with these residues must also be consistent 
with sustainability factors. The extraction methods must present efficiency, low energy 
consumption, nontoxic reagents, among other variables that ensure an environmentally 
friendly model from the beginning to the end.

2.2  Protein Extraction Methods from Waste: Current Trends 
and Perspectives

A crucial step for efficient protein extraction from most biomasses is cell lysis. It consists of 
cell disruption caused by chemical, physical, or biochemical processes, that results in the 
release of intracellular content to the extraction media. Any of the procedures for the con-
centration and isolation of proteins depends on successful cell lysis [61]. Although there 
are many different methods, most conditions for protein extraction vary according to cell 
structures, protein location, solubility, target protein denaturation parameters, if this is the 
case and using the protein after obtaining it. This means an extraction procedure must be 
specific for each type of biomass [53].

Generally, two classifications of extraction techniques are used: wet basis or dry basis, 
according to the physical state of the media; or chemical, physical, or biochemical, 
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according to the cell disruption methodology [62]. Recently, novel technologies have been 
used for protein extraction, overall, for their improved efficiency compared with traditional 
extraction methods. Therefore, a new way of categorizing these methodologies consists of 
observing whether the techniques are conventional or are new technologies for the pur-
pose discussed. These classes can outline differences and similarities among extraction 
methods and help green and sustainable chemistry discussions based on detailed compari-
sons between the options, in order to provide guidance for a more environmentally aware 
decision. A scheme of this classification is shown in Figure 2.4.

Some additional examples of technologies – novel and traditional ones – and their mech-
anisms for cell disruption are discussed in the next sections.

2.2.1 Conventional Extraction Technologies

2.2.1.1 pH Extraction – Alkaline or Acid Extractions
Alkaline or acid extractions are cell lysis techniques that are commonly followed by a 
recovery step, both accomplished by pH shift of the media. One example of it is the isoelec-
tric precipitation procedure that consists of adding an alkaline aqueous solution to biomass 
samples, which helps the solubilization of cell membranes due to interactions between 
them and OH-  ions, hence weakening the intermolecular interactions and resulting in a 
higher permeability of the cells. The basic media also increases the net charge of the amino 
acids by favoring the deprotonated form of carboxylic acid groups, thus intensifying their 
interaction with water. Acid solutions, following an analogous rationalization, could also 
be used for the lysis step [62]. Afterward, the liquid phase is separated from the mixture 
and then pH is shifted to the proteins’ isoelectric point – in which the net charge of amino 
acids is zero, or both amino and carboxylic groups are in ionic form –, thus reducing the 
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water solubility and causing precipitation of these compounds, and recovering them from 
the solid phase [63]. The efficiency of cell lysis depends on the interaction between cell and 
extraction media, a slow process that takes about 6–12 hours to be completed [62]. To accel-
erate this event, it is common to combine the procedure with temperatures above RT. As a 
downside, proteins may lose their structure due to the same interactions occurring for cell 
solubilization, and also some amino acids can be converted into others, therefore changing 
the protein structure entirely which can alter their quality and safety for human uses. For 
isoelectric precipitation, bases such as NaOH and KOH and acids such as HCl are used as 
pH shift agents, all of which are considered green substances [64], although, in the context, 
they are not recoverable by simple processes. A large number of reactants and solvents 
used in this technique is also a point for improvement. Proteins were extracted from Ulva 
lactuca algae [65], grass pea [66], and Yellowfin tuna [67] using the isoelectric precipitation 
procedure with some modifications.

2.2.1.2 Saline Extraction
This method relates to the inner osmotic pressure of cells to cause cell lysis by quick 
changes in the ionic strength of the extraction media. Adding salt to a pure water and bio-
mass mixture may cause cell rupture due to rapid water movement into the cell to reach 
osmotic equilibrium. This phenomenon can also happen in the reverse direction, starting 
from a high ionic strength biomass solution followed by dilution of the media [68]. Cell 
walls and other mechanisms of natural resistance to this event lead to low efficiency of cell 
lysis. Therefore, the procedure is not likely to be applied alone but in combination with 
others [69]. Low ionic strength media raises the solubility of the proteins in water by inter-
acting with their polar surface, consequently increasing water–protein interaction, an 
event called salting- in. For further recovery of the protein, more salt is added to the mix-
ture, and water–ion interactions cause proteins to be removed from the solution by favoring 
the protein–protein interactions, which results in their precipitation, a procedure named 
salting- out [70, 71]. Although it is inexpensive, easily scalable and of green chemistry inter-
est, salt- based procedures, as described, demand salt recovery/clean- up steps in subsequent 
downstream processes. This method has been recently applied to algae protein [72, 73] and 
larvae protein [74] recovery, combined with other techniques.

2.2.1.3 Shear Force Disruption – Bead Mills and High- pressure Homogenizer
Shear force disruption consists of a mechanical method of destroying cell membranes and 
walls through collision forces, high pressure, or liquid flow. Despite the existence of inno-
vative technologies that are based on similar concepts, in this topic, we focus on two of the 
most used laboratory and industrial scales techniques, bead milling and high- pressure 
homogenization [62]. In the first, a sample suspension is submitted to rapid agitation with 
metal, glass, or ceramic beads. The impact of the beads is sufficient for breaking the cells 
and dispersing their content to the media. Some parameters such as size, density, and 
sample–to–liquid ratio are relevant. In spite of being very effective on cell lysis, the method 
ends up generating heat, which could denature the proteins being studied  [75]. Due to 
the heat generation, energy efficiency is low and extraction time is affected by equipment- 
cooling down periods. Another downside is the fact that a harsh cell break leads to much 
more complex mixtures, implicating separation and recovery issues  [76]. One recent 
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example of its use is protein extraction from invertebrates  [77]. The other method, high- 
pressure homogenization, is a technique that relies on pressure variance. Sample biomass 
suspension is forced to pass through a small orifice in the high- pressure homogenizer, which 
results in high turbulence and strong shear forces, due to depressurization that occurs when 
the sample passes through. It is a technique that has similar issues to bead milling, such as 
generating complex mixtures and residual heat [62, 76]. It is also less replicable and more 
costly due to specific equipment requirements. The protein structure may also change due 
to high pressure on cells, affecting its activity. Peanut [78] and cyanobacteria [79] protein 
extraction are examples of using the high- pressure homogenization method.

Figure 2.5 summarizes the mechanism of the techniques discussed in this section.

2.2.2 Novel Extraction Technologies

2.2.2.1 Microwave- assisted Extraction
Microwave- assisted extraction is a physical method of cell disruption that consists of sub-
mitting samples to microwaves, electromagnetic radiation with wavelengths ranging from 
1 mm to 1 m. The energy contained in these waves is absorbed by polar molecules inside the 
cells, which lead to an increase in temperature and water evaporation, therefore raising 
internal pressure and causing cell disruption. Accompanied with this phenomenon, micro-
waves also weaken the cell wall and membranes by bond disruption, favoring solvent pen-
etration [80]. Irradiation power plays a significant role in proteins and other biomolecule 
extraction yields. Even being considered energetically efficient for compound extraction 
due to uniform heating (heat flow from inside to outside of sample cells), the high amount 
of energy generated by the process may cause degradation in proteins [81]. From a green 
chemistry perspective, less solvent consumption and time are needed for microwave- 
assisted extraction than for some of the conventional methods, which are indicators of a 
cleaner extraction. From a sustainable chemistry view, it should be mentioned that it is 
relatively expensive if compared with chemical- based lysis processes, alongside the fact 

Conventional protein extraction methods

pH (alkaline or acid)

pH → isoelectric point

Recovery
and/or
isolation

(beads)

precipitation
Recovery and/or isolation

High water pressure
(osmotic pressure)
Cell ruptureH+ or OH–

Weakening of cell wall
intermolecular
interactions

Cell wall
↑ concentration of salts

↑ pressure
Collision forces or
Liquid flow

↑ ionic strength

Plant cell Plant cell Plant cell

Saline Shear force

Figure 2.5 Conventional extraction method mechanisms.



2.2 Protein Extraction  ethods from Waste: Current  rends and Perspectives 81

that it is a scalable method for industrial production [80]. Despite this fact, the referred 
extraction technique is widely studied in protein extraction of different biological matrices, 
such as soy [82], coffee silverskin [83], and algae [84].

2.2.2.2 Ultrasound- assisted Extraction
Consisting of another physical radiation technique, the ultrasound- assisted extraction 
principle occurs by submitting sample cells to ultrasonic waves – mechanical waves with 
frequencies ranging from 20 kHz to 10 MHz. It is a versatile method considering its applica-
tion as it could be used in low ultrasonic frequency and high- power input or high fre-
quency and low power; the first presents a cell- destructive condition, and thus fits an 
extraction end, and the latter presents mild conditions for protein and other labile- 
compound extraction [85]. Ultrasonic waves travel through the extraction media, inducing 
regions of alternating compression and rarefaction on medium molecules. The rarefaction 
cycle eventually surpasses the attractive forces of the liquid and forms cavitation bubbles, 
which become larger as more cycles occur, until a critical size when they collapse and pro-
duce shock waves in small local spots that raise both temperature and pressure to extreme 
levels (5000 K and 1000 atm). Medium molecules near the implosion are sent at high speed 
to cell surfaces, finally causing cell disruption and release of their inner content [85, 86]. 
The technique is considered to be of high reproducibility, cheap, low- solvent consuming, 
industrially scalable and time- efficient, and is suitable for sustainable and green chemistry 
guidelines [87, 88]. Some recent applications of ultrasound technology for protein extrac-
tion are for rice bran [89], algae [90], and plant roots [91].

2.2.2.3 Enzyme- assisted Extraction
Enzyme- assisted extraction includes a vast number of procedures of biochemically based 
disruption of cell membranes and walls. Enzymes are mostly protein molecules that organ-
isms produce for metabolism purposes as they function similar to catalysts for reactions 
occurring within the cell. Normally, each enzyme can assist only a limited number of reac-
tions; therefore, extraction procedures using biocatalysts are specific to the sample, as 
enzymes must be unique to cell membranes and wall composition. The method consists of 
the contact between the sample cells and the enzymes, which results in cell disruption by 
the enzymatic activity that is responsible for degrading specific bonds in the cellular mem-
branes and walls [92]. Due to the proteic nature of these catalysts, the experimental condi-
tions must be controlled. It is considered a clean method as a result of its specificity, neither 
generating cell debris as mechanical methods or undesired side reactions, as chemical 
ones [93]. Moreover, the mild conditions (pH, temperature, and pressure) bring more sus-
tainability to the process. In industrial practices, laccase, lipase, phospholipase, pectinases, 
cellulases, and hemicellulases are applied in plant bioactive compound extraction, also 
demonstrating the feasibility for protein extraction processes [92, 93]. A concern of using 
this technology is the consumption of resources for the production of enzymes (water, 
energy, and chemicals), which must be taken into account for a green and sustainable pro-
cess to be planned [94]. Applying enzyme- assisted extraction as a pretreatment combined 
with other techniques leads to higher yields [92]. Proteins were extracted from algae [95], 
almond press cake [96], and sesame bran [97] using the enzymatic process.
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2.2.2.4 Pulsed Electric Field
This technique consists of submitting cells to high- voltage electric field pulses in a short 
period of time. These pulses can charge the cell lipid bilayer, which forms pores over its 
structure. Due to this phenomenon, the method is also called electroporation. These small 
pores allow mass transference between the medium and the cells, easing the solvation pro-
cess of proteins and other bioactive compounds. Electroporation may be reversible or irre-
versible depending on experimental conditions, the latter being important for further cell 
disruption [98, 99]. Due to their composition, some studies hypothesize that cell walls are 
affected differently to cell membranes, and suppose that age, function, and constituents 
need to be taken into account for electroporation to perform properly [100]. As for green 
and sustainable chemistry, it is a technique that does not add any reactants to the process 
except the solvent, also being a scalable method for industrial processes. The energy con-
sumption is considered low and the technique is, overall, cheap [101]. Protein extraction by 
a pulsed electric field method has not yet been fully investigated in protein extraction and 
is generally combined with another method, which is considered a pretreatment proce-
dure. Algae [102, 103] and sesame cake [104] protein extractions are examples of applica-
tions of this technology.

Figure  2.6 demonstrates the mechanisms of the discussed extraction techniques on 
this topic.

2.2.3 Alternative Solvents

While in the topics above, procedures for extraction and sample disruption were discussed, 
in this section, alternatives for solvents that can be used in all solid–liquid protein extrac-
tions will be presented. It should be implicit that all of the techniques are dependent on 
protein solubility and solvent properties. Organic solvents can help cell disruption by per-
meating cell barriers and causing a loss in their functionality. These solvents need to be 
replaced due to their environmental and human toxicity, considering green and sustainable 
guidelines. This topic will cover some extraction methods with the potential of turning into 
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Figure 2.6 Mechanisms behind novel protein extraction techniques.
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more green and sustainable processes. Conventional and new technologies for protein 
extraction are equally important for FSCW biorefineries, and studies on this specific niche 
reveal how researchers are tackling the subject. Two alternative solvents that can meet 
sustainable aspects for extraction could serve as surrogates: subcritical fluids and deep 
eutectic solvents (DESs).

2.2.3.1 Subcritical Water
Subcritical fluids are solvents submitted to temperatures above their boiling point but 
maintained at the liquid phase by compression. The properties of these solvents, such as 
dielectric constants, diffusion, surface tension, and, consequently, their polarity and solu-
bility parameters are different from those at room temperature [105]. These properties can 
be tuned by altering the conditions of subcritical fluid production and maintenance, which 
broadens the range of application of substances such as water and carbon dioxide, allowing 
them to be cleaner and safer replacements of organic solvents such as hexane and dimethyl 
sulfoxide [106]. The protein structure is not maintained due to high pressures and tempera-
tures. Therefore, subcritical water can cause hydrolysis of these biopolymers  [107]. 
Extractions done with subcritical fluids are also known as pressurized liquid extraction. 
Low solvent consumption and extraction time are the main advantages of these techniques, 
and high energy cost and the need for optimization of the experimental conditions to 
obtain efficiency are its major drawbacks [107]. Some examples of samples used in protein 
extraction using subcritical water are flaxseed meal [108], soybean [109], and black rice 
bran [110].

2.2.3.2 Deep Eutectic Solvents (DESs)
Considered a hot topic for bioactive compound extraction, DESs are ionic liquids formed by 
the mixture of two or more substances capable of donating or receiving hydrogen bonds. 
Organic acids, amino acids, sugars, alcohols, cholinium derivatives (such as cholinium 
chloride, ChCl), and quaternary ammonium salts are some naturally occurring species that 
can compose DES [111, 112]. They are nonvolatile, nonflammable, they have low toxicity, 
are biodegradable, cheap to manufacture, and their production does not need purification 
steps or generate by- products, important characteristics for an organic solvent substi-
tute [111]. Due to both polar and nonpolar interactions, DES can solubilize a large pool of 
compounds, fitting protein variability regarding water solubility [112]. These solvents have 
high viscosity, properties that directly affect mass transfer phenomena, and are also not 
chemically inert, which is a downside for extraction applications  [113]. Separation of 
extracted substances and DES recovery is not easy due to requiring energy and/or large 
volumes of other solvents, and thus it is an obstacle for industrial applications [114]. As for 
protein extraction, DES was recently used for oats [115], pomegranates [116], and brewer’s 
spent grain [117] studies.

2.2.4 Current Practices on Green and Sustainable Protein Extraction

This topic aims to present a brief overview of some FSCW protein extraction methods. For 
this purpose, a search on the Web of Science platform was conducted to investigate what 
extraction methods are currently being used for protein extraction of plant residue in food 
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processing. To do this, “protein extraction” and “green” or “sustainable” were used as 
search words. All retrieved results were carefully classified and only those studies of food- 
processing plant- related residues were selected. A table of the results of this search inform-
ing the sample, extraction method, conditions, and year of the study is shown next 
(Table 2.1). The purpose of the table is not to exhaustively present the studies on the topic, 
but to discuss some aspects of conditions through a green and sustainable view – from the 
choice of the sample to the methods of extracting proteins from it.

Moreno- Nájera et al. discuss using jackfruit leaves (1st entry of the table), which are resi-
dues from pruning jackfruit trees, as a sustainable source of protein extraction. Only in 
India, approximately 10 tons of pruning waste are generated per year [118]. Such residues, 
however, can have several uses of high added value, such as forage material and food source 
for livestock and human health, as they are essential amino acid sources and have proper-
ties as palliative methods to treat anemia, diarrhea, and coughing. To extract proteins, the 
authors analyze four extraction methods, most of which are emerging and environmentally 
friendly technologies.

First, the extraction of jackfruit leaves using the conventional alkaline extraction (or iso-
electric precipitation) method is described. The extraction is performed in an alkaline 
medium, with NaOH aqueous solution as the solvent used. The stirring time is the longest 
among the four methods analyzed, corresponding to 30 minutes. From these conditions, 
the content of proteins found in the jackfruit leaf was 84.1 mg/g in a dry base. The three 
techniques that follow are emerging extraction technologies, considered as potential sus-
tainable methods, especially since the extraction solvent is a saline solution, a nontoxic 
solvent. In ultrasound- assisted extraction, the extraction time is reduced to 20 minutes and 
the optimal value for protein extraction was 96.3 mg/g. In microwave- assisted extraction, 
the solvent concentration is reduced by half and the extraction time is 4 minutes, the short-
est of all methods. The extraction yield considering the best condition for this method 
(0.5 M NaCl as a solvent) is not shown in the article, but it is known that it presented the 
best results. However, using methanol as the solvent in the microwave extraction, the esti-
mated value was 95.6 mg/g, which represents the lowest percentage of protein obtained by 
the other three emerging methods. The latest extraction technique of jackfruit leaves com-
pared by the authors is high hydrostatic pressure- assisted extraction. The extraction time is 
20 minutes, and it has the highest extraction yield, 147.3 mg/g of protein, which can be 
attributed to the ionic strength in combination with the contact surface at high hydrostatic 
pressure.

It is important to note that the three new methods have shorter extraction times com-
pared to the conventional method, use a saline solution as an extractor solvent, and were 
the techniques that showed the highest yields. These methods are therefore effective and 
have proved to be potentially sustainable.

Further down Table  2.1, Boyle et  al. introduce a novel source of vegetable protein, 
Camelina sativa seeds (12th entry of the table), as a new plant- based protein ingredient that 
has great potential to be introduced to the market as the demand for protein is expected to 
increase significantly in the coming years, as discussed in Section 2.2.1. Camelina sativa is 
an oilseed with a high fat content (30–38%) and protein (25–30%), and is attractive for the 
production of both oil and protein ingredients, and Camelina flour could be produced from 
the waste generated in the oil production [50]. The authors discuss that it is a sustainable 
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Table 2.1 Overview of FSCW of plants in recent (2010–2020) studies, according to the year 
of publication, sample, extraction method, and conditions.

Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

1 2020 Jackfruit 
leaves

Alkaline 
extraction

Sample powder mass: 5 g
Solvent: 1 M NaOH and H2O
pH: 12.5
Stirring time: 30 min
Liquid phase separation
pH: 2 (adding HCl)

[118]

Ultrasound- 
assisted extraction

Sample powder/Solvent ratio: 
1:5 m/v
Solvent: 1 M NaCl
Sonication frequency: 42 kHz
Sonication time: 20 min.
Solid phase resuspension
Solvent: EtOH 70% +1% 
CH3COONa
Sonication conditions repeat

Microwave- 
assisted extraction

Sample powder/Solvent ratio: 
1:5 m/v
Solvent: 0.5 M NaCl
Microwave power: 1200 W
Extraction time: 4 min

High hydrostatic 
pressure- assisted 
extraction

Sample powder/Solvent ratio: 
1:5 m/v
Solvent: 0.5 M NaCl
Mixture vacuum packing w/ 
high- density polyethylene.
Pressure: 300 Mpa
Extraction time: 20 min

2 2020 Dehulled 
rapeseeds

Twin screw- press 
combined with 
alkaline 
extraction

Sample powder mass: 150 g
Solvent: H2O
Sample powder/Solvent ratio: 
1:8 (w/w)
Temperature: Room temperature
Stirring time: 4 h
pH: 9 (adding few drops 0.5 M 
NaOH)
Blending processing at 
maximum speed
Blending time: 2 min
Twin- screw press processing
Liquid phase separation
pH: 9

[119]

(Continued)
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Table 2.1 (Continued)

Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

3 2020 Tip of 
bamboo shoot

Deep eutectic 
solvent (DES) 
extraction

DES composition: ChCl and 
levulinic acid
Levulinic acid – ChCl ratio: 6
Added Water: 40% (v/v)
Sample powder/Solvent ratio: 
30 mg/mL
Water bath temperature: 80 °C
Extraction time: 50 min

[120]

Basal bamboo 
shoot

Same as tip of bamboo shoot, 
except for sample powder/
solvent ratio: 70 mg/mL

Bamboo 
sheath

Same as tip of basal bamboo 
shoot

4 2020 Brewer’s 
spent grain 
and pasture 
grass

Alkaline 
extraction

Sample/Solvent ratio: 1:10 (w/w)
Solvent: 0.1 M NaOH and H2O
pH: >11
Stirring time: 2 h
Temperature: 40 °C
Liquid phase separation
pH: 3.0 (adding 1.0 M 
CCl₃COOH)

[121]

Aqueous 
extraction

Sample/ solvent ratio: 1:10 
(w/w)
Stirring time: 2 h
Temperature: 40 °C
Liquid phase separation
pH: 3.0 (adding 1.0 M 
CCl₃COOH)

Subcritical water 
extraction

Temperature: 200 °C
Pressure: 4 Mpa
Flowrate: 6 mL/min
Extraction time: 20 min;
Liquid phase separation
pH: 3.0 (adding 1.0 M 
CCl₃COOH)

5 2020 Hazelnut 
meal

Alkaline 
extraction

Sample powder/Solvent ratio: 
1:12 (w/w)
Solvent: 5 M NaOH and H2O
Temperature: Room temperature
Stirring time: 1 h
Liquid phase separation
pH 4.5 (adding 2 M HCl)

[122]
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Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

6 2019 Viz. ryegrass,
red clover,
Ryegrass- white 
clover mixture 
and
spinach

Twin- screw press 
extraction

Sample Mass: 2 g
Coarse screen hole sizes: 1 mm
Liquid phase separation
Sample volume: 30 mL
Lignosulfonate mass: 6 g
pH: 2–3 (adding 6 M HCl)

[123]

7 2019 Brewer’s 
spent grain

Alkaline 
extraction

Sample mass: 70 g
Solvent: 0.1 M NaOH and H2O
Volume: 700 mL
pH: >11
Stirring time: 2 h
Temperature: 40 °C
Liquid phase separation
pH: 3.0 (adding 1.0 M 
CCl₃COOH)

[124]

8 2019 Hemp 
press- cakes

Alkaline 
extraction

Solvent: water
Press- cake powder/water mass 
ratio: 5–10%
Temperature: Room temperature
Extraction time: overnight (>12 
h)
pH: >9 (adding 2 M NaOH)

[125]

9 2019 Tall fescue Twin- screw press 
extraction

Sample mass: 200 g
Solvent: H2O
Solvent volume: 200 mL
Coarse screen hole sizes: 1 mm
Heat precipitation step
Sample juice volume: 500 mL
Water bath temperature: 95 °C
Extraction time: 31 min

[126]

10 2019 Palm kernel 
meal

Alkaline 
extraction

Sample powder mass: 75 g
Solvent: 0.03 M NaOH
Volume: 750 mL
pH: 12
Temperature: 80 °C
Stirring time: 4 h
Stirring speed: 150 rpm
Liquid phase separation
Sample volume 50 mL
Solvent: 80% EtOH
Temperature: 0 °C

[127]

(Continued)

Table 2.1 (Continued)
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Table 2.1 (Continued)

Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

11 2018 Rapeseed 
cake

DES extraction DES composition: ChCl and 
Glycerin
ChCl – Glycerol ratio: 1:2
Sample powder mass: 5 g
DES mass: 45 g
Stirring speed: 500 rpm
Extraction time: 2 h
Temperature: 60 and 100 °C
Liquid phase separation
Solvent: H2O
Volume: 250 mL
Temperature: 4 °C
Time: 12 h

[128]

Evening 
primrose cake

12 2018 Camelina 
sativa seeds

Alkaline 
extraction

Solvent: H2O
Sample powder/Solvent ratio: 5% 
(w/v)
pH: 12 (adding 2 N of NaOH)
Stirring time: 1 h
Liquid phase separation
pH: 5 (adding 2 N HCl)

[50]

Saline extraction Solvent: 0.05 M K3PO4 buffer + 
1 M NaCl
pH: 8
Stirring time: 1 h
Temperature: 50 °C
Liquid phase separation
Addition of (NH₄)₂SO₄
Salt saturation: 85%
Stirring time: 3 h

13 2018 Pomegranate 
seed

Enzyme- assisted 
extraction

Sample powder mass: 10 g
Solvent: 50 mM Na3SO4 buffer
Volume: 79 mL
pH: 7.2
Protease enzyme addition
Enzyme/Sample ratio: 50 (U/g)
Temperature: 45 °C
Extraction time: 14 h
Stirring speed: 110 rpm

[129]
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Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

14 2017 Coriander 
fruit and 
seeds

Alkaline 
extraction

Sample powder mass: 100 g
Solvent: H2O
Temperature: 50 °C
pH: 10.0 (adding 1 M NaOH)
Rotation speed: 250 rpm
Extraction time: 90 min
Liquid phase separation
pH: 3.5 (adding 1 M HCl)

[130]

15 2016 Tomato peels 
and seeds

Alkaline 
extraction

Sample powder mass: 10 g
Solvent: 0.05 M NaOH
Volume: 200 mL
Temperature: 90 °C
Stirring speed: 700 rpm
Liquid phase separation
pH: 4 (adding 0.5 M citric acid)

[131]

16 2016 Green tea 
residue

Alkaline 
extraction 
combined w/
EtOH 
enzymatic- 
treatment

Pre- treatment
Sample mass: 200 mg
Solvent: 0.02 CH3COONa + 
CH3COOH buffer
Solvent volume 4
pH: 4.5
Enzyme: Viscozyme® L
Enzymatic loading: 120 
FBGU*/g sample
Incubation time: 20 h
Temperature: 30 °C
Rotation speed: 1000 rpm
Adding 4 mL 50% EtOH
Solid phase separation for 
protein extraction
Solvent: 0.1 M NaOH
Volume: 7 mL
Extraction temperature: 95 °C
Rotation speed: 1000 rpm
Extraction time: 2 h

[132]

17 2016 Sugar beet 
leaves

Screw- press 
extraction

Dried leaves pressing
Liquid phase separation
Temperature: 50 °C
Extraction time: 30 min

[133]

(Continued)

Table 2.1 (Continued)
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Table 2.1 (Continued)

Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

18 2015 Green tea 
residue

Alkaline 
extraction

Sample mass: 0.5 g
Solvent: 0.1 M NaOH
Temperature: 25–95 °C
Extraction time: 2 h

[134]

19 2015 Screw- pressed 
Jatropha 
curcas L. 
residue and 
aqueous 
de- oiled 
Jatropha 
curcas L. 
residue

Alkaline 
extraction

Sample mass: 50 g
Solvent: H2O
Solid–to–liquid ratio: 1:11 (m/m)
Temperature: 60 °C
Stirring speed: 200 rpm
pH: 11 (adding 2 M NaOH)
Extraction time: 30 min
Liquid phase separation
Mass: 250 g
pH: 4
Stirring speed: 200 rpm
Decantation time: 2 h

[135]

Enzyme- assisted 
extraction

Sample mass: 50 g
Solvent: H2O
Solid–to–liquid ratio: 1:12 (m/m)
pH: 8
Temperature: 55 °C
Enzyme: Protease A01
Enzymatic loading: 0.5% (w/w)
Extraction time: 60 min

20 2014 Green tea 
residue

Alkaline 
extraction

Sample mass: 0.5 g
Solvent: 4 mM NaOH
Solvent/Sample ratio: 40 mL/g
Temperature: 95 °C
Extraction time: 2 h
Liquid phase separation
Sample volume: 10 mL
pH: 3.5 (adding 1 M HCl)

[136]

21 2012 C. korshinskii 
Kom.

Alkaline 
extraction

Milled sample mass: 100 g
Solvent: 0.12 NaOH
Volume: 2 L
Stirring time: 1 h
Temperature: 37 °C
Liquid phase separation
pH: 4 (adding 0.1 N HCl)

[137]
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oilseed, as its culture contributes to reducing soil and water erosion and soil nitrate leach-
ing, increases carbon sequestration, and reduces inputs of energy and pesticide. In addition 
to the environmental benefits, the amino acid composition of the Camelina protein is com-
parable to that of the soy protein. Therefore, it presents excellent nutritional quality. Thus, 
justifying being a sustainable source to extract proteins, the authors evaluated two different 
approaches, alkaline and saline extraction.

First, the extraction of Camelina sativa seeds using the alkaline technique is described. 
The extraction occurs by adding the strong NaOH base in an aqueous solution and then 
stirring for 1 hour. The highest yield of extractions using this method was 38% (it represents 
the amount of protein extracted relative to the total amount of protein in the Camelina 
sativa seeds). The second method analyzed was saline extraction. In this technique, a buffer 
solution of K3PO4 with NaCl was used as the solvent and the stirring time was also 1 hour. 
The best extraction yielded 42%.

Entry 
# Year Sample Extraction method

Conditions and general  
procedures Reference

Solvent- based 
extraction

Milled sample mass: 100 g
Solvent: 62.5 mmol/L Tris- HCl,
0.5% sodium dodecyl sulfate 10% 
glycerol, and 5% 
2- Mercaptoethanol
pH: 6.8
Volume: 2 L
Extraction time: 7 h
Temperature: 4 °C
Liquid phase separation
Cooled acetone addition and 
incubation overnight

Solvent- based 
extraction

Milled sample mass: 100 g
Solvent: Cold acetone
containing 10% CCl₃COOH 
(w/v) and 0.07% 
2- Mercaptoethanol (v/v)
pH: 6.8
Volume: 2 L
Temperature: 4 °C
Incubation overnight

22 2010 Sunflower 
seeds

Saline extraction Sample meal/Solvent ratio: 
0.05 g/mL
Solvent: 1.3 M NaCl solution
pH: 6
Stirring time: 15 min
Extraction time: 1 h

[138]

Table 2.1 (Continued)
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Unlike the four methods analyzed by Moreno- Nájera et al., in this case, both alkaline and 
saline extraction have the same time. Therefore, extraction is governed by the solvent used. 
The saline solution, in addition to being a more sustainable way of conducting extractions, 
presented the highest yield of protein, resulting in a protein concentration of 82.2%. Besides 
that, Boyle et al. also analyzed the structural differences in proteins extracted following 
both methods and the data showed that saline extraction produces less denatured and 
more functional Camelina protein concentrates. Again, the most environmentally friendly 
method proved to be more efficient and a better option when considering green aspects.

Gofferjé et al. discuss the protein extraction from Jatropha curcas L. (19th entry of the 
table) as a great alternative to avoid the “tank or table” discussion as it is a nonedible oil 
plant and can be used for biodiesel production. However, in the oil extraction process, high 
amounts of Jatropha meals are obtained. This oil plant waste presents high protein content 
(up to 40%). So, it can be used as raw material for further applications, not just as a by- 
product of oil extraction. Such applications include organic fertilizer, rodent repellent or 
for biogas production and technical applications (e.g. glues, film coatings, and emulsifi-
ers)  [135]. Due to the presence of several toxic and anti- nutritional substances, such as 
phorbol esters, lectin, and phytate, it is not suitable for feed or food applications. Then, the 
authors analyzed different techniques to extract proteins from two samples of Jatropha 
curcas L., the screw- pressed Jatropha curcas L. residue (SPJR) and the aqueous de- oiled 
Jatropha curcas L. residue (ADJR).

First, Jatropha extraction is described using the conventional alkaline extraction 
method. The extraction occurred with the addition of the strong base NaOH in an aqueous 
solution at 60 °C and the extraction time was 30 minutes. Considering this technique, the 
protein yields obtained in the ADJR extraction were 76% and in the SPJR were 79%. The 
other method, considered a novel technology, is enzyme- assisted extraction. The extrac-
tion took place in an aqueous medium with the presence of the protease A01 enzyme at 
50 °C, with the extraction time corresponding to 1 hour. The protein yields obtained in 
both ADJR and SPJR enzyme- assisted extractions were 75%. The results show that the 
yields obtained were similar for both raw materials and both extraction methods applied, 
making the enzyme- assisted extraction competitive to the conventional approach and a 
clean option when considering sustainable aspects due to its mild conditions as pH and 
temperature, in this case.

When planning a sustainable process, researchers should be alert not only to improve 
extraction yields, but also to the quantity and quality of the resources used – including 
toxicity, production impact, and other factors. Therefore, the conditions applied to the tech-
niques could be used as a comparative parameter of greenness; once through them, it is 
possible to verify the integrity of the method, considering whether there are dangerous 
substances, large quantities of compounds, and high energy consumption. An analysis of 
Table 2.1 could also be made considering this aspect, bringing two different points of view 
for the comparison of studies, one centered on the techniques and the other on the samples.

Starting from extraction techniques, most of the works applied conventional alkaline 
extraction. The conditions informed on the articles for this technique are sample mass, 
sample–to–solvent ratio, solvent volume, pH, temperature, stirring time, and stirring 
speed. Those conditions could be grouped in four, regarding their related resource: solvent 
volume, time, energy, and feedstock.
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As for solvents, all the studies used aqueous sodium hydroxide solutions, which is con-
sidered a green base according to GSK’s guide for acid and base selection [64], though the 
pH varies from 10 to 12.5. Considering that a pH shift must be performed for the precipita-
tion of proteins, a lower pH of the alkaline extraction could imply the use of less volume of 
base. Of course, this reasoning is valid if considering acid solutions with the same concen-
trations, as low as possible for safe managing. Thus, if feasible and consistent with the 
sample used, the table’s 14th entry shows a more sustainable use of the pH on the alkaline 
extraction of proteins, using pH 10 to perform an alkaline extraction in coriander fruits and 
seeds [130].

A similar comparison can be performed on the alkaline extraction considering time, 
 represented in the table as extraction time or stirring time, according to the method applied. 
This variable shows a significant variance from 30 minutes up to 4 hours, and even over-
night (more than 12 hours). From an industrial scale point of view, quicker processes are 
favorable over time- consuming processes. Besides that, time efficiency could also affect 
positively labor conditions, which are highly connected with sustainability. Overall, the 
data demonstrate that time efficiency is achievable as in the 1st and 19th entries, with 
30 minutes of total extraction time [118, 135].

The energy employed on the alkaline protein extraction could be apprehended by the 
analysis of extraction time and stirring time (accounted above), stirring speed (that is not 
present in all methods), and temperature, which varied from room temperature to 
95 °C. Processes energy efficiency is closely related to their costs. These expenses are 
dependent on the type of combustible source used to provide energy to the extraction pro-
cedure, and in this context, the techniques performed at room temperature are preferable. 
The table’s 5th, 8th, and 18th are examples of sustainable processes considering tempera-
ture, which had extractions running at room temperature [122, 125, 134].

The mass of feedstock is a condition that meets the best sustainability scenario when the 
process employed extracts all of its protein content. Even though the authors seek to opti-
mize the extraction, it must be noted that a simple comparison of mass values cannot serve 
to select more sustainable conditions due to different experimental proportions taken in 
the studies. Therefore, the sample–to–solvent ratio must be assessed. This variable also 
relates to solvent volume efficiency, as expected. This condition is presented as more sus-
tainable when the ratio is higher, and thus less solvent is needed and more plant residue 
(which is largely available in the context) is better used. Regarding the sample–to–solvent 
ratio, the analysis of the table shows values ranging from approximately 0.025 to 0.1, where 
the most sustainable ratio encountered is used in the 4th, 7th, 8th, and 10th entries 
[121, 124, 125, 127].

This analysis could be repeated for the other protein extraction methods, following the 
same reasoning presented for alkaline extraction, respecting their own specificities. For 
instance, for DES extraction described in the 11th entry, one should [128] be aware of the 
substances that compose the DES regarding their greenness and the cost involved in the 
production of the DES. As for enzyme- assisted extraction, the enzyme load must be mini-
mized in order to fit sustainable aspects.

The authors note that the extraction scale and sample type (regarding species and pre-
treatment conditions) are relevant and decisive. Therefore, a generalist method of protein 
extraction following green and sustainable aspects is not possible. This means that the 
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comparisons made in this text serve more as an example of how to move toward more 
 sustainable processes, as these comparisons must be guided by researchers’ knowledge 
within the limits and potential of each technique used. Therefore, the community must 
also invest efforts in improving them, whether they are conventional or innovative.

The second point of view, centered on sample similarities, can be performed to analyze 
qualitatively the techniques that are more sustainable in terms of method of extraction 
chosen, the solvent used, temperature, and pH, in a way of suggesting that it is possible to 
hold sustainable conditions for different plant species. The authors grouped the sample 
similarities into five groups: seeds, meals, grains, leaves, and other plant parts (kernel, fruit, 
shoot, and grass).

Regarding the extractions of seeds as samples, five out of seven methods are conven-
tional (alkaline or saline extraction). Ntone et  al. (2nd entry) use milder conditions on 
alkaline extraction, employing water as solvent and room temperatures in the extraction 
process [119]. The DES extraction, despite using a promisor solvent, used higher tempera-
tures (60 and 100 °C). The same occurs with enzyme- assisted extraction, which applies 
high temperatures and has a high energy consumption in the process (14 hours of extrac-
tion) [129]. It is essential that the choice of a considered green and sustainable method 
must be accompanied by milder conditions whenever possible.

In relation to the extractions of parts of plants as samples, alkaline extraction is also the 
most used method. While the temperature selected for the extractions is between 80 and 
90 °C, the time varies greatly, ranging from a few minutes to more than 12 hours. DES is 
used as a green solvent option in two papers [120, 128], and both twin- screw press extrac-
tion  [123, 126] and alkaline extractions  [125, 127, 130] use water as a solvent, showing 
other possible sustainable conditions for the extraction of proteins from plant parts.

Regarding the extractions of meals as samples, it is interesting to note that, as mentioned 
previously in the discussion by Gofferjé et al. [135] – which compares alkaline extraction 
with enzyme- assisted extraction –, the enzyme- assisted extraction proved to be a promising 
option, with milder conditions for temperature, time, and pH. However, when making this 
comparison by sample type, it could be observed that there is the possibility of making the 
conditions even more sustainable in alkaline extraction, using water as a solvent and room 
temperature, as shown in the table’s 5th entry [122].

For extractions using grains as samples, it is interesting to note that alkaline extraction 
presents exactly the same solvent, temperature, and pH conditions for the different grains. 
It can also be noted that the novel subcritical water extraction method is employed, which 
reduces the extraction time from 2 hours to 20 minutes, but uses extremely high tempera-
tures (200 °C) to achieve the adequate properties to act as a subcritical fluid [121, 124].

Regarding the extractions of leaves as samples, again the alkaline extraction stands out in 
a greater number [118, 132, 134, 136]. Promising techniques such as ultrasound and micro-
wave are tested [118] and present shorter extraction times, reducing from hours to minutes, 
also employing saline solution as an extractor solvent instead of a strong base. Including 
screw- press extraction  [133], such techniques are potentially greener for extracting pro-
teins from leaves.

Through these comparisons, it can be observed that the conditions vary considerably in 
the same group of samples, from milder methods using water and room temperature, to 
methods with high temperatures and extraction times. The main objective of this 
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comparison is to show that, potentially, protein extraction from similar samples in a more 
sustainable way is feasible, not only considering the extraction technique itself but all that 
it encompasses. It is important to note that the extraction yields were not considered – once 
the quantity extracted is not the only key point when considering green and sustainable 
aspects. This comparison is a good strategy to instigate critical and holistic thinking when 
choosing an extraction method based on sample type, although it must be stressed again 
that a general method is not possible due to structural variance between plant species.

As sustainability gains more relevance for research, another objective must be included, 
without neglecting yield optimization, which is thinking about the lab- scale experiments 
to sketch industrial processes. To do this, researchers must assess their experiments based 
on green metrics such as life cycle assessment. In the extraction context, a simple- to- use 
metric is Sustainable Factors [139], which is based on ratios of the mass of the substance 
extracted per unit of resource used to perform the extraction (such as time, energy, solvent 
volume, etc.). This metric is presented as the first step toward the optimization of efficiency 
beyond the extraction yield, therefore following the steps shared by the authors in this sec-
tion of the text.

The scientific community should always be aware that green and sustainable chemistry 
targets global and local problems full of dilemmas, paradigms, and different valid solu-
tions. For instance, here we discuss one way of helping to solve the human hunger/food 
poverty problem. For proteins, a wide range of extraction methods have been shown, but 
that is not the end of the matter. Separation, concentration, isolation, and other processes 
are just as decisive for developing environmentally friendly products. These processes are 
highly dependent on each other, as the choice of using microwaves instead of bead milling 
will have a ripple effect in the decisions in the following steps for example. The same is true 
when transposing a method from laboratory to industrial scale, therefore considering the 
broader implications of a study is mandatory and should be considered an interdisciplinary 
objective.

2.3  Final Considerations

In this chapter, we discussed the role of FSCW and how to address it. The biorefinery and 
green and sustainable chemistry concepts are a basis for rethinking waste as a resource to 
tackle global nutrition problems and implement innovative guidelines for circularity. 
Considering the volume of FSCW, we considered some of the compounds and materials 
that could be extracted from them and reintegrated into the industrial food chain produc-
tion for human and animal applications. Among the many substances, proteins were taken 
into account since they are essential macronutrients for all living beings. In fact, there is 
currently a lack of daily intake of this nutrient by the population – either by eating ultra- 
processed foods or by not eating any source of protein. In a scenario in which malnutrition 
caused by low protein consumption, poverty, and the increase in the world population are 
combined, new sources for this macronutrient are emerging. FSCWs from plants are 
nutrient- rich biomasses that could serve this purpose. To reach this objective, protein 
extraction methods with high efficiency need to be designed. Thus, we exposed some of the 
most promising extractive methods regarding green and sustainable aspects, untangling 
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their mechanisms as we highlighted advantages and disadvantages. A brief overview of 
current tendencies in the research field demonstrated that considering scaling up and opti-
mizing the methods, conditions for resource efficiency are the next important steps to be 
investigated. At the same time, an effort to rethink the FSC to increase processing effi-
ciency toward maximum integration of proteins and other important nutrients from the 
raw material must be made to reduce generating waste, thus dealing with the problem at its 
origin. Thus, green and sustainable techniques can be applied to promote good health by 
producing safe and healthy protein- based food in an ethical, fair, inclusive way for all 
human beings.
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3

3.1  Introduction

Produced water is the water found in the same formations as oil and gas and is a by- product 
of hydrocarbon production operations that is brought to the surface along with oil and gas 
from onshore and offshore wells. It is the single largest by- product stream by volume from 
onshore and offshore oil and gas production facilities.

Produced water primarily consists of the naturally occurring formation or connate water 
trapped for millions of years associated with the oil and gas in the underground hydrocar-
bon reservoirs of porous sedimentary rock between layers of impermeable strata with the 
earth’s crust, water that has been injected into the formation for the purposes of enhancing 
oil recovery, chemicals used to facilitate production, and possible reaction by- products 
formed through abiotic or biotic processes [1–3].

Produced water is reused for oil and gas production, recycled for use in the operations, 
disposed off to underground reservoirs or discharged into the environment, and used for 
beneficial purposes in non- oil and gas industry applications. Reuse and recycling of pro-
duced water is possible through a range of current separation processes to reduce the 
organic (mostly oil) and inorganic (mostly salt) components to levels acceptable for the 
intended usage.

The sustainability of produced water treatment and management within the context of 
hydrocarbon resource recovery considers the direct, indirect, and cumulative impacts 
across the project life cycle. The reuse and recycling of produced water in a sustainable way 
requires an assessment of the origin of produced water and its constituents, the current 
produced water management practices, and the current technology for treating and remov-
ing the dispersed or suspended components in the produced water. Technologies to treat 
produced water for the removal of dissolved components, primarily dissolved salts, for 
reuse in other operations or for beneficial reuse can enhance the sustainability of produced 
water treatment and reduce the reliance on freshwater consumption. The objective of this 
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chapter is to review the current technologies and present new directions for produced 
water treatment with a focus on sustainability, energy efficiency, and produced 
water reuse.

3.1.1 Origins and Sources of Produced Water

The oil and gas industry globally produced approximately 159 billion barrels of water in 
2020 from current onshore and offshore production of oil and gas from conventional and 
unconventional reservoirs  [4]. Considering the global production of approximately 34.4 
billion barrels of oil in 2020 [5], the current ratio of daily produced water production to oil 
production is about five barrels of produced water per barrel of oil. When reservoirs reach 
a stage of maturity, they experience an increase in the water–to–oil ratios.

Produced water is a complex mixture of dissolved and particulate organic and inorganic 
chemicals in the water that ranges from essentially freshwater to concentrated saline 
brine [1]. The components of produced water can be broadly classified into organic and 
inorganic compounds, including dissolved and dispersed oils, grease, heavy metals, sus-
pended solids, radionuclides, treating chemicals, formation solids, dissolved solids, 
 dissolved gases, scale products, waxes, microorganisms, and oilfield chemicals (poly-
mers) [6, 7]. Oil and gas production additionally consumes large volumes of surface water, 
freshwater or marine, and aquifer water that become commingled with the produced 
water [6–9].

Decades of oil and gas production have developed many solutions to managing this waste 
stream from using produced water to sustain the pressure of underground reservoirs to 
enable continued extraction of oil and gas to the potential beneficial uses for produced 
water including agricultural uses. Most produced water is either reinjected or disposed of. 
In the United States, about two- fifths of the produced water is reinjected while about half 
is disposed of using saltwater disposal (SWD) wells with the remainder recycled for reuse 
in fracturing operations.

During oil and gas production, managing the produced water is an essential aspect of the 
process. The volume of produced water varies by the reservoir, the type of production oper-
ations, and changes over time during the life of the production operations [10]. In conven-
tional oil and gas production, oil and/or gas exist in relatively permeable geologic 
formations, and the natural pressures in the formation conditions, often facilitated by 
pumping, pushing, or lifting the oil, gas, and formation water toward a well for surface 
extraction [11, 12]. Figure 3.1 illustrates the well types in conventional and unconventional 
oil and gas production. The amount of produced water created by a conventional oil and 
gas well can increase over time as the hydrocarbon reservoir depletes, resulting in greater 
water–to–hydrocarbon ratios over time [13]. When oil and/or gas have low mobility or are 
found in geological formations with low permeability, such as shale beds or “tight” sands, 
unconventional production occurs.

Most wells in unconventional oil and gas formations (e.g. shale, coal bed methane, and 
tight gas sands) are stimulated using hydraulic fracturing where water, typically freshwater 
from lakes and rivers or groundwater from underground wells, is injected under pressure 
into the formation to create pathways allowing the oil or gas to be recovered in a cost- 
effective manner [14].
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Immediately following hydraulic fracturing in the well, the injected water returns to the 
surface and is known as flowback water. The quantity of this flowback water decreases over 
the next weeks or months until any produced water coming from the well to the surface 
along with hydrocarbons is mostly formation water [15]. As such, the produced water flow 
rate from an unconventional well decreases over time as the return of flowback water 
decreases and the well produces relatively lower volumes of formation water.

The produced water from unconventional reservoirs cannot typically be reinjected into 
the shale reservoir for enhanced recovery but requires disposal to non- oil- producing geo-
logic intervals (e.g. salt water disposal wells) or reuse for hydraulic fracturing [16]. In 2020, 
the main water issues associated with unconventional oil and gas extraction include rising 
water demand for hydraulic fracturing, managing high water volumes that are coproduced 
with oil and gas (produced water, including flowback water from hydraulic fracturing, and 
water from subsurface formations) [11].

A sustainable water life cycle for unconventional oil and gas wells is illustrated in 
Figure 3.2 showing the principal water streams including a recycle of the flowback and 
produced water after treatment and the application of treated produced water for beneficial 
uses. Evaporation that occurs during transportation and storage contributes to produced 
water losses that could alternatively be contained and reused in the produced water life 
cycle. The life cycle freshwater consumption, e.g. makeup water, for tight oil is less than 
that of conventional onshore oil production [17]. Additional considerations for greenhouse 
gas emissions in the life cycle analysis can provide a holistic view of the environmental 
impact associated with drilling and production.

Approximately, 55% of produced water generated from conventional and unconventional 
activities in the United States is handled as wastewater for disposal [18]. However, large 
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quantities of produced water are being reused for new drilling fluids, hydraulic fracturing 
operations, and in conventional activities for waterfloods conducted to enhance oil recov-
ery (EOR). With increasing produced water volumes from increasing unconventional pro-
duction, produced water disposal in saltwater disposal wells has raised concerns over 
surface water and groundwater contamination and also the risk of increasing seismic 
events [19, 20].

In the offshore oil and gas industry, approximately 75% of the produced water is treated 
and discharged into the ocean with the balance being reinjected [21]. In offshore oil and 
gas production, most of the produced water is discharged directly to the ocean after meet-
ing the environmental regulations and standards through the application of effective and 
economical treatment technologies. The disposal of untreated produced water containing 
many hazardous materials will not be environmentally sustainable.

In onshore oil and gas production, approximately 90% of the produced water is rein-
jected with the remainder being discharged, reused for other purposes, or evapo-
rated [10]. There are differences between onshore and offshore produced water handling 
in the applicable environmental regulations and standards, produced water volumes 
generated, and the differences in targeted pollutants that lead to different produced 
water management approaches. While onshore operations are mostly targeted at 
decreasing the salt content, in offshore operations, oil and grease content are the pri-
mary concern [21–23].

Increasing produced water production has the potential to make available a substantial 
volume of water that could potentially offset, or supplement, freshwater demands in geo-
graphic locations that are semiarid [18]. Water usage for oil and gas operations competes 
with other beneficiaries like agriculture, industry, and municipalities for access to freshwa-
ter resources. Produced water reuse is beneficial to oil and gas producers as an alternative 
to disposal in underground wells, which can be costly, locally unavailable, or subject to 
volume restrictions.

In 2014, the global freshwater usage in oil and gas conventional and unconventional 
production was 10 billion cubic meters (63 billion barrels) increasing to 11 billion cubic 
meters (69 billion barrels) by 2040 representing 2% of the total groundwater and surface 
water withdrawals for energy production and just 0.2% of the global water withdrawal 
demand [24].
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3.1 ntroduction 109

Opportunities to use produced water in applications outside the oil and gas industry are 
not as readily available but may make sense in certain circumstances. Most produced water 
contains large amounts of salt (often expressed as total dissolved solids or TDS) and cannot 
be used for applications requiring freshwater without some degree of treatment. Further, 
produced water may contain many other chemical components. Knowing the components 
of produced water and the type of treatment required to make the treated water fit for its 
end use are important steps in evaluating reuse projects [14].

Excessive production of water is the main criterion to abandon oil and gas wells, leaving 
large volumes of hydrocarbons behind [25]. By implementing economically viable water 
management schemes during field development, the production of additional recoverable 
reserves is enabled. When the volume of produced water increases, the handling costs 
increase and there is a potential environmental impact. With oil and gas production 
 continuing to provide wealth for society, the water must be managed responsibly in an 
environmentally responsible manner and at an economically viable cost.

3.1.2 Characteristics of Produced Water

The chemical and physical properties of produced water are complex and vary considerably 
based on the geographic formation, the type of hydrocarbon produced, and variations in 
chemicals used during drilling and production [6]. Produced water contains a high level of 
mineral salts including cations and anions dissolved in water (often expressed as salinity, con-
ductivity, or TDS), and organic compounds including volatile and semi- volatile organics, 
hydrocarbons, organic acids, waxes, grease, and oils in dispersed/free/suspended form and in 
dissolved form. Other contaminants include suspended solids, inorganic metals, and other 
inorganic components including compounds such as sulfate and ammonia, naturally occur-
ring radioactive material (NORM), chemical additives to improve drilling, and production 
chemicals such as biocides, scale and corrosion inhibitors, and emulsion and reverse- emulsion 
breakers, transformational by- products formed from the interaction between added chemicals 
and formation water, dissolved gases, and bacteria. Fluids used in hydraulic fracturing for 
unconventional oil and gas production or “fracking” fluids  contain a mix of hundreds of 
organic and inorganic additives in aqueous media that are produced with the flowback water 
discussed previously and with significant implications for disposal and reuse [26].

In produced water management, discharge into the environment is done with the con-
sideration of the necessary treatment steps required to eliminate impactful components in 
the produced water to meet the environmental regulations and minimize the impact on the 
environment in a sustainable manner. The produced water characterization illustrated in 
Figure 3.3 highlights the need to deploy different treatment and technology solutions to 
treat produced water to desired quality. The components in produced water may be consid-
ered dissolved if the mean size passes through a 0.45- micron filter. Any larger particulate 
or droplet is considered dispersed or suspended.

The characteristics are described by the concentrations of undissolved and dissolved oil 
components and organics, like BTEX (benzene, toluene ethylbenzene, and xylene), PAH 
(polycyclic aromatic hydrocarbons), organic acids, NPD (naphthalenes, phenanthrenes, 
and dibenzothiophenes), organic acids, alkylated phenols, and inorganics (e.g. major cati-
ons and anions, formation solids, and proppants), as well as NORM as determined from 
various analytical methods [27].
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The characteristic properties of produced water around the world are detailed in these 
references [1, 8, 16, 29–33]. The main physical and chemical properties of produced water 
are summarized here in Table 3.1. Table 3.2 summarizes the typical inorganic ions in pro-
duced water. The divalent cations (Ba2+, Sr2+, Ca2+, and Mg2+) in produced water form 
scales and must be partially decreased to reduce the scale- formation potential of the treated 
produced water for reuse in oil production with minimal additional treatment [34, 35].

3.1.3 Current Produced Water Management Practice

A number of factors impact the cost magnitude for the amount of treatment needed to 
address the water chemistry for reuse and recycle, and the regulatory requirements for 
handling and disposal [9]. Produced water management has been the focus of oil and gas 
industry in view of the stringent legislations on the discharge of oil and gas produced water 
into the environment and the potential of produced water as a source of freshwater, which 
hitherto comes from surface water, groundwater, or municipal water, for water- deficient 
oil- producing regions or countries.

During oil and gas production, produced water is managed by one or more of the meth-
ods illustrated in Figure 3.4. Reusing, treating, and recycling produced water in oil and gas 
operations, as well as meeting discharge regulations and exploring potentially beneficial 
uses such as aquifer regeneration, agricultural water uses, livestock and animal drinking 
water, and even human consumption water, are all goals of oil and gas produced water 
management  [37]. Regulatory requirements, environmental effects, water risk, and the 
technological and economic viability of alternatives are just a few of the factors that influ-
ence decisions about produced water management activities [38].

The following options and costs for oil and gas produced water management are listed as 
follows [22, 39–41]:

1) Injection into oil wells: The produced water is injected into the same oil well from 
where it is produced or transported to the disposal well at another location. The cost 
associated with this process can reach up to $6.00 per barrel depending primarily on the 
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transportation and storage costs, the level of treatment required for injection, and com-
pliance with environmental regulations.

2) Reuse in oil and gas operations: The produced water could be treated and used in oil 
and gas processing operations. The usual cost associated with this process varies from 
$0.04 to $0.07 per barrel.

3) Direct discharge: The produced water is discharged directly as per regulation norms 
with usual cost associated to this process varying from $0.01 to $0.05 per barrel.

4) Consumed for different applications: The produced water can be treated to convert 
it into an asset with a cost range from $0.25 per barrel and up.

3.2  Produced Water Treatment Technologies

Produced water must be treated prior to disposal, reuse, or recycle for use in oil and gas 
production. This includes produced water disposal offshore or onshore in disposal wells or 
for reservoir pressure maintenance. Treatment is generally accomplished in stages for the 

Table 3.1 Typical physical and chemical properties of oil and gas field produced water [9, 22, 29, 
31, 36].

Parameter Units
Oilfield 
produced water

Gas field 
produced water

Total dissolved solids (TDS) mg/L 1000–400,000 2600–360,000

Total suspended solids (TSS) mg/L 1.2–21,820 8–5484

Density kg/m3 1014–1140

pH 4.3–10 3.1–7

Total organic carbon (TOC) mg/L 3.4–5960 67–38,000

Chemical oxygen demand (COD) mg/L 1200 2600–120,000

Biological oxygen demand (BOD) mg/L NA 75–2870

Total petroleum hydrocarbons (TPH) mg/L 2–565

BTEX (benzene, toluene, ethylbenzene, 
and xylene)

mg/L 0.39–35

Surface tension dyne/cm 43–78

Conductivity μS/cm 4200–58,600

Alkalinity (CaCO3) mg/L 6.1–200

Phenol mg/L Up to 23

Volatile fatty acids mg/L 2–4900

Oil and grease mg/L 6.9–210 2.3–60

m- xylene mg/L 0.015–0.611

Methylene chloride mg/L 1.41–1.71 0.02

Methylene blue active substances 
(anionic surfactants)

mg/L 0.01–54

Hexane extractable materials mg/L 0.6–2000
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Table 3.2 Typical concentrations of inorganic ions in oil and gas field produced water, in mg/L [9, 
22, 29, 31, 36].

Component
Oilfield 
produced water

Gas field 
produced water Component

Oilfield 
produced water

Gas field 
produced water

Cl 80–310,561 1400–190,000 Cd <0.005–0.2 <0.02–1.21

Br 0–12,000 150–1149 Cr 0.02–1.1 Up to 0.03

I 0–500 Cu <0.002–1.5 Up to 5

HCO3 1.9–7355 Li 3–50 4.6–572

CO3 0–800 Mn <0.004–175 Up to 63

SO4 0.5–7851 <0.1–47 Ni NA <1–9.2

SO3 ∼10 Pb 0.002–8.8 <0.2–10.2

PO4 0–0.10 Sr 0.02–1000 Up to 6200

NO3 0–3.5 Ti <0.01–0.7

NO2 0.05 Zn 0.01–35 <0.02–5

NH3–N 10–300 As <0.005–0.3 Up to 151

Ca 18–132,687 Up to 51,300 Hg <0.001–0.002 NA

Na 316–134,652 520–120,000 Ag <0.001–0.15 0.047–7.0

K 8.6–14,649 149–3870 Be <0.001–0.004

Mg 4–18,145 0.9–4300 Total Ra 
238U

0.008–2.7

Fe <0.1–100 Up to 1100 232Th 0.008–0.027

Al 310–410 <0.5–83 210Pb 1.35–5130

B 5–95 Up to 56 210Po 0.005–0.17

Ba 0–22,400 <1–1740 NORM 0.054–32,400

Injection into oil wells Reuse in oil & gas operations

Managing produced water

Reuse for other applicationsDirect discharge

Figure 3.4 Current strategies for produced water management. Source: Courtesy of Elaf Ahmed.
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removal of dispersed, insoluble, or free oil and suspended solids, and the reduction of the 
dissolved components as illustrated by the schematic in Figure 3.5.

The free or dispersed oil typically occurs in concentrations up to 10,000 ppm and typi-
cally will require multiple treatment steps to reduce the concentration to an acceptable 
level appropriate for reinjection, reuse in operations, or offshore disposal. These treatment 
steps are commonly classified as primary, secondary, and tertiary stages. However, there is 
no common delineation for each classification.

Generally, each treatment stage in a produced water treatment process is defined by the 
influent and effluent oil in water concentrations and particle sizes of the suspended/dis-
persed/free oil and suspended solids in each stage. Each treatment stage reduces the oil and 
solids concentration and increases the cost, complexity, and energy requirements for pro-
duced water treatment. The separation of the dispersed oil and solids occurs through nor-
mal or enhanced gravity separation or filtration technologies. The separated solids must be 
removed from the produced water treatment system to avoid solids buildup and accumula-
tion of “schmoo,” which is a sticky material that is a combination of solids and oil field 
treatment chemicals used for corrosion inhibition, emulsion demulsifiers, and scale inhibi-
tors, which builds up on every surface exposed to the produced water [9].

The process schematic for a typical onshore oil and gas production facility with two 
stages for produced water treatment for reinjection is illustrated in Figure 3.6. The produc-
tion fluids – oil, water, and gas – are received by the production separators to separate gas 
and produced water from the wet crude. Following an optional crude- heating step, the wet 
crude is dehydrated in an electrostatic coalescer vessel  [42]. The produced water is pro-
cessed to remove the dispersed oil in two processing stages. The first is a water–oil separa-
tor (WOSEP) followed by a flotation unit or de- oiling hydrocyclones. Figure 3.7 illustrates 
the process schematic for a typical offshore oil and gas production facility with three stages 
for produced water treatment for disposal overboard. The dispersed or suspended compo-
nents in the produced water are removed through a sequence of stages including 
hydrocyclones for de- oiling and for de- sanding, a de- gasser, or a flotation unit, and finally, 
filtration with membrane filtration or media filters.

Primary treatment Advanced treatment

Water reuse / resources
recovery

Dispersed oil

Suspended solids

Volatiles and dissolved gases
Dissolved ions

Figure 3.5 Process for produced water treatment by removal of dispersed/suspended and 
dissolved components. Source: Courtesy of Young Chul Choi.
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The dissolved or soluble components in produced water can be reduced using technolo-
gies for desalination and mineral extraction only after the dispersed/suspended  components 
and some dissolved components, e.g. dissolved gases (H2S), and volatile organics. The fol-
lowing sections will review the technologies for the removal of dispersed and dissolved 
components in produced water.

3.2.1 Removal of Oil, Particles, and Gaseous Components

During pipeline transportation from the reservoir, crude oil, produced water, and associ-
ated gas flow in complex multiphase flow patterns where dispersions of emulsions and 
foams are formed. The gas- phase generally separates quickly due to density differences, but 
the liquid phase emulsions are typically stable or “tight” and difficult to separate and 
chemical additives called demulsifiers are injected into the production header at the inlet 
of the production facility to “break” the emulsions and improve separation [43]. Emulsion 
stability is a consequence of the amphiphilic species that are indigenously present in the 
crude oil, such as asphaltenes, resins, and acids [44]. Some exogenous factors increase the 
emulsion stability, like fine solids or chemical additives applied in the production network 
for flow assurance purposes like corrosion inhibition, scale formation, biocides, and 
hydrate inhibitors. These oil field chemicals act as surfactants that stabilize the oil–water 

Gas

Production
separators

Production fluids
(Gas, oil, water)

WOSEP

Crude oil
heater

Crude
dehydration

Crude to
stabilization
and export

Produced water
to injection wells

Flotation / Deoiling
hydrocyclones

Recovered oil

Figure 3.6 Typical onshore oil and gas production facility with two stages (primary and secondary) 
for produced water treatment for reinjection. Source: Courtesy of Lanre Oshinowo.
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(Deoiling and desanding)

Recovered oil

Crude oil
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Figure 3.7 Typical offshore oil and gas production facility with three stages (primary, secondary, 
and tertiary) for produced water treatment for disposal overboard. Source: Courtesy of Lanre 
Oshinowo.
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interface forming oil–water emulsions or reducing oil droplet coalescence in the produced 
water [45, 46]. This phenomenon increases the difficulty of removing dispersed oil droplets 
from the produced water stream without an engineered system or resolving the chemical 
applicability or compatibility issues between different oilfield chemicals [47].

The current practice of produced water treatment has a twofold objective. The first objec-
tive is to remove oil and suspended solids so that the reinjection or deep well disposal can 
be conducted without serious plugging or frequent cleaning  [48]. Typically, oil and gas 
wells decrease in injectivity as they age and new wells need to be drilled every few years to 
maintain production, which is a high cost and requires a significant amount of chemicals 
and energy. If the treatment of the oil and suspended solids can be successfully imple-
mented, the oil and gas recovery can be achieved with lower environmental impact since 
there will be less need to drill new wells and to inject chemicals for periodic cleaning of the 
wells. Table 3.3 shows a typical example of produced water contaminants and their target 
concentrations for reinjection. Most of the oil and gas fields currently use some form of 
oil–water separation as well as solids removal. These mechanisms rely on gravity- based 
separation and flotation which use minimal energy.

The second objective is to treat the produced water with more advanced technologies to 
remove dissolved species, such as ions and dissolved organics, for reuse. Produced water 
typically has high concentrations of TDS and it requires higher levels of pressure, tempera-
ture, or other energy input for separation from water. Such a high level of treatment for 
produced water has not been widely implemented due to the lack of economical technolo-
gies suitable for the oil and gas industries.

Oil and suspended solids removal generally start with low energy methods, such as 
gravity- based water–oil separation, that can remove large droplets and particles. This is 
 followed by higher energy processes, such as hydrocyclones, flotation, and filtration, are 
used to remove progressively smaller oil droplets and particles.

3.2.1.1 De- oiling and Filtration
One of the most important factors for the removal of oil is droplet size. Specific technologies 
are designed to handle specific size ranges of the influent oil droplet size and removing the 
oil droplets greater than a specific minimum. Within each process, oil separation from pro-
duced water is promoted by increasing the oil droplet size through droplet coalescence.

The coalescence process in fluid- particle systems can be described by three prevailing 
theories: film drainage model, energetic collision mechanism, and the critical approach 
velocity model [49] and rely on collision and contact between fluid particles (droplets) as 

Table 3.3 Injection water quality characterization.

Parameter Injection

Particle size (micron) <5

Dispersed oil (mg/L) <20

Suspended solids and oil (mg/L) <50

Source: Courtesy of Mohammed Soliman.
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the fundamental basis for coalescence. The relative velocity between droplets is responsible 
for collisions and the external flow dictates the frequency, force, and duration of collisions 
that, in turn, is dependent on fluctuations or velocity gradients in the continuous phase or 
by differences in droplet rising or settling velocities caused by body forces or buoyancy. In 
the film drainage model, droplets deform and a thin liquid film between the droplets delays 
coalescence until the film thins and drains to a critical thickness. This is followed by film 
rupture and, consequently, coalescence. The film thickness is critical to the efficiency of 
the coalescence process and needs to be sufficiently small for the electrostatic attraction to 
break the film and multiple small droplets merge to form a larger droplet. Coalescence is 
controlled by factors, such as fluid velocity, turbulence, pressure, droplet size, interfacial 
tension, and interfacial curvature [50].

Produced water from upstream multiphase separators may contain droplets larger than 
200 μm (free oil). It may be necessary depending on the produced water end use to remove 
oil droplets down to 0.1 μm or smaller. The initial concentration of the oil may be 1000 ppm 
or higher, and the effluent concentration can be as low as 1 ppm with advanced treatment, 
such as ceramic membranes. In general, there is not a single technology that can treat all 
droplet sizes and multiple steps are necessary to remove progressively smaller droplets. 
Table  3.4 shows the nominal cut- off point for oil droplet sizes that can be removed in 
 different treatment technologies.

3.2.1.1.1 API Separator
The first step for oil removal typically uses gravity separation, such as American Petroleum 
Institute (API) and WOSEPs [52]. The API design criteria are set by the API and use the 
difference in the specific gravity between water and oil and between water and suspended 
solids. These separators are used to remove the largest sizes of oil droplets, generally 
exceeding 150 μm. The API separator, as shown in Figure 3.8, provides a laminar condition 
where oil droplets will rise to the surface (gas/air–liquid interface) where they are removed 
by a mechanical skimmer in the case of the API separator or by an overflow weir into an oil 

Table 3.4 Particle size removal capabilities.

Technology
Removes particles greater than size 
indicated (in microns)

API gravity separator 150

Corrugated plate separator 40

Hydrocyclones 10–15

Induced gas flotation without chemical addition 25

Induced gas flotation with chemical addition 3–5

Fiber or mesh coalesce 5

Media filter 5

Centrifuge 2

Membrane filter 0.01

Source: Adapted from [51].
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collection bucket. The solids settle to the bottom as sludge [53]. Figure 3.8 illustrates the 
mechanisms of the API separator. The rate of the oil droplet rise or the solid particle set-
tling is described by the Stokes’ law that determines the rise or settling velocity v (m/s) of 
an unhindered sphere in a quiescent liquid and is given by [54]:

 
v gDo w1

18
2

where, g is the gravitational acceleration (m/s2), D is the diameter of the oil droplet (m), ρo 
is the mass density of the oil (kg/m3), ρw is the mass density of water (kg/m3), and μ is the 
dynamic viscosity of water (Pa.s). Turbulence in the system needs to be low for this equa-
tion to be valid. The oil and light fractions that have lower densities than water are removed. 
The settled sludge particles at the bottom of the separator will then be transferred to de- 
sanding hydrocyclones for further treatment by gravity separation. The mean horizontal 
velocity in the API separator is to be less than 3 feet per minute [55–57].

The polymeric flocculants can be added to facilitate the coalescence of particles by sedi-
mentation. However, the use of synthetic organic polymers, such as polyacrylamides and 
polyamines, for produced water treatment has been discouraged due to their toxicity under 
certain conditions [58]. These limitations have led to the considerations for biodegradable 
coagulants, such as bentonite (coagulant aid) and chitosan (coagulants/flocculants), as 
eco- friendly and cost- effective improvements for API separators [9].

3.2.1.1.2 Water–Oil Separator (WOSEP)
The WOSEP is a horizontal gravity separator pressure vessel with a central inlet and two 
outlets for de- oiled produced water on either end of the vessel. Figure 3.9 shows the compo-
nents and flow inside WOSEP. The feed mixture of oil and water enters the split- flow WOSEP 
vessel in the central compartment (A), where internal weirs separate water and oil (B). The oil 
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Figure 3.8 API separator. Source: Reproduced with permission from [51].
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floats to the top and flows into two identical skimmers or oil buckets located on each end of 
the central separation compartment C. Separated water underflows each oil draw- off com-
partment, then overflows the water weir into water compartments at both ends of the vessel 
(D). Water from the vessel end compartments is combined in external piping and sent to the 
injection pumps, which boosts the pressure for reinjection into the reservoir. The total pump 
discharge flow rate is controlled by the WOSEP level controllers in compartment D. The 
injection pumps are protected against low- low discharge flow by minimum flow recycle to 
the WOSEP (G). The freeboard is filled with blanket gas at pressure.

A computational fluid dynamics (CFD) simulation of produced water flow in a WOSEP 
is shown in Figure 3.10 [59]. The streamlines colored by the time show the general flow 
pattern of flow in the vessel which is of importance to the overall separation performance 
of the vessel. CFD is typically used to quantify the deviation from idealized uniform plug 
flow through the separator and support the assumptions of the zero- order sizing and design 
tools [60]. Here, CFD is used to determine the flow patterns and de- oiling effectiveness at 
different produced water flow rates during the life of the field.

The WOSEP is designed to receive an inlet water quality of 1000 ppm oil- in- water. The 
produced water at the WOSEP outlet contains less than 100 ppm oil- in- water, and oil drop-
lets greater than 150 μm are removed.

3.2.1.1.3 Corrugated Plate Interceptors (CPI)
The corrugated plate interceptor (CPI) was developed to overcome the limitations of API, 
which required a large footprint and the removal efficiency was low. The basic principle of 
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Figure 3.9 Water–oil separator (WOSEP) vessel. IPPT – intermediate pressure production trap/
separator. LPPT - low pressure production trap/separator. Source: Courtesy of Saudi Aramco.
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difference in gravity between liquids is employed in a CPI oil–water separation. This is 
defined as gravity separation. It is, therefore, apparent that the phase with high density 
(water) will settle and with lower density (oil) float to the surface. In the plate pack of the 
CPI separator, the oil droplets are intercepted and coalesce into large droplets. The droplets 
leave the plate pack rapidly countercurrent upward against the bulk liquid flow to the free 
surface. The clear water or treated effluent from the CPI separator leaves the plate pack at 
the bottom and is discharged over a weir arrangement to the outlet nozzle. Because separa-
tion in the CPI does not require chemical addition or applied pressure, it is generally 
 considered to be environmentally friendly while providing higher performance. Figure 3.11 
illustrates the working principle of the CPI.

The CPI is shown in Figure 3.12 where the produced water enters through the inlet noz-
zle (center right), the oily water overflows the perforated weir and flows into the parallel 
plate assembly. There is an opening for blanket gas, exits for primary and secondary solids, 
and jetting water injection to clear solids accumulation. The packing consists of stacks of 
angled corrugated surfaces where oil droplets can coalesce and become larger, which 
makes it easier to rise to the water surface due to the reduced settling distance for solids and 
rise distance for free oil. Also, because of such tight packing, the CPI is prone to plugging 
in high solids/scaling applications.

The performance of CPI is generally dependent on physical capacity, operating condi-
tions, and material types of the corrugated plate coalescer [62]. It was reported that the 
lipophilicity of the plate surface was an important factor and the contact angle of oil less 
than 70° against the material surface was considered optimal [61].

The CPI separator can remove smaller oil droplets compared to the API separator, typi-
cally 40 μm or larger, requires less space, and its treatment efficiency is better than that of 
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Figure 3.10 CFD simulation of produced water flow in a WOSEP illustrated by streamlines colored 
by time. CFD is used to determine the flow patterns and de- oiling effectiveness at different flow 
rates during the life of the field. The oil outlets are at the bottom of each oil bucket. Source: [59]. 
Courtesy of Lanre Oshinowo and Maher Sharif.
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Figure 3.11 Schematic diagram of the process of oil removal and silt removal. Source: Reproduced 
with permission from [61].
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the API separator [61]. However, smaller oil droplet removal is difficult with the CPI due to 
the physical limitations in the oil–water separation area that can be achieved with packing.

3.2.1.1.4 Gunbarrel Settling Tank Separator
A Gunbarrel settling tank is a three- phase separator commonly used for onshore separa-
tion of oil, produced water, and some gas at or close to atmospheric pressure. The Gunbarrel 
tank receives the well production fluids or the oily water from an upstream primary gas–
oil–water separator as shown in Figure 3.13. Gas is initially disengaged in a central verti-
cally oriented pipe and the oily water enters through a spreader below to oil–water interface 
to decelerate and spread the oil to improve buoyancy separation. After several hours of resi-
dence time, the oil overflows a weir at the top of the tank. The liquid level in the tank is 
maintained by an adjustable water leg on the water outlet. Typical oil recovery achieved in 
the Gunbarrel separator is 100–500 ppm oil- in- water if emulsions are not present. Gas bub-
bles can be injected into the water layer to increase oil recovery separation efficiency or to 
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Figure 3.13 Typical Gunbarrel settling tank. Source: Reproduced with permission from [64].
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reduce the tank size. The Gunbarrel separator is designed to remove oil droplets 100 μm 
and larger from the water phase, and water droplets 500 μm or greater from the oil 
phase [63].

3.2.1.1.5 Hydrocyclones
Hydrocyclones can be used to separate oil from water, water from oil, and sand from water, 
oil, or other fluid. After the gravity- based treatment, such as API and CPI, the produced 
water can be treated with de- sanding hydrocyclones to remove solids from the bottom and 
de- oiling hydrocyclones to remove oil from the skimmed top layer. The resulting treated 
water will have much smaller dispersed or suspended particles or oil droplets. Hydrocyclones 
have the advantage of being highly compact when compared with gravity- based settlers, 
and being simple in design, relatively inexpensive to manufacture, while requiring little 
maintenance, containing no moving parts, and having the ability to operate at high tem-
peratures and pressures  [65]. Hydrocyclones are mostly used in offshore applications 
because of their compact size relative to API and CPI separators and space- saving 
advantage.

The operating principle of hydrocyclones is to induce a spiral or helical rotation on the 
fluid- enhancing radial acceleration and centrifugal forces on a suspended secondary phase. 
Referring to Figure 3.14, the inlet flow containing both the dense and light phases are intro-
duced tangentially into the involute section, an upper cylindrical section that narrows to 
form a conical base. There are two outlets: the underflow (situated at the apex of the cone) 
and the overflow (an axial tube, also called vortex finder). The denser phase migrates 
quickly toward the cone wall where the flow is directed downward. The lighter phase 
migrates more slowly and is captured in the counter- rotating upward spiral flow, exiting 
through the vortex finder. The performance of the hydrocyclone is sensitive to the geo-
metrical shape and vortex core stability, as well as phase concentrations and dispersed 
droplet or particle sizes.

Although hydrocyclones require more energy to generate the centrifugal force, it gener-
ally has higher performance for water–solid separation. However, the treatment efficiency 
of liquid–liquid hydrocyclones is significantly less compared to liquid–solid because of the 
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Figure 3.14 Operating principle of the de- oiling hydrocyclone represented in a single liner. 
Source: Reproduced with permission from [29].
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high viscosity, relatively low- density difference, and small oil droplet sizes. The liquid–liquid 
or de- oiling hydrocyclone must be much longer to accommodate the relatively slower 
 separation. The performance parameters affecting the de- oiling hydrocyclone operation 
include the inlet oil concentration and drop size distribution, the turndown ratio, the pres-
sure drop ratio, the flow split, and the geometrical parameters [66]. The oil droplet size that 
can be removed from hydrocyclone is typically 10–15 μm and greater.

To improve throughput and separation efficiency, multiple hydrocyclones or liners are 
packed within a single vessel as shown in Figure 3.15. If a single liner performs well, all 100 
or so liners will perform at the same efficiency. The number of liners selected will depend 
on the feed throughput, range of operating throughput, and separation required. This con-
figuration minimizes the space requirements for the application on offshore platforms. 
Some improvements have been made to conventional hydrocyclones, such as the double- 
cone air- sparged hydrocyclone, which can shorten the settling time [67].

3.2.1.1.6 Induced Gas Flotation (IGF) and Dissolved Gas Flotation (DGF)
Induced gas flotation (IGF) and dissolved gas flotation (DGF) both use small bubbles in the 
range of 100–1000 μm that attach to oil and particles and move them to the surface of the 
water. Skimmers can be used to remove the sludge from the surface or hydraulic methods 
can be used to overflow the top layer [68, 69].

There are two types of IGF: mechanical and hydraulic. In mechanical IGF, impellers 
rotating at high speed generate a vortex that induces and mixes gas into the liquid phase as 
shown in Figure 3.16.

The hydraulic IGF uses an eductor/venturi to entrain gas bubbles. A portion of the efflu-
ent is recycled back to the flotation chamber and the eductor/venture, which draws and 
mixes gas bubbles into the wastewater to form bubbles that capture the oily contaminants 
and help rise to the surface of the water. Figure  3.17 illustrates the flow schemes of 
hydraulic- type IGF.

Oil outlet

Water inlet

Water outlet

Figure 3.15 De- oiling hydrocyclone unit with multiple liners. Source: Courtesy of Suez 
environment.
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Figure 3.16 Schematic diagram of a 
mechanical- type IGF cell. Source: Milton 
Beychok, Mechanical IGF. Retrieved from: 
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Figure 3.17 Schematic diagram of a hydraulic- type IGF unit. Source: Milton Beychok, Hydraulic 
IGF. Retrieved from https://en.citizendium.org/wiki/File:Hydraulic_IGF.png. Licensed under CC0 1.0 
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The hydraulic- type IGF is generally lower in capital and operating costs requiring less 
downtime for maintenance compared to the mechanical- type IGF. Most IGF units are 
operated in horizontal vessels, but vertical arrangements are also possible  [70]. Since 
oxygen can cause explosion or corrosion issues, natural gas is typically used in IGF since it 
is readily available at oil and gas sites. Carbon dioxide (CO2) can also be used.

DGF systems use similar mechanisms for the removal of oil droplets as IGF but produce 
gas bubbles by pressurizing the water. Gas is dissolved under pressure and much smaller 
bubbles in the range of 10–100 μm are formed. Figure 3.18 shows the mechanism of vertical 
DGF and Figure 3.19 illustrates the horizontal DGF.

Both IGF and DGF are used to remove oil droplets greater than 25 μm. When flocculants 
are used, droplets as small as 3–5 μm can be removed. Adding coagulants helps aggregate 
the oil droplets and promote movement to the surface of the water [72]. A comparison of 
the IGF and DGF is presented in Table 3.5. The IGF and DGF performance can be improved 
by increasing the collision of bubbles with oil droplets by generating greater amounts of 
smaller bubbles. Also, slow mixing and coalescing plates can help increase the collision 
rate and thus the overall removal efficiency of IGF and DGF.

3.2.1.1.7 Compact Flotation Unit (CFU)
The compact flotation unit (CFU) utilizes both dissolved and induced gas flotation to 
remove oil droplets from produced water. The CFU, as illustrated in Figure  3.20, is a 
vertical vessel with internals, that combines centrifugation and swirling or cyclonic flow 
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Figure 3.18 Vertical dissolved gas flotation system [71].
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with flotation. The produced water is introduced into the vessel through a swirling device 
that imparts tangential motion. The gas is injected with the inlet water stream or a portion 
of the de- oiled water is recycled and reinjected along with gas into the vessel. The CFU is 
designed with floating offshore production platforms in mind featuring minimal space 
requirements, resilience to wave- induced motion, and reduced weight.
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Figure 3.19 Horizontal dissolved gas flotation system [71].

Table 3.5 Comparison of IGF and DGF.

Parameters IGF DGF

Bubble size 100–1000 μm 10–100 μm

Bubble generation 
method

Velocity based; Entrainment 
and dispersion

Pressure based; Saturation 
and depressurization

Bubble generation 
quantity

High Low (limited by saturation)

Operating conditions Turbulent and less quiescent; 
multicell configuration

Quiescent; usually single- cell 
configuration

Retention time <5 min 5–15 min

Footprint Compact (due to short 
residence time)

Large (due to high residence 
time)

Capital cost Low High (large tank and 
saturator system)

Maintenance Significant Low (no moving parts)

Adapted from [73].
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CFUs have a low residence time compared to IGF and DGF and are typically more difficult 
to operate [74]. Small gas bubbles are generated and induced into the inlet produced water 
stream. CFUs typically remove oil down to below 10–20 ppm and oil droplets greater than 20 μm.

3.2.1.1.8 Fiber, Mesh, or Particle Media Bed Coalescer
After all the suspended particles and large oil droplets are removed by gravity or flotation, 
smaller droplets can be removed by coalescers [50]. Coalescers facilitate the coalescence 
and merging multiple oil droplets and making them into larger droplets to promote separa-
tion. The common types of coalescers applied in the industry include fibrous cartridge fil-
ters, fiber bed, and particle bed coalescers.

Figure 3.21 shows a schematic of a particle bed coalescer that treats a produced water 
stream with dispersed oil and uses a polymeric resin particle media bed [75–77]. The oil 
removal ability increases with increasing oil wettability of bed material. In this example, 
the vessel is divided into an upper and lower chamber. The produced water flows into the 
lower chamber flowing downward through the particle media bed to coalesce the oil drop-
lets, the water and larger oil droplets flow up through the central riser into the upper cham-
ber where the oil separates from the water. The interface between the decanted oil layer and 
the water is maintained.

Compared with gravity separation, coalescers generally have a more compact structure, 
higher separation efficiency, and longer service life of coalescence materials. However, in 
some cases, coalescence may be impeded by organic or inorganic particles remaining in the 
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Figure 3.20 Compact flotation column. 
Source: Courtesy of Lanre Oshinowo.
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produced water [78]. The coalescing media must be periodically backwashed by flowing at 
high velocities in the reverse direction for a short period of time. Coalescers can separate 
emulsified oil droplets smaller than 10 μm and reduce oil- in- water concentration from 100 
to 300 ppm to below 15–20 ppm [50].

3.2.1.1.9 Media Filters
Another technology that can remove smaller oil droplets compared to hydrocyclones or 
flotation are media filters. Media filters use a packed column of granular media that cap-
tures oil and suspended particles in the intergranular space. They can remove oil droplets 
to below 5 μm and can be used as a polishing step following a DGF or IGF. Small oil drop-
lets and suspended particles can be adsorbed onto the surface or simply captured where 
they cannot pass through the pores. The media can act as a coalescing surface where small 
oil droplets can be adsorbed onto the surface and then become larger droplets by merging 
with other droplets.

Common types include a dual media filter, such as anthracite and sand, and a nutshell 
filter, such as walnut shell filters. In the oil and gas industry, nutshell filters are commonly 
used due to their removal efficiencies for oil droplets and the ease of backwashing.

Nutshell filters usually have two operating modes: filtration and backwash. An example 
of a nutshell filter operation is shown in Figure 3.22. During the filtration mode, oil and 
particles are accumulated within the bed of the media. Pressure will increase over time, 
and backwash is performed to remove the oil and particles and restore the pressure and 
contaminants holding capacity. Smaller media (granule size) will help with the effluent 
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Figure 3.21 Coalescer with resin media bed for produced water treatment. Source: Courtesy of 
Lanre Oshinowo.
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quality but the pressure drop will be greater and faster. In filtration mode, valves 1 and 2 are 
open, allowing continuous downflow of the water through the media bed. When the 
 pressure drop reaches a preset condition (e.g. 15 psi), backwash mode will start. During 
backwash, valves 1 and 2 are closed to take the filter offline and valves 3, 4, and 5 are 
opened. A parallel filter can be brought online to allow continuous treatment.

3.2.1.1.10 Membranes
Gravity- based or centrifugation- based separation is not applicable when the contaminant 
in the water stream is dissolved. Membranes offer the highest degree of treatment for oil 
and suspended solids, and they can be used even when dissolved organics and very small 
suspended solids need to be removed.

For produced water filtration, microfiltration (MF) and ultrafiltration (UF) are com-
monly used. When combined with coagulants and flocculants, membrane processes can 
remove droplets and particles down to 0.01 μm. Compared to the technologies discussed so 
far, membranes generally have the highest consistency in removal efficiency. Also, the 
effluent quality is less influenced by the raw water quality [79]. Membranes can remove 
droplets that are smaller than their pore size by increasing the coalescence of oil droplets 
and achieve higher removal efficiency. If desalination or the removal of dissolved ions are 
necessary for produced water treatment, membranes offer the best pretreatment option. 
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Figure 3.22 Nutshell filter operation (top) and backwash cycle (bottom). Source: Courtesy of Lanre 
Oshinowo.
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All  membranes suffer from fouling where a layer of oil, solids, and other components 
 accumulates on the membrane surface decreasing flux and consequently increasing oper-
ating costs [45].

For typical water treatment, MF/UF are operated in dead- end mode by passing the feed 
solution directly through the membrane without any flow parallel to the membrane to 
maximize the water recovery. In produced water treatment, cross- flow mode is generally 
used to maintain the flux across the membrane and minimize the buildup of the foulant 
layer. As in the media filters, MF/UF have filtration and backwash modes [80]. Membrane 
cleaning in produced water applications requires extra chemicals or energy, and the down-
time of the treatment system. In case of severe fouling, chemically enhanced backwash 
(CEB) can be performed daily or weekly. For more thorough restoration of filtration flux, 
clean- in- place (CIP) is performed monthly or quarterly.

The most common material for MF/UF includes PVDF, PTFE, PES, and PS. These poly-
mers are used because of their low cost and ease of manufacturing. But they may be vulner-
able to temperatures higher than 35 °C and some chemical species in produced water may 
damage the membrane. Ceramic MF/UF membranes can withstand higher temperatures 
and organics, such as BTEX, do not affect their performance. Also, the flux is generally 
higher than in the polymeric counterparts [81]. Figure 3.23 shows an example of a full- size 
ceramic membrane element.

Membranes are the newest addition in the treatment technology for oil removal in pro-
duced water and it is still an active area of research and development. There are significant 
opportunities for improving the membrane processes for produced water treatment, such 
as new material for membrane construction, the addition of chemicals like coagulants to 
aid the performance, and in combination with biological processes, such as membrane 
bioreactors (MBRs).

Figure 3.24 shows a result from CFD simulation of membrane filtration and illustrates 
the concentration distribution of water (red) and solute (blue) with vector arrows showing 
the movement of fluid in the system [83]. With CFD simulations, the load loss along a 
membrane fiber can be predicted and then optimized by varying the influence of solute 

Figure 3.23 Ceramic nanofiltration (NF) membrane elements with 559 channels and 4.5 m2 
element, used with permission. Source: Reproduced with permission from [82].
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concentration, flow rate, pressure differential, and the geometric attributes of the filtration 
device to obtain uniform filtration and efficient membrane cleaning [84–86].

3.2.1.1.11  Oil Concentrations and Removal Efficiencies
In general, technologies that can remove a larger size of droplets and suspended solids can 
handle higher concentrations of those contents. For example, API separators and hydrocy-
clones can remove greater quantities of oil compared to membranes that can remove 
smaller droplets but cannot handle high concentrations of oil in the feed stream. Membranes 
are better suited as a polishing step where the larger size contaminants have already been 
removed by gravity- based technologies, such as API and flotation.

Figure 3.25 summarizes the technologies discussed so far and the range of oil- in- water 
concentrations in the feed and effluent streams. As a convention, the API, WOSEP, 
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Figure 3.24 CFD simulation of a membrane filtration process illustrating the solute pathways in 
the device [83].
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hydrocyclones, and CPI can be classified as primary treatment methods, while IGF, DGF, 
and coalescers can be classified as secondary treatment. Tertiary treatment can include 
walnut shell filters and membranes. In general, hydrocyclones have the highest treatment 
capacity (m3/h) per footprint (m2) or volume of the system (m3) but do not have the capa-
bility of removing small oil droplets with high efficiency  [55]. Membranes are recom-
mended when complete removal of oil is needed.

3.2.1.2 Dissolved Gas Removal
In addition to oil droplets and suspended solids, produced water may also contain signifi-
cant concentrations of dissolved gases and volatile organics. They include H2S, BTEX, and 
other volatile organic carbon (VOC) species. In addition to being health hazards, these 
compounds can also cause problems in the downstream processes like reverse osmosis 
(RO) or thermal evaporators. Hence, degassing (or stripping) treatment is an important 
pretreatment step for advanced produced water treatment though the processes discussed 
so far have little effect on the gaseous contaminants. It is necessary to utilize the technolo-
gies specifically designed for the removal of gaseous compounds.

3.2.1.2.1 Degasser
The degasser, also called a degassing vessel or flash drum, may receive the effluent from 
de- oiling hydrocyclones or any other process that has been used for oil and suspended 
solids removal [27]. A degasser vessel can be used as a final polishing stage in different 
configurations of produced water treatment. The primary function of the degasser is to 
release dissolved gas prior to discharge of the produced water, including H2S and dissolved 
volatile organics, such as BTEX and phenol. Since the discharge of these pollutants directly 
to the atmosphere may not be allowed in many regions, the stripped gaseous compounds 
need to be transferred to another liquid phase using a scrubber. This creates a secondary 
stream requiring additional treatment. Where feasible, the off- gas from the degasser/strip-
per may be sent to flares where they can be oxidized.

The secondary function of the degasser/stripper is the flotation and skimming of any 
remaining oil. The degasser is operated close to atmospheric pressure, and when the pres-
surized stream enters, small bubbles are formed that assist in the upward movement of 
remaining oil droplets to the surface.

3.2.1.2.2 Adsorption
Adsorbent material with high surface area, such as activated carbon, can be used to capture 
dissolved gases. When the capacity is exhausted, the carbon media can be regenerated on- 
site or can be sent off- site for regeneration. Zeolite has been used to remove BTEX and it 
can be regenerated using air sparging [87]. But this will have the same issue with air strip-
ping where the off- gas needs further treatment.

3.2.1.2.3 Membrane Contactor
Gas transfer membranes can be used to remove gaseous compounds from produced water. 
With hollow fiber polypropylene membranes, the removal efficiency of higher than 98% for 
H2S and CH4 has been reported [88, 89].
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3.2.1.2.4  Summary of De- Oiling, Degassing, and Filtration Technologies
Table 3.6 summarizes the oil removal technologies for produced water treatment compiled 
from multiple references [7, 90–95]. Technologies in the same box can be considered alter-
native choices and the recent improvement for each size class is presented.

3.2.2 Desalination and Demineralization Processes

The oil and gas industry consumes substantial quantities of freshwater for its operation. The 
source of this water is usually either groundwater or surface water. Many of these resources 
are limited and unrenewable. To ensure sustainable operations for oil and gas companies, 
there is a need for a reliable and sustainable supply of freshwater. A potential and promising 
option source is produced water. As presented earlier, produced water contains an elevated 
level of dissolved salts and other contaminants that must be reduced or removed completely 
as a requirement for reuse as industrial water. The desalination of saline water can be per-
formed by a single technology or by an integration of multiple technologies [96–101]. In this 
section, selected promising desalination technologies are described.

Table 3.6 Summary of de- oiling/degassing/filtration technologies for each contaminant [7, 90–95].

Contaminant Current technologies Tech under R&D Direction of development

Oil (>150 μm) API, oil–water 
separator (WOSEP), 
CPI (>60 μm)

WOSEP with coalescer 
plate packs; Hybrid 
WOSEP with flotation;
Centrifugal separator

Smaller footprint
Smaller droplet removal

Oil (>20 μm) DGF, IGF, 
hydrocyclones

Compact flotation unit; 
Hydrocyclones with 
diffused gas

Higher removal 
efficiency

Oil (<5 μm) Coalescer, media 
filters, nutshell filters

Oleophobic media filters Ease of backwash, less 
maintenance

Oil (<1 μm) Polymeric MF/UF 
membranes, Ceramic 
MF/UF membranes

Ceramic nanofiltration 
(NF)

Removal of smaller 
organic compounds

Dissolved 
organics

Coagulation/
flocculation

Electrocoagulation with 
PV; Advanced oxidation; 
Membrane bioreactors 
(MBRs)

Higher removal 
efficiency, reduced 
energy, and chemical 
usage

Suspended 
solids

Desander, 
sedimentation

Ceramic membranes Smaller footprint, higher 
removal efficiency

H2S Degasser, air stripper, 
scrubber

Liquid scavengers and 
fixed- bed adsorbent media; 
Membrane contactor

Compact system, 
targeted removal of H2S

Volatile 
organics (BTEX)

Degasser, air stripper Biofilm reactors; Biofilters Complete destruction of 
the BTEX molecules

Source: Courtesy of Young- Chul Choi.
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3.2.2.1 Desalination Technologies
3.2.2.1.1 Vapor Compression
Vapor compression (VC) is a thermal technology that has been demonstrated to treat and 
desalinate produced water [102–106]. Compared with other desalination technologies, it 
requires less pretreatment and tolerates a higher level of contaminants in the feed. VC can 
desalinate the ultra- saline produced water in one step from a TDS of 100,000–250,000 ppm 
to <100 ppm [107]. Compared with other thermal- based technologies, VC is usually more 
energy efficient and compact, making it suitable to be used in remote areas [34, 103, 108].

The technology utilizes heat produced from compressed steam. The compression can be 
done through a mechanical compressor or a steam ejector. If the compression is done 
mechanically, the system is often referred to as mechanical vapor compression (MVC). The 
key advantage of MVC over thermal vapor compression (TVC) is that the MVC does not 
require multiple stages to improve its thermal efficiency, making it suitable for small 
energy- efficient installations. The main components of MVC include a mechanical vapor 
compressor, a preheater heat exchanger, and an evaporator/condenser unit, as shown sche-
matically in Figure 3.26.

The feed water is sprayed inside the evaporation/condenser unit through distributed 
nozzles. The sprayed feed saline water is directed toward the hot tubes placed inside the 
unit. Superheated compressed vapor is flowing inside these hot tubes. Evaporation occurs 
because of latent heat transfer from the steam inside the hot tubes to the sprayed feed that 
is in contact with the hot tubes. The vapor generated leaves the evaporation/condenser unit 
and is mechanically compressed to reach a superheated state to be used as a heating stream. 
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Figure 3.26 Mechanical vapor compression (MVC) process for desalination. Source: Miller [111]. 
Public domain.
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During the heat exchange inside the unit, vapor condensation inside the tubes occurs 
because of heat transfer to the sprayed feed water. To minimize the energy consumption of 
the MVC process, heat is recovered from the rejected brine and condensed vapor through 
heat exchangers used to preheat the incoming feed saline water [109].

Although MVC is a proven reliable technology, its use is still limited due to its relatively 
high capital and operating costs [110–112]. The high capital cost comes mainly from the 
material selection and the compressor. The energy consumption in MVC is the major con-
tributor to the elevated operating cost of MVC. Also, most of the energy required to operate 
MVC is in the form of high- grade electrical energy, which is not always available in remote 
locations or where energy costs are high [113]. Recent advancements in the compressor 
and heat exchanger design have reduced the cost of MVC to ~$0.51/m3 for seawater.

3.2.2.1.2 Membrane Distillation
Membrane distillation (MD) is a desalination technology that utilizes both thermal energy 
and membranes to desalinate saline water. Although the technology was first introduced 
more than fifty years ago, in the last twenty years, the technology has received increased 
attention and research [114, 115]. An MD system simply comprises a heating source, feed 
zone, a membrane, and a permeate zone. The heat source creates a temperature difference 
between the feed and permeate zones, which generates a vapor pressure difference across 
hydrophobic, microporous membrane. The vapor pressure difference is the driving force 
instigating water vapor to pass through the membrane.

A prominent feature of MD technology is the operation at atmospheric pressure and at 
temperatures lower than the boiling points. This provides the opportunity to utilize low- 
grade waste heat sources. Another compelling feature of the MD technology is the capacity 
to desalinate highly saline water. On the other hand, the MD system design and membrane 
materials are two of the biggest challenges in an MD process [116].

In general, suitable MD membrane characteristics include high hydrophobicity and 
porosity, low thermal conductivity, and low membrane thickness. MD membranes should 
have high liquid entry pressure (LEP) to avoid being wetted by the liquid feed. LEP is the 
pressure needed to force the liquid to penetrate the pores of the membrane to pass through 
to the other side. An optimized MD system design can have a significant impact on the 
system efficiency and permeate flux.

Various MD systems have been proposed and evaluated in the past years. The most com-
mon system designs are illustrated in Figure  3.27: direct contact membrane distillation 
(DCMD), air gap membrane distillation (AGMD), sweeping gas membrane distillation 
(SGMD), and vacuum membrane distillation (VMD) [117–127].

DCMD is the most basic design where the water vapor passes from the feed side through 
the membrane and condenses directly on the permeate stream on the other side of the 
membrane. The main limitation of DCMD is its low energy efficiency due to high heat 
losses. In AGMD, the water vapor condenses on a cold surface, usually glass, on the perme-
ate side. There is a gap filled with air between the cold surface and the membrane. Although 
this system entails higher energy efficiency, the permeate flux is low due to low mass trans-
port rates. In SGMD, there is a flowing gas on the permeate side that is used to carry the 
water vapor outside the membrane module to an external condenser. Though system 
design provides good mass transport rates, it is more complex and more expensive due to 



3  Separation Processes for Sustainable Produced Water Treatment and Management136

the need for an external condenser and air blower. In VMD, the permeate side is a vacuum 
that will allow water vapor to pass through the membrane and condense in an external 
condenser. This design offers good permeate flux and is suitable to treat feed that contains 
volatiles. However, the system is more complex and more expensive than other designs.

3.2.2.2 Membrane Reverse Osmosis
The Reverse Osmosis (RO) process involves a simple migration of a solute species across a 
semipermeable membrane because of a concentration difference on the two sides of the 
membrane. The application of a pressure difference can accelerate the diffusion process. 
Dissolved solutes and suspended solids are retained in the concentrate (brine), while water 
passes through the membrane. RO is an important membrane filtration process for the 
desalination of produced water utilizing selective barriers that allow water through but not 
the dissolved ionic compounds. As shown in Figure 3.28, RO has the highest degree of 
rejection for all the contaminants in produced water.

RO membranes can be made of zeolite, cellulose acetate, polyvinylidene fluoride, poly-
ethersulfone, and polyamide [81]. Polyamide- based RO membranes are the most common 
and are widely used in the desalination industry. RO is generally of the lowest cost and 
consumes the least amount of energy compared to other desalination technologies. 
However, these membranes have an upper limit on the feed water TDS or salinity at about 
60,000 ppm. Produced water often exceeds this level of salinity, which limits RO from wider 
acceptability as experienced in seawater desalination. It was shown that RO membranes 
made of zeolite undergo 55 bars to reduce the TDS in produced water from over 180,000 ppm 
to about 110,000 ppm [128].

Other issues with RO for adoption by the oil and gas industry include its limited toler-
ance to temperature (up to about 38 °C), susceptibility to attacks from BTEX and other 
organics in the water, and H2S compatibility. RO for the oil and gas industry would require 
thorough pretreatment compared to seawater desalination and the life span of the RO 
membranes is expected to be shorter. RO is often used downstream of oil and suspended 
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particle removal pretreatment, such as API/WOSEP, coagulation/flocculation, settling/flo-
tation, and UF/MF membranes.

3.2.2.3 Nanofiltration
Nanofiltration (NF) is a membrane technology with a high diffusion velocity that blocks 
divalent ions while allowing monovalent ions to pass through. The physical appearance of 
the NF membrane is the same as the RO membrane and requires similar pretreatment. NF 
membranes will also block the passage of organics or oil. In the oil and gas industry, NF is 
used primarily to remove sulfate anions from seawater.

NF membranes are constructed with polyamide as in RO and have similar issues and 
limitations with the constituents of produced water – TDS or salinity, temperature, organ-
ics, and H2S in produced water. Unlike RO, it is possible to build NF membranes with 
ceramic material, such as TiO2/ZrO2, that are not affected by these conditions. But this is a 
new area of research and more innovations are required particularly to address fouling 
before ceramic membranes are suitable for industrial- scale produced water treatment.

3.2.2.4 Forward Osmosis
Forward Osmosis (FO) is an emerging technology with potential to be deployed in various water 
treatment applications including the desalination of produced water [129–132]. The technology 
is based on the natural osmosis phenomenon where the water is driven through a semipermea-
ble membrane from the high chemical potential region to the low chemical potential region.

For FO technology to be applied to desalinate saline water, a concentrated “draw” 
solution with a higher chemical potential is placed on the other side of the membrane 
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[133, 134]. The water is drawn from the saline water side to the other side. Then, the water 
gets separated from the draw solution to become a freshwater produce stream, and the 
draw solution is used again to recover more water from the saline side.

Few studies have investigated the use of FO technology to desalinate highly saline pro-
duced water [135–140]. The utilization of FO technology for desalinating produced water 
is motivated by the fact that the FO process fundamentally does not require high pressures 
or temperatures to operate. This means the technology has the potential to consume less 
energy than conventional technologies, such as MVC and RO. Also, unlike RO membranes, 
the FO membranes are relatively cheap and can tolerate more suspended contaminants in 
the feed without getting extremely fouled [141]. Despite these advantages, FO technology 
still faces challenges that impact a large- scale deployment of the technology in the water 
desalination industry. One of these challenges is the limited availability of cost- effective 
and efficient draw solutions. Favorable characteristics of a draw solution include high 
osmotic pressure, nontoxic, easily recoverable, low cost, and compatibility with the FO 
membrane [142–144].

3.3  New Directions for Produced Water Treatment – Toward 
Sustainable Produced Water Management

According to the United Nations, sustainability is “meeting the needs of the present with-
out compromising the ability of future generations to meet their own needs.” Of the 17 UN 
Sustainable Development Goals, there are 11 priority SDGs that have an impact on the oil 
and gas extraction and production industry. The SDG with the most relevance to produced 
water management is SDG 6, which is to ensure the availability and sustainable manage-
ment of water and sanitation for all.

Sustainable produced water management involves a holistic approach to environmental 
management that takes into consideration the direct, indirect, and cumulative impacts 
across the project life cycle. This includes the coordinated development and management 
of water to maximize the resultant economic and social welfare in an equitable manner 
without compromising the sustainability of vital ecosystems. Produced water management 
is a framework which follows the following principle tenets:

 ● Reuse and recycling of produced water for the purposes of sustaining and stimulating oil 
and gas reservoirs to increase production.

 ● Reduce and replace freshwater (groundwater and surface water) consumption in oil and 
gas production, agriculture, and industrial and domestic use.

 ● Elimination of groundwater contamination.

In the management of produced water, there must be a consideration of all aspects of the 
oil and gas production over the entire life cycle. Sustainability can be achieved with the 
improvement in all aspects of higher efficiency, lower energy consumption, lower footprint 
requirements, and fewer consumables. Water management and cost control typically 
selects an economical disposal option or finds an appropriate beneficial usage for the pro-
duced water.
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Treatment of produced water may be required for disposal to meet or exceed the regula-
tory limit for certain components that may be toxic to flora and fauna. On- site reuse for 
produced water is a common practice in conventional and unconventional oil and gas pro-
duction and is subject to the specific technical and economic considerations for a given oil 
and gas field [39].

The reuse and recycling of produced water include enhanced oil recovery (EOR) or 
waterflooding for produced water utilization. Disposal pump energy costs should be mini-
mized and included in the life cycle assessment of the operations. Other reuse initiatives 
like Greening the Desert that reuse produced water in arid areas around desert oil fields to 
stimulate forestry, agriculture, and wetlands, to the treating of low- quality water using 
power generated from associated gas in remote oilfields aligns with the tenets of sustaina-
ble development  [25, 145–147]. For aquifer water use to be completely sustainable, the 
water levels in subsurface groundwater cannot decrease.

In arid regions like Saudi Arabia, groundwater use is predominated by agriculture and to 
a much lesser extent by oil and gas extraction  [148]. The accessibility to freshwater for 
operations and the large quantities of produced water requiring treatment and disposal 
could constrain future energy production in certain regions, including semiarid regions [11]. 
The demands for the freshwater used in many hydraulic fracturing operations are placing 
pressure on water sources in some regions of the United States [149].

Effective produced water management considers the total costs of water from a life cycle 
perspective from acquisition to disposal. This includes the availability of freshwater, acqui-
sition, transportation costs, transfer to the well site, transfer from well to disposal, water 
treatment, and disposal. A principal water life cycle process can be generated for the uncon-
ventional gas well to give a holistic view of the sources and fate of all water utilized during 
hydrocarbon extraction [150]. The major stages in the process contain multiple sublevel 
processes and a supply chain production of fuels, electricity, and materials that cause indi-
rect water consumption and water quality pollution impacts [149]. A cost–benefit analysis 
for the produced water treatment technology selection is critical with a review of the pros 
and cons, advantages, and disadvantages [8, 9, 14, 29].

The increased demand for and natural variability of water resources in the United States 
has led to interest from policymakers, regulators, and society in the potential for produced 
water reuse [39]. An example is treating and reducing the salinity of produced water mak-
ing it available for reuse in hydraulic fracturing operations and irrigation activities reduc-
ing the demand for freshwater in stimulation operations and well injection and disposal. 
There are challenges with having the water available for reuse at the location the water is 
needed. Information on the volume and quality of the produced water for reuse will be 
needed by the end user and must be made available as a component of the produced water 
management.

With an understanding of the produced water composition, the environmental, health, 
and regulatory concerns can be evaluated for produced water reuse outside of oil and gas 
operations [39]. The challenges for reuse are illustrated in Figure 3.29. There are regulatory 
challenges to reuse produced water that involve storage and transportation, water quality, 
permits, and approvals from governing bodies. On water ownership, where the water may 
belong to the government, landowners or other entities will require authorization for water 
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management  [151]. For disposal purposes, produced water needs to undergo effective 
treatments to satisfy the current legislation when considering the destination of the treated 
water. Hence, the treatment technology must meet the regulatory standard before discharg-
ing into the environment.

For produced water management to be sustainable, the methods and processes to handle 
and treat produced water must utilize the best available, cost- effective technology while 
simultaneously seeking to develop new, cost- effective, produced water separation processes 
based on sustainable design principles. The design principles are lower energy intensity, 
less waste, more reuse, and more beneficial uses [152].

3.3.1 Energy Efficiency and Green Energy

The use of green power sources and reducing chemical consumption can lower the 
greenhouse gas (GHG) emissions in oil and gas production. Using more compact and 
more efficient systems to reduce the footprint and energy consumption is the general 
direction preferred by the oil and gas facilities’ operators. In addition to the low- 
pressure membranes, such as MF and UF, CFU can significantly reduce the footprint 
of produced water treatment systems [153]. The CFU also improves on the issues with 
DGF where oil droplets larger than 100 μm cannot be floated because the volume of the 
gas bubbles is not large enough and IGF systems where oil droplets much smaller than 
100 μm may escape flotation, as small oil droplets do not attach well to large gas 
bubbles [74].

Energy reduction in auxiliary equipment, like low- speed, high- efficiency pumps, can 
also have a double benefit by reducing both energy requirements and the turbulent shear-
ing that breaks up dispersed oil droplets making them smaller and more difficult to sepa-
rate in downstream separation units. An example of low- energy process for produced water 
treatment is nature- based treatment, such as wetlands. Multiple contaminants can be 
removed in a single process without the use of chemicals, high pressure, or high tempera-
ture, which makes it an ideal candidate in certain cases [154, 155].

Economical challenges

• Produced water 
quality and quantity

• Infrastructure
• Market availability
• Cost

Environmental / Social
challenges

• Ecosystem services
• Supply variability 
• Social acceptance
• Water availability

Regulatory challenges

• Permits, approvals and 
authorizations.

• Water ownership
• Liability
• Water quality criteria

Corporate policy
challenges

• Corporate standards
• Sustainable 

development goals
• Environmental health 

and safety 

Figure 3.29 Produced water management challenges for reuse outside the oil and gas industry. 
Source: Courtesy of Elaf Ahmed.
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Electrocoagulation can be used to remove heavy metals, suspended and colloidal parti-
cles, and chemical oxygen demand (COD) of oilfield produced water could be rapidly 
reduced [156]. Produced water containing organic pollutants and bacteria can be coagu-
lated without the requirement for transportation of chemicals to the production site [157]. 
Further improvement of electrocoagulation with electricity generation from solar or other 
green sources reduces both the need for nongreen electricity and chemicals  [158]. 
Superhydrophobic materials that improve performance and reduce cleaning needs can also 
help with the reduction of chemical usage [159].

The indirect solar desalination of produced water may be done by solar assisted multi- 
effect desalination (MED) in a system comprised of a solar subsystem that converts solar 
energy into either heat or electricity and a MED subsystem that compresses the steam 
needed to heat the process using vapor compressors [160].

3.3.2 Focus on Reuse of Produced Water – Higher Degree of Treatment

Using membranes and other desalination technologies for the removal of salinity will ena-
ble the reuse of the treated produced water for industrial purposes. Membranes based on 
novel material, such as graphene oxide (GO) with polybenzimidazole (PBI) base, has been 
shown to improve the removal rate of oil emulsion [161]. The use of biological methods can 
reduce the risk of harmful dissolved organic contaminants being discharged. Ultrahigh 
pressure (UHP) RO can be used for salinity, where the maximum pressure rating is 
improved to 1800 psi compared to regular RO membrane’s 1200 psi. Increased pressure 
means higher salinity water can be treated [162].

Biological treatments, such as biofilters and MBRs, can remove dissolved organics. 
Biological treatments can be a low energy option to remove small, dissolved organics that 
will pass through the MF/UF membranes [79]. Biological treatments use the biodegrada-
tion of the organics by bacteria in the reactor. But it may also require a significant footprint, 
consumes oxygen, and generates sludge that needs to be further handled.

Advanced oxidation with photocatalytic, ultrasonic, and chemical enhancements can 
also be used for dissolved organics removal  [163, 164]. In general, lower molecule size 
organics and higher salinity in produced water are the focus of recent developments.

There are examples of successful reuse applications at specific locations in oil and gas 
operations including reuse for drilling and completion, reuse for hydraulic fracturing, and 
reuse for mining oil sands. In the following examples, produced water can be treated to 
remove hydrocarbons and suspended solids before being reused in drilling and completion 
operations. Recycling a significant portion of produced water in drilling operations can 
lead to substantial operating cost reductions associated with water management and dis-
posal. Flowback water can be processed for reuse in hydraulic fracturing operations by 
using large- scale containment ponds and additional treatment to remove suspended solids. 
Produced water can be de- oiled and reused for steam generation in steam- assisted gravity 
drainage (SAGD) for in situ oil sands production enabling the recycling of 90% of the water 
returned from recovering the oil sands [165].

The reuse of produced water for non- oil and gas operations will involve technical, regula-
tory, economic, environmental, and social considerations and falls under the category of 
beneficial uses for produced water. The beneficial reuse of produced water will require 
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energy- intensive treatment systems that operators will be unwilling to deploy without the 
necessary incentives while regulators will seek ways to craft legislation to guide the indus-
try toward achieving sustainability while seeking more economical and energy- efficient 
treatment alternatives.

To the degree feasible at each location, oil and gas operators recognize the benefits of 
reusing produced water in their own operations to minimize the use of other water 
resources, such as groundwater. And, where geologic conditions are appropriate for rein-
jection, underground disposal of produced water is often selected as the most practical 
management option [39]. Customized technology packages suited to fit a specific produc-
tion site will maximize the benefits for produced water reuse.

3.3.2.1 Beneficial Reuse of Produced Water
Social factors impact the beneficial reuse of produced water. Even when produced water is 
treated to meet applicable water quality standards, the public may have reservations about 
its reuse in some cases. Some examples of successful reuse of produced water outside the 
oil and gas industry are irrigation use, agriculture and energy reduction, livestock and wild-
life watering, usage in other processes (electrical power plants), and other industrial and 
commercial uses [39, 166]:

1) Treated produced water from oil and gas formations with extremely low salinity can be 
used as irrigation water, particularly for salt- tolerant crops. Produced water with low 
salinity (TDS of 750 mg/L) is mixed with other freshwater sources and used as irrigation 
water by local water districts in Kern County, California [167]. Produced water with a 
moderate salinity (TDS of 7000–8000 mg/L) introduced to constructed wetlands to 
undergo natural treatment and improve wildlife habitat after oil–water separation.

2) Reed beds in constructed wetlands remove pollutants from produced water and have 
the potential to make water available for local use. Since 2010, Petroleum Development 
Oman and Shell has been operating a commercial water treatment plant in Nimr, Oman, 
that uses salt- tolerant reed beds to treat residual oil in produced water [168]. This pro-
ject has allowed produced water to be reused for agriculture in an area where freshwater 
is scarce, while also lowering the power consumption and CO2 emissions associated 
with deep- well disposal equipment.

3) Depending on the water quality requirements of each plant, treated produced water can 
be used to supplement cooling water feed or other power industry uses. A power station 
in Chinchilla, Queensland, Australia, draws and treats raw produced water from coal 
seam gas operations for cooling and steam processing  [169]. Produced water can be 
used for different purposes, such as vehicles washing, firefighting, and road dust control.

Produced water that meets quality standards can be used in several applications, includ-
ing crop irrigation, wildlife and livestock use, aquifer storage and recharge, and power 
generation, both within and outside the oilfield. And with the world’s population increas-
ing, the drinking water supply is under threat. Agriculture and energy production use an 
increasing amount of freshwater, contaminating an already scarce freshwater resource.

The large volumes of produced water provided by oil and gas industries around the world 
could be used for a variety of purposes, including potable water. Produced water has simi-
lar problems to other forms of wastewater in terms of potable reuse. High treatment costs, 
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the potential for chronic toxicity of the treated produced water, and public acceptance are 
among the challenges. Moreover, the characteristics and properties of produced water 
change with time, which make the “one- size- fits- all” approach impossible.

The treatment cost of oil and gas produced water is heavily influenced by the physical 
and chemical characteristics of the water, which can differ greatly between fields and 
change over time within a field as well as the regulatory climate. For example, TDS, oil, and 
grease content in produced water from gas production, and especially coalbed methane 
production, typically is lower than that from oil production making the treatment more 
economically attractive compared to other wastewater sources. Consequently, technology 
strategies for potable reuse of produced water must be tailored to the properties of the pro-
duced water, as well as the volume of water to be treated. RO would most likely be used for 
potable reuse applications due to the need for desalination and the removal of a significant 
number of organic compounds.

Advanced oxidation can be used as a polishing unit to remove dissolved organics before 
sending the produced water to RO [163]. While RO is capable of efficiently removing a 
wide range of organic compounds, the cumulative chronic toxicity of the organic com-
pounds found in the RO permeate must be carefully assessed before direct reuse.

3.3.3 Resource Recovery from Produced Water

The presence and recovery of valuable resources that exist as solutes in produced water can 
improve the sustainability and economics for treatment. These include lithium, rare earth 
elements, vanadium, uranium, or even Ba, Br, and other common salts. Lithium recovery 
could potentially address the rising demand for lithium due to an increased production of 
electric vehicles and energy storage devices  [36, 170]. Lithium concentrations up to 
600 mg/L have been found in produced water and different technologies are being applied 
to recover lithium from produced water including solvent extraction, adsorbents, mem-
branes, and electrochemical processes  [36]. Vanadium has been widely used in many 
industries in particular in a wide range of metal alloys including with iron, aluminum, 
chromium, and other metals [171]. Uranium is a critical resource for nuclear power gen-
eration. The uranium concentration in the flowback produced water is ∼3 μg/L in the 
Marcellus shale gas in northeastern United States while Barium can be selectively extracted 
from hydraulic fracturing wastewater in the form of barium sulfate that can be used in 
drilling mud used to protect the wellbore during drilling [172].

3.3.4 Overall Improvement of Sustainability

The sustainability of produced water generated by oil and gas production is increased by 
reuse, elimination of freshwater usage, and the maximization of green energy generation. 
Sustainability can be achieved generally with improvements to the overall efficiency of all 
aspects of production including higher process efficiency, lower energy consumption, 
lower footprint requirement, and lower material consumption.

Improving separation efficiency typically comes at a cost. Any potential gains in  efficiency 
should be assessed against what is reasonably practical and the impact on the environment, 
including the carbon footprint, emissions, energy impacts, and society. The energy 
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requirements include supply and transportation, distribution, recycled and wastewater col-
lection, treatment and discharge, and treatment for beneficial uses. The various options for 
produced water treatment can be evaluated based on both monetary and nonmonetary 
considerations. Nonmonetary considerations include protecting the resources and preserv-
ing or bequeathing the resource to future generations.
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4

4.1  Introduction

Separation is a technique for isolating specific constituents, either desired products or 
impurities, from the mixture based on the difference in their physical and chemical proper-
ties. This includes various physical and chemical processes like distillation, absorption, 
crystallization, adsorption, extraction, and so on. The separation is achieved by supplying 
external energy and material to the system. Usually, these processes are energy- intensive 
and many times use toxic chemicals, which are not environmentally friendly. Hence, there 
is a need for the development of more sustainable processes which need minimum energy 
and are environmentally friendly.

Several efforts have been made to improve the efficiency of these separation processes in 
an economically attractive way. Ultrasound (US) is one such option that can be effectively 
utilized to intensify these processes in terms of better yield and selectivity with lower 
energy consumption without using any toxic chemical that adversely affects the 
environment [1].

US refers to sound waves with frequencies ranging from 16 kHz to 500 MHz (higher than 
the human hearing threshold) that can be transmitted in the form of mechanical energy 
through any elastomeric media such as water, aqueous particle suspension, and gas- 
saturated water. US waves, when transmitted in an aqueous solution, cause acoustic cavita-
tion leading to various physical effects and chemical reactions. The adiabatic collapse of 
cavity bubbles generates high- temperature (several thousand K) and high- pressure condi-
tions (a few hundred bars) for a small time interval of few microseconds [2]. The high- 
temperature conditions initiate different chain reactions. These extreme conditions also 
cause the splitting of water into hydrogen and hydroxyl radicals. The generated hydroxyl 
radicals help in oxidizing different organic compounds in their vicinity. The collapse of 
cavitation bubbles also produces liquid jets of high velocities (100 m/s). Although the 
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impact of cavitating jets is harmful to hydraulic parts, the impact produced by microjets is 
found to be utilized for different applications, such as surface cleaning, surface treatments, 
and peening of metallic materials. The acoustic streaming is found to improve the mass 
transfer in a multiphase system. The shock waves generated during cavitation result in 
high- velocity interparticle collisions in liquid–solid systems. The acoustic waves produce 
vortices in the pores of suspended solids in aqueous solution as well as at the interface of 
solid and liquid [3–5]. Acoustic waves are also found to break the boundary layer between 
solid and liquid interfaces and help in mass transfer enhancement. Additionally, all these 
effects can be achieved in a noninvasive manner, i.e. without keeping ultrasonic wave- 
generating probe into the reactor through the reactor walls. Hence, in a process reactor, US 
is mounted outside the reactor and waves are transmitted in the reactor. This avoids the 
design complexities and cross- contamination due to contact of process fluid with external 
accessories and makes the process safe.

In this chapter, we have discussed the application of US in different separation processes, 
such as crystallization, extraction, emulsion breaking, desorption, distillation, and clean-
ing of membranes and delicate articles such as jewellery, watches, electronic parts, and 
lenses. The main objective is to understand the basic principle of US utilized during the 
intensification of these processes, the level of understanding achieved in the field and 
future perspectives. Figure 4.1 summarizes the different applications of US, the operating 
parameters, and the basic principles of US utilized in each of these processes.

4.2  Sonocrystallization

Crystallization is one of the most crucial separation techniques in the chemical industry. In 
crystallization, the dissolved solute precipitates from the liquid solvent in the form of solid 
crystals. The most important applications of crystallization are in the field of pharmaceuti-
cals, polymers, the food industry, and speciality chemicals, where it is essential to control 
the crystal size, shape, and polymorphism, as they have a direct impact on the product 
quality. Compliance with the product quality criteria necessitates a crystallization tech-
nique that can produce consistent results. Reported techniques to control the crystalliza-
tion process include the addition of polymers, surfactants, or amphiphilic molecules to 
control crystallization kinetics, controlling the crystal size by controlling initial seeding in 
the solution, milling, using supercritical fluids as a solvent or anti- solvent, using static mix-
ers, or application of US. Prasad and Dalvi [6] have provided a good comparison of key 
features of all these processes in their review.

The application of US during crystallization is referred to as sonocrystallization. 
Researchers have been aware of the use of US in the crystallization process for almost a 
century now. The earliest reference of the application of US in crystallization was made by 
Richards and Loomis in 1927 [7]. US has been widely used to obtain fine crystals since the 
1960s  [8]. However, these early applications were primarily at a small scale. The use of 
sonocrystallization at an industrial scale has only gained interest in the last couple of dec-
ades. The physical effects of acoustic cavitation are primarily utilized in sonocrystallization 
process. The effects of US on various stages of crystallization process are discussed in this 
section.



The cavitation bubbles and the micro-
disturbances produced by the ultrasound in
the vicinity of the solid surface modify the
boundary layer and enhance the
intraparticle diffusion.

When bubbles produced during cavitation
are larger than the critical size, they float
out of the liquid due to buoyancy forces
and collapse at the liquid surface
releasing vapor and alters the vapor-
liquid equilibrium (VLE). The micro-
point vacuum conditions produced during
sonication alter the azeotrope of the
vapor components inside the bubbles
and result into a change in the VLE.  

The frequent collapes of cavities
produce microjets that inject and

diffuse oil phase into the water phase. 

Ultrasound can be used as a surface cleaning
technology to clear the foulant layer deposited on
the membrane. It can also affect the filtration
process by modifying the flow properties across
the membrane as well as reducing the particle size
of the foulant. 

The physical and chemical effects during
sonication trigger cell-wall disruption by the
formation of micron-size pores on the cell wall
surface of the cellular matrix.
The broken cell structure increases the
permeability of the matrix and accessibility of
the solvent to the interior of the cell. This
facilitates the release of the target molecule via
micron-size pores and microchannels formed
due to cell wall breakdown. 

Application of ultrasound for crystallization usually results in a
reduction in the metastable zone-width. Additionally, it results in a
controlled nucleation rate, smaller crystal size with a narrow
distribution of size, polymorph selectivity as well as reproducibility.

Extraction

Membrane cleaning

Demulsification
Desorption

Azeotropic distillation

Crystallization

Ultrasound
Parameters

• Frequency

• Power

• Mode (Horn/Bath) 

• Temperature

Figure 4.1 Application of US in different separation processes, operating parameters, and basic principles utilized in each 
separation process.
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4.2.1 Crystallization Process

In the crystallization process, the solute particles precipitate from the solvent phase, thus 
creating a two- phase system consisting of solid and liquid phases. For this process to take 
place, the solution needs to be supersaturated, and, subsequently, nucleation and growth of 
the crystals also need to take place [9]. The solute’s solubility is the primary governing fac-
tor in this process. Figure 4.2 shows a typical solubility diagram marked with the areas of 
supersaturation and saturation. The thermodynamic limit of solute in the solution is repre-
sented by the solubility line, while the limit beyond which spontaneous precipitation of 
crystal nuclei takes place is shown by the spontaneous nucleation line. The metastable 
zone (MSZ) is the zone between the solubility and the spontaneous nucleation curves.

For crystallization of the solute from the solution at point A, it is necessary to first desta-
bilize the system equilibrium. This can be attained by reducing the solubility by decreasing 
the temperature till it reaches the critical solubility by intersecting the solubility line, rep-
resented by point B. However, crystallization does not begin until the temperature is 
reduced further to point C, where it crosses the nucleation line. At this point, instantane-
ous nucleation takes place, resulting in crystal formation. Alternatively, crystallization can 
also be achieved by increasing the solute concentration from point A to point B* by evapo-
rating the solvent or adding an anti- solvent to reduce solubility [9].

4.2.2 Effect of US on Crystallization

Application of US for crystallization usually results in a reduction in the metastable zone- 
width (MSZW) indicated by the region between solubility line and nucleation line in 
Figure  4.2. Additionally, sonocrystallization also results in a controlled nucleation rate, 
smaller crystal size with a narrow distribution of size, polymorph selectivity as well as repro-
ducibility. However, few exceptions have also been reported by some researchers [10, 11]. 
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Figure 4.2 Typical solubility diagram showing solubility as a function of temperature. Source: 
Adapted from [9].
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However, most often, the crystals produced under sonication are found to be more uniform 
in size and shape as compared to simple mixing [8, 12, 13]. It can be seen from Figure 4.3 
that the crystals produced with US irradiation are more regular, and do not have any 
agglomerates.

4.2.3 Effect of US on Nucleation

Nucleation is the most important step in initiating the crystallization process. There are 
several theories on how ultrasonic cavitation may affect primary nucleation.

 ● Cooling: Evaporation of liquid from bulk to the cavity takes place during the cavity expan-
sion phase, which results in the cooling of the cavity surface. Hickling Theory suggests 
that this lowering of temperature causes local supersaturation in the layer adjacent to the 
cavity surface, which can result in nucleation [14]. The drop in temperature for a bubble 
size of 100 μm is estimated to be about 1 °C [8, 15]. However, such a change in tempera-
ture is not sufficient to bring about any significant nucleation, and it is believed that the 
surface- cooling effect does not have a major impact on nucleation [8].

 ● Pressure: It is well known that the collapse of a cavity results in the generation of high 
pressure in the surrounding region. At these elevated pressures, most solutes have 
reduced solubility. This results in an increase in supersaturation as well as the nucleation 
rate. This hypothesis has been validated by researchers experimentally as well as numeri-
cally [8, 16, 17]. However, some conflicting results have also been reported [15, 18]. The 
conflict arises when the solubility of the solute is not affected by the pressure. Further 
research needs to be conducted to determine the components for which this theory 
holds true.

 ● Evaporation: As stated earlier, the liquid evaporates from bulk into the bubble during the 
growth of the cavity. This also induces a depletion layer of the solvent close to the wall of 
the cavity, resulting in local supersaturation which triggers nucleation  [18]. However, 
there is not enough experimental evidence to suggest if this has a significant effect on 
nucleation [19].

0 rpm 200 rpm 490 rpm 13500 rpm

20 kHz 44 kHz 139 kHz 647 kHz

Figure 4.3 NaCl crystals made in anti- solvent crystallization using mixing (top row) and US 
(bottom). The white scale in the image corresponds to 20 μm. Source: Adapted from [13].
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 ● Segregation: When a cavitation bubble collapses, a high- velocity microjet is generated 
which accelerates the molecules around it. This acceleration is different for different 
molecules of varying densities. Hence, the solute clusters denser than other molecules 
will be accelerated slower than other molecules and get segregated. These clusters create 
supersaturation conditions near the liquid–bubble interface for a brief period of time and 
may collide with each other, resulting in nucleation. This hypothesis has been tested 
numerically  [20]. However, attempts of experimental validation are inconclusive and 
need further efforts [21].

 ● Convection: The high- velocity microjets produced due to acoustic streaming generate 
micro- turbulence in the system, which increases the nucleation rate. However, there 
are different opinions about the exact mechanism. One hypothesis states that the 
flow induced by cavitation promotes collision of solute molecules which results in 
enhancement of nucleation rate  [12, 22]. Nalajala and Moholkar found that the 
shockwaves generated during cavity collapse result in a higher nucleation rate, 
whereas the micro- turbulence results in enhancement of crystal growth. The pres-
sure shockwaves accelerate the solute molecules resulting in collisions that form 
larger clusters, which form nuclei for crystallization [23]. Another theory suggests 
that micro- turbulence enhances the heat and mass transfer via diffusion [23–28]. In 
the case of evaporative crystallization, this means the enhanced rate of evaporation 
of the solvent [27]. The anti- solvent crystallization leads to rapid and uniform mixing 
of the solvent and anti- solvent, thus reducing the solubility and increasing the rate 
of nucleation [28, 29].

 ● Heterogeneous Nucleation: The presence of foreign particles in a solution acts as nuclea-
tion sites that enhance the nucleation rate. A cavitation bubble generated due to US also 
acts as a site for nucleation [30–33]. This hypothesis has been tested experimentally by 
Wohlgemuth et  al.  [19, 34]. Additionally, a mathematical model for heterogeneous 
nucleation using US has also been proposed in the literature [33]. It was found that the 
contact angle between the foreign particle and the crystal plays a crucial role in deter-
mining the energy necessary for heterogeneous nucleation. The force generated by the 
cavitation bubble can alter this angle, irrespective of whether nucleation takes place at 
the solution–foreign solid particle interface, the solution–bubble wall interface or the 
solution–bubble wall–solid particle interface [26, 35].

 ● Secondary Nucleation: In sonocrystallization, secondary nucleation takes place due to 
the fragmentation of the crystals resulting from the implosion of the cavity. The frag-
ments of crystals thus formed act as sites for secondary nucleation [36, 37]. This process 
can be assumed to work similar to the sono- defragmentation process. However, the 
detailed mechanism of secondary nucleation has not been reported in the literature and 
there is a scope for such a study.

4.2.4 Effect of US on the Growth of Crystals

The impact of sonication on crystal growth is not very substantial. Hence, these effects are 
less understood than the effects of ultrasonic cavitation on the process of nucleation [38–40]. 
Most of the available literature on the effect of ultrasonic cavitation on the growth of crys-
tals is associated with the shape and size of the crystals.
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 ● Effect on Particle Size: In sonocrystallization, the US effect on the growth of the crystals is 
usually negated by its effect on nucleation and crystal breakage. The crystal breakage due 
to US results in the reduction of particle size, whereas the enhanced nucleation rate 
results in a large number of nuclei which are converted to a large number of smaller crys-
tals. Both these effects hinder the possibility of crystal growth into large crystals. Generally, 
US has a more significant effect on nucleation than that on crystal breakage, and hence 
smaller crystal sizes with narrow crystal size distribution are obtained. However, few 
studies report an increase in crystal growth rates with the application of US. This effect 
can be attributed to the enhanced heat and mass transfer rates achieved due to acoustic 
streaming. These effects are most prominent at a high frequency of US (>1 MHz) and also 
at a very low frequency (~20 kHz), where transient cavitation takes place. However, at low 
frequency, the crystal breakage rates are also high, while at a high frequency, they are rela-
tively lower [11, 27, 41, 42]. This effect on growth rate kinetics was also studied using a 
mathematical model and it was found that enhancement of up to 20% in crystal growth 
rate is possible by using US, when compared to crystallization without US [23].

US also results in narrow crystal size distribution, which is usually attributed to good 
levels of micro- mixing achieved due to acoustic streaming [13, 33, 40, 43]. Micro- mixing 
ensures that the anti- solvent and/or temperature distribution is uniform everywhere and 
no local supersaturation zone is created. This results in uniform growth of all the crystals, 
and thus a narrow crystal size distribution [23, 42, 44].

 ● Effect on Particle Shape: Several studies in the literature report the formation of more sphere- 
like crystals due to sonocrystallization [45–49]. Although the exact mechanism is not com-
pletely understood, there are two leading arguments made in this regard. The first argument 
theorizes that the uniformity in crystal shape arises due to uniformly enhanced mass trans-
fer rates all around the crystal. This leads to crystal growth in all directions rather than favor-
ing a particular crystal face, which results in increased sphericity of the final crystals [45, 47, 
48, 50]. The second argument attributes this effect to the melting of the crystal particles due 
to cavity collapse in its vicinity [47, 51–53]. High temperatures resulting from cavity collapse 
can melt the particles and fuse them together. Such agglomerates with smooth surfaces have 
been reported when slurries of Sn. Zn, Cu, Ni, Cr, and Fe were sonicated [25, 54].

4.2.5 Effect of US on Crystal Breakage/Deagglomeration

Most of the available literature on sonofragmentation or crystal breakage reports the results 
for inorganic crystals in water [13, 55–57]. It is reported that sonofragmentation is mostly 
affected by the temperature of the system, the type of the cavity, and the properties of the 
material such as the Vickers hardness and Young’s modulus.

Sonofragmentation takes place due to the high shear forces generated during cavity col-
lapse. As discussed earlier, the number of cavitational events increase with temperature. 
However, the intensity of these events decreases. Hence, there is an optimum temperature 
at which maximum sonofragmentation is observed [58]. It is also reported that the type of 
cavitation bubbles, whether stable or transient cavities, also affect the extent of sonofrag-
mentation. Stable cavities generated at higher US frequency can break the crystals only to 
a coarser size, while the transient cavities generated with lower US frequency can break the 
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crystals to a much smaller size [41, 59, 60]. Additionally, researchers have also reported 
that crystals with higher Vickers hardness and Young’s modulus require extended sonica-
tion to break the crystals to a smaller size. The rate of fragmentation is linearly proportional 
to Vickers hardness or Young’s modulus [61].

Additionally, US is also responsible for the deagglomeration of crystal aggregates. The 
effectiveness of US in deagglomeration is largely dependent on the time of application of 
US during the sonocrystallization process. US enhances the extent of micro- mixing, which 
increases the number of suspended particles as well as the frequency of their collisions. 
Thus, any aggregates formed during crystallization can be effectively disordered before 
they are set into agglomerates. If US is used at the end of the crystallization process to 
deagglomerate the aggregates, it results in surface erosion and very little deagglomeration 
is observed. However, if the US is used during the initial stages of crystallization, it is very 
effective in inhibiting the formation of agglomerates. It is recommended that to get maxi-
mum deagglomeration, the US should be applied until a complete de- supersaturation of 
the solute takes place [62–64].

4.2.6 Effect of US on Polymorphism

Polymorphs are crystals of the same chemical compound with different crystal structures. 
Most of the crystalline compounds display polymorphism. Polymorphism results in differ-
ent material properties such as density, rate of dissolution, crystal shape, etc. In certain 
applications, such as in pharmaceutical industries, this may have a crucial role, and it 
becomes important to control the polymorphism during crystallization. During sonocrys-
tallization, the polymorphic behavior is different than that observed without using US. It is 
observed that the probability of generation of energetically less stable polymorph is higher 
in the case of sonocrystallization. This observation is more common in the case of highly 
supersaturated solutions. At higher supersaturation levels, there is less time available for 
clusters of solute molecules to rearrange and reorient themselves during the nucleation 
phase. Hence, it is more likely that the crystals are stuck at a structure with a local mini-
mum energy level. This can result in the formation of the polymorphic form with lower 
stability. Sonication also increases the rate of supersaturation, which further increases the 
chances of the formation of the less stable polymorphic form. If the solution has a low 
supersaturation level, the molecules can reorient themselves into the more stable polymor-
phic form. Additionally, the high mass transfer rates due to acoustic streaming at high fre-
quency (>1 MHz) are also considered to increase the supersaturation level, thus resulting 
in a higher concentration of less stable polymorphic form [40, 65–67].

4.2.7 Effect of US on Chirality

Similar to polymorphism, US has also been reported to have an impact on the chirality of 
the crystals. This is very important in the pharmaceutical industry, as many times, only one 
of the enantiomers is desired. While researchers agree that US does not affect chiral crystal-
lization and chirality directly, the process may get significantly influenced by the secondary 
effects of cavitation. The chiral symmetry is thought to be disrupted during a sonocrystal-
lization process, predominantly through the secondary nucleation enhanced by US. 
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The secondary nuclei preserve the chirality of the parent crystal. This phenomenon is also 
observed in systems with high levels of turbulence and mixing. If the sonocrystallization 
system has a slight surplus of one enantiomer, and/or the system is undergoing racemiza-
tion, it may create chiral amplification [68–70].

The combined effect of all the processes discussed in this section is quite complex. Several 
mathematical models have been reported in the literature that tries to incorporate various 
simultaneous effects of US on crystallization using the population balance method [23, 59, 
71, 72]. There are several factors which need to be considered to find the optimum condi-
tions for sonocrystallization. These factors include US frequency, power, temperature, 
duration of US irradiation, the phase of crystallization when US is used, and so on. Detailed 
literature reviews are available on possible mechanisms of sonocrystallization, which dis-
cuss these factors in detail [6, 8, 21, 73, 74].

4.3  Application of US in Extraction

Extraction is one of the most important unit operations in processing industries for the 
separation of a specific constituent from a complex matrix comprising different constitu-
ents for chemical analytics or the production of active ingredients. Extraction can be of a 
type of liquid–liquid extraction where an active component is extracted by combining two 
immiscible liquids which leads to the migration of the active component into one of the 
liquids according to its solubility preference. The solid–liquid extraction involved bringing 
in contact a solid matrix and a solvent in which the target molecule is soluble, and the other 
constituents are insoluble. Different methods of extraction include solvent extraction, 
applying pressure to the matrix, and distillation of mixture to compound. Among these, 
solvent extraction is the most widely used method due to its effectiveness, ease, and com-
paratively low cost to that of others [75–77]. Extraction of bioactive molecules from natural 
sources and mineral extraction from their ores are examples of commonly used extraction 
processes for commercial applications [78].

The solvent extraction process uses a specific solvent to extract a target compound from 
its source material. The conventional extraction techniques include maceration, heat 
reflux, and Soxhlet extraction. Extraction in all the above- mentioned processes is by diffu-
sion of active components into the solvent where some method like Soxhlet extraction is 
facilitated by heat. As such, no shear pressure is involved in this method which results in 
low yield even after consumption of a large volume of solvent. The US- assisted solvent 
extraction technology is one of the emerging technologies widely used to intensify the 
solvent- based extraction process for extracting a broad range of commercially important 
active ingredients from a variety of raw materials [79–81]. In this section, the application of 
US in the extraction of different biomolecules is discussed in more detail.

Biomolecules are any of the countless compounds created by cells of living organisms, 
including animal, plant, and bacterial cells. They played a significant role in structural 
integrity, adhesion, and cell- to- cell communication. Polysaccharides, vitamins, antioxi-
dants, essential oils, proteins, peptides, amino acids, enzymes, steroids, and collagen are 
few examples of commercially important biomolecules [82]. Recently, biomolecules and 
bioactive compounds are gaining tremendous demands in therapeutic application. Several 
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studies have been reported to prove their effectiveness and specificity in the treatment of 
various diseases with considerably fewer side effects. Increased demand for such molecules 
opens a new sector in the pharmaceutical , food , and nutraceutical- based industries to com-
mercialize products comprising a bioactive molecule.

The major process during the manufacturing of these compounds is their extraction 
from a complex cellular matrix in a suitable solvent, usually a buffer solution. These mol-
ecules are frequently entrenched inside the cells which makes their removal challenging. 
The conventional process many times involves the use of solvents toxic in nature leading to 
environmental and health risks. For few decades, newer technologies are employed to 
intensify the biomolecule extraction process to make them economical, safe, and environ-
mentally friendly by using a relatively safe solvent. The extraction process with US- assisted 
method has shown to increase in yield and safety of the product even after using a green 
solvent with less extraction capacity [83].

The US- assisted extraction process is initiated by breaking the cell wall of the cellular 
matrix as an effect of applied sonication with a frequency in the range of 20–40 kHz. The 
energy generated during the process transfers in the form of heat to the biomatrix and sol-
vent mixture. The amount of heat generated depends on intensity, power, and exposure 
time. US exerts a mechanical effect on the reaction mixture due to vibration of the content, 
cavitation effect, and shear force. All these effects trigger cell- wall disruption by the forma-
tion of micron- size pores on the cell wall surface [84]. The broken cell structure, in turn, 
increases the permeability of the matrix and accessibility of the solvent to the interior of 
the cell. This facilitates the release of the target molecule via micron- sized pores and micro-
channels formed due to cell wall breakdown. Pretreatment of the cellular matrix, such as 
grinding, chopping, and enzymatic treatment, to reduced particle size, further increases 
the penetration of the solvent to the interior of the matrix and dissolution of the target 
compound into the solvent. The dilution of the microchannel may also improve the trans-
port of the extractant as well as the target molecule.

US- assisted extraction of the desired component from its raw material is a complicated 
process involving mass transfer and reaction with a range of oxidative radicals that influ-
ences the final quantity and quality of the product. Several factors are responsible for the 
yield and quality of the extracted bioactive components. The major factors include fre-
quency, type of reactor, exposure time, temperature, type of solvent, and source material.

The frequency of propagated US waves plays a significant role in the yield of bioactive 
material [85]. Higher extraction yield is observed at low frequency as it generates greater 
mechanical and cavitation stress. Most of the ultrasonic extraction equipment have a set of 
frequencies to carry out the operation. Frequency in the range of 20–40 kHz is the most 
suitable range used for the extraction of bioactive components. In general, the amount of 
sound energy delivered into the extraction system and the ultrasonic frequency has a direct 
link with the effect of sonication on mass transfer.

The US extraction process can be carried out in an ultrasonic probe or bath- based system. 
Both the systems differ significantly in efficiency and capabilities. In the probe- based ultra-
sonic system, the probe is inserted in the reaction vessel and thus energy is directly trans-
mitted into the extraction medium at extremely high intensity. Since the probe is in direct 
contact with the sample, the mass transfer rate is high due to no interference in the path of 
US propagation. The volume of the sample that can be processed is determined by the 
diameter of the probe tip. Smaller tip diameter leads to high intensity and concentration of 
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cavitation in a small area. Whereas larger tip diameter produces less intense cavitation due 
to lower surface energy density but can process a larger volume of sample. However, the 
probe- based system suffers due to probe erosion which may leave residues in the extract 
and thus cause deterioration of product quality. The processes requiring high energy input 
need to be performed in a probe- based system as acceleration required for the overall reac-
tion is not possible to achieve in the bath- based system. In the bath- based system, the sam-
ple is not in direct contact with the sound wave generator. The wave energy is transmitted 
from the transducer, in an upward direction into the bath containing the reaction mixture 
in a fairly attenuated form. This indirect way of sonication is effective for small volume 
samples. A bath- based system is easy, safe, and economical to extract a small amount of 
bioactive material. As discussed above, the chemical reaction requiring high energy input 
cannot be carried out in a bath- based system.

Generally, US- based extraction takes time between 20 and 45 minutes. Long extraction 
time increases yield. However, it can also induce undesirable changes in the final product. 
However, depending on the matrix, a longer extraction time may be necessary.

The generation of US waves causes an increase in temperature. The high temperature 
helps in the interaction of solvent and the material matrix and enhances the solvent diffu-
sion rate, while low temperature enhances cavitation. Cavitation is minimized at higher 
extraction temperatures because voids are filled with solvent vapors. Depending on ultra-
sonic intensity and solvent, extraction temperatures can range from 10 to 80 °C. This 
increase in temperature is however detrimental to some bioactive compounds and thus in 
such a process, cooling water is circulated to stabilize the reaction temperature [76].

The extraction efficiency of the ultrasonically assisted process varies with the type and 
complex nature of the source material. This is mainly due to the difference in cellular struc-
ture, their internal component, and composition. The particle size of the matrix (surface 
area–to–volume ratio), its interaction with solvent, and affinity of the matrix with solvent 
determines the concentration of molecules in the extract. The selection of solvent for 
extraction of target compound depends on the solubility of the target molecules in the spe-
cific solvent. Ultrasonic extraction enhances the efficiency of solvent to extract the target 
compounds and therefore the amount of solvent consumed during the process is less. This, 
in turn, leads to a reduction in the cost and release of toxic chemicals into the environment. 
Since ultrasonication can enhance the efficiency of solvent, an environmentally safe sol-
vent but with poor extraction capability can also be used during the process.

The application of US extraction for the extraction of the bioactive compound is widely 
explored in different industries and is well documented in the literature [80, 86–88]. The 
high- end biomolecules like dietary supplements, lipids, essential oils, ginseng, and saponin 
are typically extracted by employing the US- aided technique. Few examples of the US- 
assisted extraction of biomolecules are summarized in Table 4.1.

4.4  Membrane Cleaning and Filtration

Fouling is one of the largest issues hindering the application of membrane- based separa-
tion technology. The use of US irradiation is an unconventional, yet effective, method of 
cleaning the fouled membranes, as well as control further fouling. US can be used as a 
surface- cleaning technology to clear the foulant layer deposited on the membrane. It can 



Table 4.1 US- assisted extraction of commercially important biomolecules.

Biomolecules/Compound and 
matrix source Solvent US process parameters Performance/Result

Polyphenols (flavanones)
Matrix source:
Orange (Citrus sinensis) peel
[89]

Ethanol: Water 4:1 
(v/v)

 ● Bath- based system with 
cooling arrangement

 ● Frequency: 25 kHz
 ● Power: 60–150 W
 ● Temperature: 40 °C
 ● Time: 15 min

 ● Extraction of total phenolic content was found 3 times 
faster under US as compared to conventional procedure 
(Time decreased from 60 min to 15 min)

 ● 35–40% increase in total phenolic content with 
US- assisted extraction as compared to solvent 
extraction

 ● The free radical- scavenging activity (FRSA) of the 
phenolic compound was found to be higher (54%) in 
US- assisted extract as compared to solvent extracted 
compound (42%)

Polysaccharides
Matrix source:
Typha domingensis stem
[90]

NaOH solution 
(1.5 M)

 ● Bath- based system with 
cooling arrangement

 ● Frequency: 50 kHz
 ● Temperature: 70 °C
 ● Time: 40 min

 ● Enhancement in antioxidant activity
 ● Low processing time as compared to conventional hot 

water

Kefiran biomaterial (prebiotic 
exopolysaccharide)
Matrix source:
kefir grains [91]

Hot water  ● Bath- based system
 ● Frequency: 34 kHz
 ● Power: 100 W
 ● Temperature: 25–50 °C
 ● Time: 10 min.

 ● Increase protein content value of the sample in 
US- assisted extraction, i.e. hot water extract shows 
protein content of 0.12%, whereas ultrasonic- assisted 
extraction with hot water shows an increase in protein 
content up to 1.22%

 ● Increase in antioxidant activity from measures as FRSA 
from 35 μmol/L to 55 μmol/L.

 ● The sample extracted in hot water assisted with US 
shows high antimicrobial activity against bacterial 
strain as compared to only hot water extract due to high 
protein content

 ● Better color retainment of the product



Carotenoids
Orange peel
[92]

Cyclohexane, olive 
oil,
non- refined oil

Bath- based system
Frequency: 40 kHz
Power: 150 W
Time: 35 min
Temperature: 42 °C

 ● Reduction in consumption of energy and solvent
 ● High- quality product
 ● Use of vegetable oil for extraction process

Collagen
Matrix source:
Calipash tissue of soft- shelled 
turtle (Pelodiscus sinensis) [93]

Acetic acid (0.5 M, 
w/v)

Probe- based system
Frequency: 24 kHz
Power: 200 W
Time: 24 min
Temperature: 20 °C

 ● US- assisted extraction leads to an increase in collagen 
content by 16.3% over the collagen from the 
conventional extraction method

 ● The product obtained is of higher thermal stability and 
elasticity

 ● Superior functionality

Ergosterol
Matrix source:
Agaricus bisporus L. 
(Mushrooms) [94]

n- Hexane, ethanol 
and limonene

Probe- based system
Frequency: 20 kHz
Power: 375 W
Time: 15 min
Temperature:Ambient

US- assisted extraction required 15 min to yield 
671.5 ± 0.5 mg ergosterol/100 g dry weight where a similar 
yield required 4 h with Soxhlet extraction

Anthocyanins and other 
phenolic compounds
Matrix source:
Fresh purple eggplant [95]

Ethanol: Water Probe- based system
Frequency: 12 kHz
Power: 400 W
Time: 30 min
Temperature: 25 °C

 ● The maximum polyphenols were obtained by using 
supplementary extraction (SE) after every ultrasonic 
(US) treatment.

 ● It was found to increase from 0.19 mg to 29.011 GAE/g 
DM (Gallic acid equivalents/g dried matter).

 ● Reduction in process time
Enhancement in quality of product
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also affect the filtration process by modifying the flow properties across the membrane as 
well as reducing the particle size of the foulant. Figure 4.4 shows a schematic representa-
tion of the effect of US on membrane filtration. Figure 4.4a shows the conventional filtra-
tion where a layer of foulant particles builds up on the membrane surface, which reduces 
the permeate flow over time. Figure 4.4b shows the filtration process carried out under US 
irradiation, where the foulant particles are cleared due to US, during the filtration process. 
Alternatively, US can be used during washing of the membrane for enhanced surface 
cleaning as shown in Figure 4.4c.

This section provides an overview of the effects of key operating parameters of US on 
membrane filtration.

4.4.1 Frequency

The energy dissipated from the cavity collapse and the maximum cavity size before collapse 
are strongly dependent on the US frequency [96, 97]. A reduction in cavity size is observed 
with an increase in frequency, while the number of cavities increases. Generally, smaller 
cavities result in relatively lower energy release. This results in more hot spots which are 
less energized, while fewer but larger cavities generated at lower frequencies result in a 
smaller number of high- energy hot spots [98]. The selection of optimal frequency is thus 
crucial for membrane cleaning since there is a trade- off between the size and the number 
density of cavities. A summary of some of the studies on the influence of US frequency on 
membrane cleaning and fouling control has been listed in Table 4.2.

From the reports in the literature, it can be established that the recovery of the flux can 
be improved using a low US frequency, which reduces the membrane’s filtration resist-
ances due to the removal of the cake layer. The use of high frequency generates more cavi-
ties but they result in lower energy release on collapse. However, at higher frequencies, the 
solid particles that cause fouling are also likely to get degraded. This reduces the chances of 
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Figure 4.4 US- assisted membrane filtration and cleaning (a) membrane filtration without US; 
(b) membrane filtration with US; (c) membrane cleaning with US. Source: Modified from [96].
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Table 4.2 Effect of US frequency on membrane filtration.

Study details Process parameters Results

Effect of US on 
filtration membrane 
with fouling [101]

Cross- flow filtration;
Foulant: Inorganic
Frequency: 40 to 23 kHz.

 ● An increase in the filtration flow 
rate was observed with a reduction 
in frequency. This was because the 
particulate matter adsorbs the sound 
differently.

Use of US in 
ultrafiltration of 
dextran solution [102]

Cross- flow filtration
Foulant: Dextran
Frequency: 28, 45, 100 kHz
Power: 2.5–3.3 W/cm2

 ● Permeate flow reduced by increasing 
the frequency

 ● No improvement in permeation due 
to US at a frequency of 100 kHz

Treatment of peptone 
and milk using 
US- assisted UF and 
MF [96]

Cross- flow filtration
Foulant: Peptone and milk
Frequency: 28, 45, 100 kHz
Power: 23 W/cm2

 ● Permeate flow reduced by increasing 
the frequency

 ● Only slight improvement in 
permeation was observed at a 
frequency of 100 kHz

US- assisted cleaning 
of fouled ceramic 
membranes [103]

Dead- end microfiltration
Foulant: Sulfate polystyrene 
latex
Frequency: 70–1062 kHz
Power: 0.21–2.1 W/cm2

 ● Lower frequencies resulted in better 
cleaning.

 ● Higher frequencies generate smaller 
cavitation bubbles which release less 
energy on collapse; this is not 
sufficient to easily detach particles 
on the membrane surface

US- enhanced 
membrane filtration of 
industrial 
effluent [104]

Cross- flow filtration
Foulant: Industrial wastewater 
from the paper industry
Frequency: 27, 40, 200 kHz
Power: 120–400 W

 ● Low- frequency US irradiated for a 
short time is a gentle, yet efficient, 
method of membrane cleaning

US cleaning of 
membranes with BSA 
as a foulant [105]

Cross- flow ultrafiltration
Foulant: Bovine serum 
albumin (BSA)
Frequency: 20, 25, 30, 38 kHz
Power: 300 W

 ● Flow enhancement observed at low 
frequencies

 ● Higher frequencies did not affect 
filtration rate

US cleaning of 
membranes with 
multiple 
frequencies [106]

Hollow fiber membrane 
filtration
Foulant: Bentonite
Frequency: Alternating 
between 220 kHz for 8 s, and 
28 kHz for 2 s

 ● The use of two US frequencies was 
found to be more efficient in 
removing fouling from the 
membrane wall.

 ● A large number of small cavities 
were generated using high 
frequency, which acted as nuclei for 
cavitation on the application of low 
frequency

Effect of US power on 
membrane 
cleaning [107]

Flat sheet membrane filtration
Foulant: Milk
Frequency: Alternating 
between 80 kHz for 60 s, and 
37 kHz for 60 s
Power: 375, 750, and 1125 W

 ● Low frequency and tandem 
frequencies showed similar 
enhancement in flux, though the use 
of tandem frequencies resulted in 
slightly more flux

(Continued)
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these particles fouling the membrane. The selection of an optimum frequency can depend 
on the membrane characteristics and the foulant material, and needs to be adjusted consid-
ering operating conditions, like required transmembrane pressure (TMP)  [99] and feed 
temperature [100].

4.4.2 US Intensity

The power dissipated by US irradiation per unit area is also referred to as ultrasonic 
intensity. Ultrasonic intensity can have a crucial effect on the effectiveness of US- 
assisted membrane cleaning [110]. In practical applications, adjusting the power of US 
is easier as compared to changing the frequency. This is one of the reasons why this 
parameter is used regularly as an optimizing parameter in US applications. A summary 
of selected literature on the influence of US intensity on membrane cleaning is listed in 
Table 4.3.

It can be summarized that higher ultrasonic power induces more violent cavity collapse. 
This results in releasing more energy at higher intensity, which generally results in increas-
ing the cleaning efficiency and the fluxes. However, the use of very high power may result 
in structural damage or the loss of integrity of the membrane and also may induce addi-
tional physicochemical effects of cavitation that may be undesirable. Hence, the filtration 
performance of the membrane as a function of the change in ultrasonic power needs to be 
evaluated to determine an optimum level that can satisfy the objective of US- assisted clean-
ing of the membrane without damaging its structure.

4.4.3 Filtration Pressure

The pressure affects the US- assisted filtration in two ways:

a) It affects the adhesion of deposited foulant particles on the surface of the membrane, and
b) It influences the number and the size of cavities generated [117].

Table 4.2 (Continued)

Study details Process parameters Results

Desalination using 
US- assisted direct 
contact membrane 
distillation [108]

PVDF hollow fiber membrane
Foulant: Salt
Frequency: 20–68 kHz
Power: 110–260 W

 ● Up to 60% increase in permeation 
flux was observed by using lower 
ultrasonic frequency

US irradiation for 
cleaning of membrane 
bioreactors [109]

Hollow- fiber ultrafiltration 
membrane
Foulant: Biomass
Frequency: 20–40 kHz
Power: 15 W

 ● Low frequencies inhibit the 
formation of cake on the membrane 
surface, which favors the membrane 
transmembrane pressure control 
while reducing the quality of the 
effluent

 ● Significant biomass fragmentation is 
observed at lower frequencies which 
also affects the effluent quality.
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Table 4.3 Effect of US intensity on membrane filtration.

Study details Process parameters Results

Enhancement of 
membrane permeation 
by US 
microfiltration [111]

Cross- flow 
microfiltration
Foulant: Bovine serum 
albumin and Baker’s 
Yeast
Frequency: 28 kHz
Power: 120–240 W

 ● Five ceramic membranes with 
varying pore sizes were studied

 ● It was found that the effect of an 
increase in the US power was 
less prominent for larger pore 
sizes

US - assisted dead- end 
ultrafiltration [112]

Dead end ultrafiltration
Foulant: Dextran
Frequency: 20 kHz
Power: 8–20 W

 ● It was observed that US induces 
an effect similar to stirring

 ● An increase in permeate fluxes 
was observed by increasing 
ultrasonic power

US- assisted cleaning of 
fouled ceramic 
membranes [103]

Dead- end microfiltration
Foulant: Sulfate 
polystyrene latex
Frequency: 70–1062 kHz
Power: 0.21–2.1 W/cm2

 ● An increase in power increased 
the flux ratio as the number of 
cavities and the acoustic energy 
dispersed in the system increased

US- enhanced 
ultrafiltration of 
suspended 
solutions [113]

Cross- flow ultrafiltration
Foulant: Cu2+ 
polyethylenimine, W/O 
emulsion
Frequency: 20 kHz
Power: 0–150 W

 ● Permeate flux was directly 
proportional to the ultrasonic 
power

 ● Flux was highest at stronger 
intensities, whereas no 
significant improvement in flux 
was observed at lower intensities

Effect of US power on 
membrane 
cleaning [107]

Flat sheet membrane 
filtration
Foulant: Milk
Frequency: Alternating 
between 80 kHz for 60 s, 
and 37 kHz for 60 s
Power: 375, 750 and 
1125 W

 ● Permeate flux was directly 
proportional to the ultrasonic 
power

US cleaning of UF 
membranes fouled with 
dairy solutions
[114]

Cross- flow ultrafiltration
Foulant: Whey solution
Frequency: 50 kHz
Power: 0–55 W

 ● Membrane cleaning efficiency 
was directly proportional to the 
ultrasonic power

Effect of US on 
polymeric MF 
membranes [115]

Dead- end microfiltration
Foulant: Soy bean 
protein
Frequency: 40 kHz
Power: 0, 1.43, 2.13, 
3.57 W/cm2

 ● Permeate flux was affected by US 
intensity for all membranes except 
the PVDF membrane.

 ● Higher power intensity resulted in 
better cleaning efficiency, but it 
also resulted in higher membrane 
damage, particularly in case of 
membranes having sensitive 
selective layers

(Continued)
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Increasing the filtration pressure increases the cavitation threshold, resulting in the for-
mation of fewer cavities [118, 119]. Cavities formed under such conditions may not only 
increase the intensity of cavity collapse, which results in stronger physical effects that can 
help in improving the membrane- cleaning efficiency, [120] but may also affect the mem-
brane integrity. Fewer bubbles also mean a lower shielding effect, which allows the US 
waves to reach the membrane surface more effectively [121]. Higher intensity of the micro- 
turbulence at the membrane surface along with intense acoustic streaming leads to higher 
shear stresses and improved cleaning of the membranes [117]. Alternatively, a higher pres-
sure may also increase the probability of the particle detachment from the cake layer to flow 
back to the membrane surface and get redeposited [117]. Higher pressure may also result in 
a higher density of the cake layer if the cake is compressible [122]. Additionally, it could also 
push the foulant particles into the membrane pores [123]. In both cases, the resistance for 
permeation increases and the flux decreases. The literature pertaining to the effect of filtra-
tion pressure is summarized in Table 4.4. It can be concluded that although increasing the 
filtration pressure may increase the intensity of cavitation, very high filtration pressure 
could be less effective as it tends to compact the cake layer. Usually, an optimum filtration 
pressure exists that provides the most enhancement in permeate flux [124].

4.4.4 Temperature

A significant effect of temperature on US- assisted membrane filtration has been reported. 
In the filtration process, an increase in the temperature leads to increased solubility, better 

Table 4.3 (Continued)

Study details Process parameters Results

US- assisted cleaning of 
inorganic scales on 
nanofiltration 
membranes [99]

Cross- flow nanofiltration
Foulant: Arsenic
Frequency: 40 kHz
Power: 1–4.5 W/cm2

 ● Power intensities above 1 W/cm2 
resulted in permanent damage to 
the membrane

 ● 1 W/cm2 of power enhanced the 
permeation flux with no 
substantial difference in rejection 
rate

Continuous and 
intermittent US with 
UF for treatment of 
water containing 
emulsion [116]

Hollow- fiber and 
flat- sheet membranes
Foulant: Paraffin in 
water emulsion
Frequency: 40 kHz
Power: 150–450 W

 ● A power threshold is observed 
below which the mean emulsion 
oil droplet size is proportional to 
the ultrasonic power. Hence, for 
oily wastewater, lower power 
intensity was found to be better

 ● Above the threshold, the droplet 
sizes reduced due to acoustic 
streaming and oil rejection was 
decreased

 ● Higher power also resulted in the 
emulsification of oily wastewater, 
which affected the filtration 
negatively
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Table 4.4 Effect of filtration pressure on US- assisted membrane filtration.

Study details Process parameters Results

Use of US in ultrafiltration 
of dextran solution [102]

Cross- flow filtration
Foulant: Dextran
Frequency: 28, 45, 
100 kHz
Pressure: 0–150 kPa

 ● The effectiveness of US on the 
membrane flux improved with an 
increase in TMP

Effect of US on membrane 
permeation performance in 
microfiltration [111]

Dead- end 
microfiltration
Foulant: Carrot juice
Frequency: 20 kHz, 
400–1000 W
Pressure: 0.2, 0.5 bar

 ● Permeate flow rate obtained at 
0.5 bar pressure was more than 
that at 0.2 bar

US- assisted cleaning of UF 
ceramic membrane [125]

Cross- flow ultrafiltration
Foulant: Reactive Black 
5 dye particles
Frequency: 37 and 
80 kHz, 88–220 W
Pressure: 0.5, 1.5, 2.5 bar

 ● Peak cleaning efficiency was 
obtained at 1.1 bar

 ● This was found to be due to the 
simultaneous processes of 
particles detaching from the 
surface because of cavitation and 
the TMP pushing the detached 
particles back into the membrane 
pores

Effect of US on membrane 
filtration of industrial 
effluent [104]

Cross- flow ultrafiltration
Foulant: Paper industry 
wastewater
Frequency: 27–200 kHz, 
120–400 W
Pressure: 0–3 bar

 ● Membrane cleaning was found to 
be more difficult at higher 
pressures

Particle fouling control in 
ceramic membranes using 
US [117]

Cross- flow ultrafiltration
Foulant: Silica particles
Frequency: 20 kHz, 
3.8 W/cm2

Pressure: 1–8 psi

 ● An increase in pressure resulted 
in decrease in permeate flux by 
~41%

 ● Higher pressures resulted in 
greater permeation drag force on 
the foulant toward the surface of 
the membrane

Application of US in dairy 
whey ultrafiltration [100]

Cross- flow ultrafiltration
Foulant: Dairy whey
Frequency: 50 kHz, 105 W
Pressure: 55, 150, 225, 300 kPa

 ● An increase in TMP decreased the 
permeate flow as the cake layer 
was subjected to higher 
compressive forces

Enhancement of membrane 
permeation performance in 
US- assisted 
microfiltration [111]

Cross- flow 
microfiltration
Foulant: Bovine serum 
albumin and Baker’s 
Yeast
Frequency: 28 kHz, 
120–240 W
Pressure: 20–120 kPa

 ● Flux was unaffected by the 
pressure in absence of US

 ● In presence of US, an optimum 
pressure with the highest 
permeate flux was obtained, 
beyond which the flux reduced
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diffusion, lower viscosity, and, thus, a higher Reynolds number. All these effects result in 
improved cleaning efficiency and higher flux [114, 126]. Additionally, US cavitation is also 
affected by temperature, which, in turn, affects its cleaning efficiency [127]. At elevated 
temperatures, the vapor pressure of the solvent increases, which causes rapid cavity forma-
tion. Such a condition reduces the intensity of shock waves generated due to cavity col-
lapse, which are responsible for the cleaning of the membrane surface [128, 129]. Generally, 
lowering the temperature leads to an increase in cavitation threshold as a combined effect 
of change in surface tension, increased viscosity and/or lower liquid vapor pressure [99]. 
Hence, it is proposed that an optimum temperature could exist, where the cavitation effect 
is highest while the liquid transport properties are also beneficial [128]. A summary of few 
studies on the effect of temperature on the US- assisted membrane filtration in literature is 
given in Table 4.5 below.

Table 4.5 Effect of temperature on US- assisted membrane filtration.

Study details Process parameters Results

US cleaning of polymeric 
membranes for water 
treatment [130]

Cross- flow ultra and 
microfiltration
Foulant: Peptone
Frequency: 45 kHz, 
2.73 W/cm2

Temperature: 20–40 °C

 ● Permeate flux increased with an 
increase in temperature

 ● At higher temperature, increased 
solubility resulted in faster recovery 
of permeate flux

Application of US in 
dairy whey 
ultrafiltration [100]

Cross- flow ultrafiltration
Foulant: Dairy whey
Frequency: 50 kHz, 
105 W
Temperature: 10–55 °C

 ● Improved cleaning efficiency at a 
higher temperatures due to 
reduction of solution viscosity

Desalination using 
US- assisted direct contact 
membrane 
distillation [108]

PVDF hollow fiber 
membrane
Foulant: Salt
Frequency: 20 kHz, 
110–260 W
Temperature: 40–70 °C

 ● Permeate flux increased at higher 
temperatures due to reduction in 
viscosity of the feed and the reduced 
boundary layer thickness

 ● However, the effect of US on the flux 
was more at a lower temperature

Modeling of membrane 
distillation enhancement 
due to US [127]

Air gap membrane 
distillation
Foulant: Common salt
Frequency: 10–65 kHz, 
0.5–6.5 W/cm2

Temperature: 40–65 °C

 ● At a higher temperature, the 
enhancement in permeate flux 
decreased, possibly due to an 
increase in the saturation vapor 
pressure

US cleaning of nylon MF 
membranes [129]

Cross- flow 
microfiltration
Foulant: Paper mill 
wastewater
Frequency: 20 kHz, 
82.9 W/cm2

Temperature: 20–40 °C

 ● Membrane permeate flux increased 
with a decrease in cleaning 
temperature
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4.4.5 Effect of US Application Mode

Some researchers have also studied the effect of the mode of application of US (i.e. pulsed 
or continuous) on membrane cleaning. The mode of application has a direct energy cost 
implication and also can affect the membrane structure. Simon et al. [131] reported that 
both the application modes result in improvement in permeate flux. However, it was found 
that this improvement is observed only when US is ON. Hence, the continuous application 
of US was reported to be more effective than the pulsed mode. Similar observations have 
been described by Naddeo et  al. and Lamminen et  al.  [132, 133]. However, they also 
reported that continuous sonication can cause damage to the membrane surface, especially 
when operated at higher power. Lamminen et al. reported that although the improvement 
in permeate flux is less with pulsed sonication, continuous sonication at higher power 
resulted in damage to the membrane. The pulsed mode did not result in such damage [132]. 
It was theorized that during pulsed sonication, a thin layer of foulant deposits on the mem-
brane whenever US is turned off. This layer of foulant material acts as a barrier and helps 
in protecting the membrane surface from any damage. Chen et al. [117] also reported that 
the flux recovery was highest for continuous sonication and reduces as the time interval 
between the US pulses increases. However, they reported that the pulsed sonication mode 
resulted in significantly higher energy efficiency. Agi et al. [116] have reported that pulsed 
sonication can even enhance the permeate flux more than that with continuous sonication 
during ultrafiltration of an oil- in- water emulsion.

Thus, it can be concluded that although pulsed sonication may result in lower enhance-
ment of permeate flux, it should still be preferred over continuous sonication because of its 
higher energy efficiency and lower tendency to cause membrane surface damage. However, 
the pulse period and frequency need to be optimized for different applications. The use of 
US in the enhancement of membrane filtration is indeed quite beneficial. US can help in 
cleaning the foulant material from the membrane surface, and can greatly enhance the 
membrane performance. Literature reviews on the use of US in membrane filtration are 
also available for a further detailed study on the topic [126, 128, 134]. The influence of vari-
ous operating parameters has been discussed in this section and is broadly summarized in 
Table 4.6 below.

Table 4.5 (Continued)

Study details Process parameters Results

US- assisted cleaning of 
inorganic scales on 
nano- filtration 
membranes [99]

Cross- flow nanofiltration
Foulant: Arsenic
Frequency: 40 kHz, 
1–4.5 W/cm2

Temperature: 15–60 °C

 ● The efficiency of the US- assisted 
cleaning method improved with 
temperature because of 
improvement in transport processes

 ● However, this effect was countered 
by the effect of temperature on 
cavitation

 ● An optimum level was found at 
30 °C, where the two effects can get 
balanced



4  Applications of Ultrasound in Separation Processes176

4.5  Emulsion Breaking

The separation of the continuous phase and dispersed phase of the emulsions is called 
demulsification. In the demulsification process, the emulsion goes through several steps, 
such as creaming and sedimentation, flocculation, Ostwald ripening, and coalescence [135], 
before being separated into two different phases. There are various methods available for 
demulsification of the emulsion, such as chemical, mechanical, and biological [136]. Each 
method has its own advantages and limitations. Hence, the choice is dependent on the type 
of emulsion, composition of emulsion, quantity, and cost. The thermal and mechanical 
effects produced by ultrasonic waves are mainly responsible for the demulsification of 
emulsions. The factors that cause the separation efficiency are principally categorized as 
acoustic operating parameters, physicochemical properties of the dispersed and continu-
ous phase, and experimental process conditions (for example, temperature). The acoustic 
operating parameters that affect the efficiency of oil–water separation mainly contain the 
intensity of cavitation, sonication time, and operating frequency. The lower operating fre-
quency is favorable to achieve the higher demulsification efficiency of crude oil because 
lower operating frequency increases the intensity of cavitation. Very high operating fre-
quency or extreme acoustic intensity lessens separation efficiency as well as causes tiny oil 
droplets to separate in water. This is because the frequent collapse of cavities produces 
microjets that inject and diffuse the oil phase into the water phase. The demulsification 
efficiency is directly proportional to the sonication time. The experimental properties that 

Table 4.6 Summary of effect of US parameters on membrane filtration and cleaning.

Parameter Influence on membrane filtration

US frequency  ● Lower frequency is more effective in cleaning the membrane surface
 ● Higher frequencies may result in the degradation of foulant material due 

to cavitation
 ● Optimum frequency should be chosen based on foulant material and 

membrane characteristics

US power  ● Higher power results in more enhancement of permeate flux
 ● Very high power may damage the membrane

filtration pressure  ● Permeate flux increases with the filtration pressure till an optimum 
threshold is reached

 ● However, beyond this optimum pressure, the flux reduces due to 
compacting of the filtration cake

Temperature  ● At lower temperatures, the cavitation effects are more prominent
 ● At higher temperatures, cavitation is less prominent but enhancement in 

flux may take place due to improved solubility and a higher Reynolds 
number

 ● Usually, an optimum temperature exists where the enhancement is the 
highest

Sonication mode  ● Continuous sonication results in enhancement of permeate flux
 ● However, pulsed sonication is more energy- efficient and causes less 

membrane damage and, hence, is usually recommended
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control the separation efficiency are mainly water content, interfacial tension, and viscosity 
of the oil phase. The high viscosity of the oil phase reduces the cavitation effect as well as 
the droplet vibration. So, the separation efficiency reduces if the oil phase is highly viscous. 
In this case, the combinations of cavitation and chemical demulsifiers are effective. Since 
the cavitation can be equally performed in a low interfacial tension system, it can be used 
to treat the low interfacial tension emulsions. The high water reduces the separation effi-
ciency due to the unnecessary dissipation of acoustic energy. The US- assisted demulsifica-
tion of emulsion primarily utilizes the viscosity- reducing effect and the agglomeration 
effect along with increasing droplet collision frequency due to acoustic streaming, which 
accelerates the separation of two phases [137]. In case of water- in- heavy crude oil emul-
sion, US enables/accelerates the clumping of the dispersed water phase in the form of big 
droplets in the continuous crude oil phase, thereby facilitating the separation of two phases. 
The density and compressibility differences of the dispersed droplets and the continuous 
phase are the reason for the acoustic waves to transfer homogeneously through the sus-
pended droplets  [138]. The simplicity and efficiency of US- assisted demulsification of 
water- in- crude oil emulsions have attracted research attention. The demulsification effi-
ciency is defined as the volume of the separated dispersed phase divided by the initial vol-
ume of the dispersed phase. The various literature works related to cavitation- assisted 
demulsification are summarized in Table 4.7.

The main advantages of US- assisted demulsification over the other methods are low time 
and energy requirement, high efficiency, no degradation of either or both the phases. The 
efficacy of US- assisted demulsification principally depends on the optimization of the pro-
cess parameters (irradiation frequency, operating power and time, and operating tempera-
ture) based on the destabilization of emulsion are summarized in Table 4.7. It is reported 
that for a high concentration of dispersed phase, the high operating time and power are 
suitable to achieve the high efficiency of emulsion separation. For the highly viscous dis-
persed phase, a high operating temperature is recommended.

The idea to use acoustic cavitation energy for the separation of phases in emulsions has been 
circulating decades ago. However, acoustic cavitation has not yet been fully explored at the 
industrial scale in the industries. Similarly, the use of hydrodynamic cavitation for the demul-
sification of emulsions has not been explored yet. Hence, there is an urgent need to bring all 
the relevant researchers on a single platform for the progression of the demulsification process 
through acoustic as well as hydrodynamic cavitation at the lab as well as industrial scale.

4.6  Desorption of Resins

Adsorption is one of the important processes which is utilized for different applications 
such as the removal of pollutants in the water in small concentrations and purification of 
essential constituents from fruits and plants. The regeneration of the adsorbent is a key 
step in the adsorption process since it affects the adsorption–desorption cycle, as well as the 
operating cost and, hence, decides the feasibility of the adsorption process for specific 
applications. The two different desorption processes include thermal regeneration (direct 
heating and application of hot air) and chemical regeneration using desorption chemicals 
(organic solvents or inorganic chemicals).
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The method based on thermal regeneration has limitations such as the need for a high 
temperature in the hundreds of degrees and adsorbent loss after extreme burnout. The 
method based on the use of desorption chemicals uses specific chemicals which form com-
plexes with the adsorbate molecule and bring them in the bulk phase. Then a secondary 
separation process is used to remove the desorbed molecule from the desorption chemical. 

Table 4.7 Cavitation- assisted demulsification.

Type of emulsion Process parameters
Demulsification 
efficiency (%)

Water- in- crude oil emulsion
[139]

Power: 57.7 W
Irradiation time: 6.2 min
Temperature: 100 °C

99.8

Water- in- crude oil emulsion
[140]

Two- stage ultrasonic irradiation
Primary stage power: 75 W
Secondary stage power: 50 W
Irradiation time: 45 s (for each 
stage)

96

Water- in- crude oil emulsion
[141]

Power: 160 W
Irradiation time: 15 min
Temperature: 45 °C

65

Synthetic water- in- oil emulsions
[142]

In ultrasonic bath
Operating frequency: 45 kHz
Irradiation time: 15 min

65

Water- in- crude oil emulsion
[143]

In ultrasonic bath
Operating amplitude: 100%
Irradiation time: 15 min

93

Refinery oil sludge
[144]

Power: 66 W
Irradiation time: 10 min

80

Water- in- Gachsaran crude oil
[145]

Power density: 1 W/cm3

Operating frequency: 20 kHz
Irradiation time: 5 min

95

Water- in- Lu- Ning crude oil
[146]

Power: 90 W
Operating frequency: 10 kHz
Irradiation time: 6 min

75

Water- in-  Iranian crude oil
[140]

Power: 75 W
Operating frequency: 28 kHz
Irradiation time: 45 s

96

Water- in- SAGD heavy oil
[147]

Power: 200 W
Operating frequency: 20 kHz
Irradiation time: 4 min

70

Water- in- Brazilian heavy crude 
oil
[141]

Power: 160 W
Operating frequency: 35 kHz
Irradiation time: 30 min

52
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However, the secondary separation is very difficult and incur high investment and operat-
ing cost [148, 149]. Many times the desorption chemicals are not environmentally friendly.

In acoustic cavitation, when cavity bubbles reach a critical size, they collapse under adi-
abatic conditions with the release of a tremendous amount of energy. Since desorption is 
an endothermic process, it utilizes the energy released during the cavitation for the desorp-
tion of adsorbed molecules. The physical and chemical effects produced during acoustic 
cavitation help in enhancing the desorption process. The cavitation bubbles, and the micro- 
disturbances in the vicinity of the solid surface, modify the boundary layer, and enhance 
the intraparticle diffusion. Different parameters affecting the desorption performance 
include US frequency, acoustic intensity, reactor geometry, and process conditions (pH and 
temperature). The increase in frequency and intensity was found to increase the desorption 
process. However, the increase in intensity over the threshold limit results in damage of 
adsorbents specifically in the case of polymeric resin. Lower frequencies show more dete-
rioration because cavitation bubbles are larger at lower frequencies, resulting in stronger 
cavitational collapses and generated microjets, putting more mechanical stress on the 
adsorbent surface. The various literature works related to cavitation-assisted adsorption are 
summarized in Table 4.8.

Hamdaoui et al. studied the US- assisted desorption of p- chlorophenol from the activated 
carbon at an US frequency of 21 kHz [3]. The US intensity and temperature have shown a 
positive effect on desorption. The use of chemicals (ethanol or sodium hydroxide) have 
shown synergistic enhancement of the US- assisted desorption of p- chlorophenol.

Tao et al. has studied the mass transfer enhancement during the adsorption and desorp-
tion of anthocyanin on the microporous resin [150]. The US has shown no negative effect 
on the surface area, pore diameter, and volume but has affected the size of the resin. 
Compared to agitation, the US has shown an enhancement in external mass transfer coef-
ficient (kL) and diffusion coefficient (Ds) by 2 and 140%, respectively.

Zhang et al. reported the feasibility of employing US for the desorption of chlorampheni-
col (CAP) from powdered activated carbon (PAC) [151]. Different cavitation effects, such as 
high- speed microjets, high- pressure shock waves, and hydroxyl radicals, were found to 
impact the functionality and the pores of the adsorbent, allowing effective CAP desorption 
from the PAC.

The study revealed that different cavitation effects, such as high- pressure shock waves, 
high- speed microjets and hydroxyl radical oxidation, affected the pores and functionality of 
the adsorbent surface (PAC) which has enhanced the desorption of CAP from the 
PAC. However, the efficiency (capacity and selectivity) of the regenerated PAC is found to be 
reduced when the study was conducted with real water samples. To increase the efficiency of 
desorption of refractory organic pollutants from PAC, authors have suggested using the com-
bination of US with other advanced oxidation processes such as the use of peroxysulfate.

4.7  Separation of Azeotropic Mixtures

An azeotropic mixture is a mixture of two or more constituents having the same concentra-
tion of vapor and fluid phases. It has constant or same boiling points and its vapor will also 
have the same composition as that of liquid. Usually, distillation is used to separate 
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Table 4.8 Cavitation- assisted desorption.

Study details Process parameters Results

Reduction of TOC 
and pyrogens [149]

Adsorbate: Fructose 
(surrogate to pyrogens)
Adsorbent: Microporous 
polymeric resin 
Amberlite CR 1320 Ca 
framework
Reactor: 0.6 L Glass 
vessel
US frequencies: 40.6 and 
350.5 kHz

 ● US aids in the desorption of molecules 
from the surface of the adsorbent and 
increases the pore diffusion during the 
adsorption process

 ● Increased efficiency with increase in 
frequency and intensity

 ● Suitable for small- scale applications like 
mobile ultrapure stations where online 
regeneration of adsorbent can be made 
possible

 ● Suitable for offline regeneration of 
exhausted polymeric resin in bulk 
quantity

 ● To avoid the damage of resin, one needs to 
operate at the required frequency and at 
optimum intensity

 ● The geometry of the reactor and mode of 
operation were found to influence the 
effectiveness

 ● Need to evaluate field distribution and 
penetration depth

Desorption of 
p- chlorophenol 
adsorbed on the 
granular activated 
carbon (GAC)
[3]

Adsorbate: 
p- chlorophenol
Adsorbent: GAC.
Reactor: 0.1 L glass 
reactor with cooling 
arrangement
US frequency: 21 kHz

 ● The micro disturbance produced due to 
cavitation bubbles modifies the boundary 
layer and enhances intraparticle diffusion

 ● The US intensity and temperature have a 
positive effect on the desorption rate

 ● The use of ethanol with US has shown 
synergistic enhancement in the 
desorption of p- chlorophenol

Desorption of 
metal ions from 
activated carbon
[152]

Adsorbate: Metal ions
Adsorbent: Activated 
carbon
Reactor: 0.1 L
US frequency:22.15 kHz

 ● The thermal and nonthermal effects have 
improved the surface diffusivity

 ● US irradiation improved the rate of 
desorption and desorbed amount

 ● Temperature and US intensity show a 
positive effect

 ● The desorption of copper ions was 
improved by adding ethanol during US 
treatment and keeping the pH of the 
regenerating solution at pH 1

Activation of 
peanut husk and 
subsequent 
adsorption of 
copper
[153]

Adsorbate: Copper
Adsorbent: Peanut husk
US frequency: 20 kHz

 ● The application of US during activation of 
peanut husk has enhanced the peanut 
husk’s copper adsorption capability

 ● The US has reduced the requirement of 
acid during chemical activation

 ● The use of US and phosphoric acid has 
shown synergy, where the adsorption 
capacity is increased by 10% compared to 
usual chemical activation and 30% 
compared to peanut husk
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constituents when one constituent is more volatile than the others. However, in an azeo-
tropic mixture, the separation using distillation is challenging as the vapor and liquid con-
centration is the same. Different methods explored for the separation of an azeotropic 
mixture are azeotropic distillation, extractive distillation, pervaporation and dividing- wall 
distillation column [156–158]. Considering the different limitations of conventional meth-
ods, there is still a need to develop a more efficient and safe method having an attractive 
fixed cost and operating cost.

US is found to enhance the azeotropic distillation by positively affecting the vapor–liquid 
equilibrium [158]. Even though the exact mechanism is still unknown, researchers have 
proposed different possible mechanisms. When an ultrasonic wave passes through a liquid 
medium, the growth, formation, and collapse of bubbles take place. Depending on the 
operating condition, bubbles either collapse inside the liquid generating high- temperature 
conditions at the local point or collapse at the surface of liquid releasing vapors. When bub-
ble size is small than the critical size, bubbles collapse inside the liquid generating high- 
temperature conditions locally which causes the formation of radicals and highly reactive 
intermediates initiating different chemical pathways [159]. When bubble size is larger than 
the critical size, they float out of the liquid due to buoyancy forces and collapse at the liquid 
surface releasing vapor [160]. Suzuki et al. reported similar behavior in ethanol/water mix-
ture, where bubbles collapse at the surface releasing the alcohol vapor in the bubble to the 
vapor phase [161]. This has a significant effect on vapor–liquid separation processes and 
cleaning applications. The ultrasonic wave also creates micro- point vacuum conditions, 
which alter the azeotrope of the vapor components inside the bubbles and result in a 
change in the vapor–liquid equilibrium. The rapid enhancement in heat and mass transfer 
alters the thermodynamics of the process and change the vapor–liquid equilibrium of 
the system.

Table 4.8 (Continued)

Study details Process parameters Results

Purification of 
polyphenols from 
asparagus [154]

Adsorbate: polyphenols
Adsobent: D101 Resin
US frequency: 20 kHz

 ● The increase in diffusion and mass 
transfer reduces the equilibrium time

 ● The use of high- intensity US causes the 
degradation of the resin

Adsorption of CAP 
onto PAC
and its desorption
[151]

Adsobate: CAP
Adsorbent: PAC,
US frequency: 40 kHz
Acoustic density: 
0.09–0.36 W/mL

The cavitation effects enhance the surface 
functionalities of the adsorbent

Regeneration of 
desiccant (zeolite 
13X)
A porous material 
made of crystalline 
alumina silicate
[155]

Adsorbate: Moisture
Adsorbent: Zeolite 13X
Reactor:
US frequencies: ~ 28, 40, 
80 kHz

 ● At the same power consumption, the US 
improves zeolite 13X regeneration

 ● The maximum reduction observed in 
energy and time was 24 and 23.8%, 
respectively

 ● Lower ultrasonic frequencies resulted in 
higher efficiency

 ● The exact mechanism needs to be 
understood
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Sonication is a transient process that occurs for microseconds, which causes the 
effect locally but doesn’t significantly affect the global operating conditions of the dis-
tillation process. Unlike other conventional processes, such as extractive distillation, 
US- assisted distillation doesn’t need any separating agent and separation can be 
achieved in a single column. This helps in reducing the equipment size and safety 
issues related to the addition, recovery, and recycling of separating agents through 
multiple equipments.

Different factors affecting the US- assisted distillation other than the parameters affecting 
conventional distillation (location of the feed stage, the effect of reflux ratio, etc.) are the 
intensity and frequency of US. The increase in intensity causes an increase in bubble popu-
lation which ultimately results in a number of local vacuum- points and ultimately affects 
the thermodynamics of the vapor–liquid equilibrium of the system. However, the ultra-
sonic frequency has a negative effect on the performance of ultrasonic- assisted distillation. 
With a reduction in US frequency, the size of the bubble increases which affects the mass 
transfer of vapor phase into the bubble and their movement toward the surface, where they 
collapse and release the vapor, which is required for the vapor–liquid separation process. 
The application of US- assisted distillation for the separation of different azeotropic mix-
tures is given in Table 4.9.

The US- assisted distillation provides numerous advantages over conventional distilla-
tion. However, it also adds additional energy for operating ultrasonic transducers and 
needs a thorough cost comparison of the additional energy required for the US system vs. 
the cost savings due to a reduction in the number of distillation columns and its operating 
cost and cost of separating material management system. More study is required to make 
the system efficient, economically attractive, simple in operation, and environmentally 
friendly.

Micro- point vacuum conditions’ generation during sonication helps maintain low- 
pressure operating conditions which are preferred for low boiling point azeotrope. However, 
for high boiling azeotropes (nitric acid/water and acetone/chloroform mixtures), high- 
pressure conditions are required to shift the azeotropic point. This is one of the limitations 
of using US for the distillation of azeotropic mixtures.

4.8  Ultrasonic Cleaning of Delicate Articles (Jewellery, 
Watches, Electronic Parts, and Optical Lenses)

Ultrasonic cleaning has been used over decades to clean delicate items such as jewellery, 
watches, microelectronics, hard disc drives, medical devices, automotive components, and 
optical lens elements. Different conventional methods used to clean such items are brush 
scrubbing by hand, passing water vapors, stirring in a liquid solution, and spraying the 
liquid through a nozzle. However, these methods are unable to remove fine dust of micron 
and submicron size, oily or greasy materials, or any sort of biological contamination 
trapped between the minute components or built inside the small crevice or holes that are 
difficult to access [165]. Such items can be cleaned very efficiently by the shear force gener-
ated due to ultrasonic waves which eliminate tightly adhered or embedded fine particles on 
or inside of an object that are inaccessible [166, 167].
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The US cleaning technique involves placing the objects to be cleaned in a chamber con-
taining a suitable cleaning solution and agitating the liquid with ultrasonic waves at a set 
frequency. Ultrasonic cleaning equipment comes in an array of capacities and features, 
making it an alternative for numerous cleaning operations. The cleaning solution used 

Table 4.9 Application of US in the separation of different azeotropic mixtures.

System Process conditions Performance

Ethanol/Ethyl acetate 
(55 mol% ETAC) at 
minimum boiling point of 
71.8 °C
[162]

Feed: 65 mol% of ETAC
entered at the bottom of the 
column at 100 kmol/h
US intensity: 500 W/cm2

US frequency: 25 kHz.

 ● Number of stages for the desired 
separation: 27

 ● US intensity has shown a positive 
effect on the separation. A 
required separation (99 mol% 
ETAC) was achieved at the 
ultrasonic intensity of 500 W/cm2

 ● Frequency has shown a negative 
effect on the separation. The 
required purity (99 mol% ETAC) 
was obtained at a frequency of 
25 kHz

 ● System has shown good 
separation (99 mol% purity of the 
top product) for other azeotropic 
mixtures (ethanol–water, 
butanol–water and methyl 
acetate–methanol)

Mixture of methyl 
tert- butyl ether (MTBE) 
and methanol (MeOH)
(70 mol% MTBE)
[163]

System I: US Horn
Amplitude 22 W/cm2

Frequency 24 kHz
System II: US bath
Amplitude 22 W/cm2

Frequency 35 kHz

 ● Theoretical plates decreased from 
three to two

 ● Marginal change in the 
azeotropic point

Ethyl acetate and
ethanol mixture
 

[164]

Feed: 65% of ethyl acetate at 
333.15 K and 1 bar (Azeotrope 
formation occurs for ethyl 
acetate- ethanol system at 55 mol % 
of ethyl acetate)
Minimum boiling point: 71.8 °C
Ultrasonic Distillation (UD): 
Distillation column with the 
addition of an ultrasonic 
transducer in the equilibrium 
stages. Sonication stages start from 
the feed stage to the top column 
(rectifying section),
US intensity: 500 W/cm2

US frequency: 25 kHz
Reflux ratio: 8
Number of stages: 35

 ● A top product with 99% purity 
was produced from a feed 
containing 65% ethyl acetate

 ● Effect of operating parameters 
was observed for purity of the top 
product and heat duty

 ● Proposed system based on 
ultrasonic distillation offers 
14.6% savings in operating cost 
compared to extractive 
distillation

 ● The proposed system is limited to 
minimum boiling point 
azeotropic mixtures
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throughout the process is either aqueous or organic, based on the type of impurity. Plain 
water, water blended with a surfactant, or any detergent could be used as the aqueous solu-
tion. To improve US- aided cleaning for specific applications, commercial formulations 
incorporating surface- active agents, enzymes, and wetting agents are now available. 
Organic solvents are frequently used to remove soils that are hydrophobic in nature and 
thus not soluble in water.

The essential components of ultrasonic- assisted cleaning equipment are an US wave 
generator and ultrasonic transducers. A variety of US systems are available in the market, 
with tanks ranging in size from 10 to 2500 L depending on the scope of the application. A 
standard low- intensity laboratory ultrasonic cleaning equipment will have a hollow tank 
with one or more transducers attached to the tank’s bottom or sidewall to activate and 
transmit vibrational energy into the liquid through a diaphragm. The ultrasonic generator 
creates electrical energy at the desired frequency, which is translated by the transducer into 
mechanical vibrations [168]. During the process, the transducer vibrates, producing ultra-
sonic waves at a frequency of 20–40 kHz. Vibrations produced by the ultrasonic- assisted 
cleaning technique generate tiny cavitation bubbles to oscillate in the solution as the wave 
travels through it. The bubbles become exceedingly unstable and finally collapse causing 
implosions and shockwaves across the entire solution. This cavitation is created in a frac-
tion of a second with a pressure predicted to be roughly 35–70 MPa at the 20 kHz frequency, 
and the transient localized temperatures are around 5000 °C, with a micro- streaming veloc-
ity of roughly 400 km/h. The implosions formed with such a high force displace and remove 
securely attached contaminants from the objects, either by dissolution or displacement of 
soluble contaminants. As a result, the contaminants embedded in microscopic fissures and 
crevices are therefore eliminated.

Sound wave frequency, exposure time, volume of items placed, level of contamination, 
system power, cleaning agent, solvent type, system setup, and bath temperature are all 
aspects that influence cavitation and its cleaning power  [169]. The cleaning solution’s 
viscosity has an impact on cavitation. The impact of cavitation is larger when the viscos-
ity of the solution is lower. Because high viscosity solutions move slowly in the system, 
they do not quickly respond enough to build cavitation bubbles, which eventually 
implode.

The frequency of US waves affects the cleaning effectiveness. Low frequency leads to the 
formation of larger vapor bubbles which turn powerful when collapsing. When the fre-
quency increases, the vapor bubbles that emerge grow smaller and release less energy. 
Different frequencies can be employed for cleaning applications depending on the type of 
items to be cleaned. The frequency in the range of 20–40 kHz is used to remove greasy soil 
from heavy- duty items like engine blocks and heavy metal parts; frequency in the range of 
40–70 kHz is applied for cleaning jewellery, some components of optics; frequency in the 
range of 70–190 kHz is used for disk drive components and other sensitive items and fre-
quency in the range of 190–500 kHz is used for ultrafine cleaning of semiconductor chips, 
thin ceramic optics, and reflecting items like a mirror [170].

Temperature is one of the most significant factors in US- assisted cleaning procedures. 
This is because several factors listed are affected by temperature. The viscosity of the fluid 
lowers as the temperature rises, as does the amount of dissolved gas in the solution. In most 
circumstances, raising the temperature improves performance [171–173].
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The use of ultrasonic cleaning technology offers several benefits when compared with 
manually cleaning. It is feasible to clean more objects in less time, resulting in reduced 
labor costs. Cleaning of objects using the ultrasonic machine is easy and safe for the worker 
as it merely needs to place the items in the tank, addition of cleaning agent and switching 
on the machine. Thus, users are not exposed to hazardous chemical agents. Moreover, 
since the process does not require any manual handling of the objects, getting injured by 
skin puncture with sharp objects, such as scalpels and drill bits, is likely to be less. Ultrasonic 
cleaning reduces the amount of harmful material emitted into the atmosphere because it 
takes place in a confined tank. Furthermore, ultrasonic cleaning consumes less energy and 
cleaning agent, thus resulting in less pollution. Similarly, hand- cleaning and strong chemi-
cals are not recommended for delicate items like jewellery or precision instruments. These 
artefacts necessitate a thorough cleaning as well as a careful procedure. An ultrasonic 
cleaner’s cavitation effect allows a solution of water and detergent to penetrate tiny crevices 
and removes undesired residue while keeping the piece intact.

Ultrasonic cleaners can be utilized in a variety of settings, for example, cleaning jewel-
lery and collectible coins to remove dust, grime, and skin oils; cleaning of automotive parts 
and tools to remove used lubricants, metal burrs, and other residues that can prevent a car 
from performing at its best and biological soils from surgical instruments. To eliminate 
specific impurities, some cleaners utilize specialized detergents, while others merely need 
tap water and a small bit of detergent or degreaser.

Ultrasonic cleaners are far more efficient than hand- cleaning or other machine- based 
cleaning methods as they can reach inaccessible parts readily. It utilizes less water and 
electricity, and are thus more energy- efficient, as well as working considerably faster and 
more efficiently. However, ultrasonic cleaning also suffers from few limitations. The blast-
ing action of cavitation bubbles can produce high pressures that lead to distortion and 
cracks on the surface of brittle materials and thus must need to handle with caution. 
Similarly, ultrasonic vibration has been demonstrated to produce particles by eroding the 
surface over a long time of exposure, resulting in device damage. Figure 4.5 shows the US- 
based cleaning of delicate items such as jewellery, geared parts, optical lenses, and time-
pieces. The ultrasonic treatment, as shown in the figure, completely removes the dirt and 
regains the original luster of the items.

4.9  Summary and Future Perspectives

US has been found to be effective in several separation processes. In this study, the applica-
tion of US is discussed for different applications such as crystallization, extraction, emul-
sion breaking, desorption, azeotropic distillation, and cleaning of membranes and delicate 
articles. US can be used as a stand- alone technique, or it could even be used as a comple-
mentary technique for intensification of another existing separation process. The extent of 
the application of US in separation processes varies for each of the processes and less spa-
tial control. However, one of the key issues limiting the application of US in large- scale 
operations is the poor scalability of the process. Some continuous flow reactors have been 
developed and studied in recent years. However, more research on these methods is neces-
sary before the technology can be applied and accepted at an industrial scale.
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The use of US in the case of sonocrystallization is relatively more common as compared 
to some of the other separation processes. Although this process also faces the issue with 
large- scale applications, it can be used in some industries for the manufacturing of spe-
cialty chemicals and pharmaceuticals that are usually produced in smaller volumes. 
However, there is a necessity of exploring the possible ways to scale up the process for its 
application in most industries. Also, despite a large amount of research on sonocrystalliza-
tion, some aspects of the process are still not completely understood, which makes the 
scale- up even more challenging. Developing mathematical models to accurately predict the 
crystal size and crystal size distribution can help in overcoming these difficulties in 
scale- up.

US acts as a process intensification tool in case of membrane filtration and cleaning. 
Although the effectiveness of US in enhancing the filtration rates and cleaning the mem-
brane surfaces has been well documented, most of the reported literature is for lab- scale 
studies. These studies have been carried out using US probes, horns, or baths which are 
effective at lab scale but are difficult to scale up to industrial scales. Additionally, there is 
also a concern of membrane damage due to US in certain cases. There is a lot of scope for 
research in the scale- up of this process at an industrial scale, under real- life scenarios.

US has shown great potential for the extraction of biomolecules and the demulsification 
process. However, it is still not explored at an industrial scale to exploit its full potential. For 
successful scale- up, there is a need to study the performance using both acoustic and 
hydrodynamic cavitation and use the best combination of them at an industrial scale.

Before US

After US

Before US After US
Before US After US

(a) (b)

(d) (e)

(c)

Figure 4.5 Application of US in the cleaning of delicate articles (a) US bath [174], (b) ultrasonic 
cleaner [175], (c) geared parts cleaned using US [176], (d) jewellery cleaned using US [174],  
(e) glass and lenses cleaned using US [177].
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US has shown great potential in separating the azeotropic mixtures. However, it is at a 
preliminary level and needs more research on the development of an efficient, economi-
cally attractive, simple, safe, and environmentally friendly process with proper scientific 
reasoning.

US has shown several benefits for the cleaning of delicate articles, such as jewellery, opti-
cal lenses, and electronic parts, compared to manual cleaning. It has shown significant 
savings in terms of time, labor cost, and is simple and safe to use.

Even though adequate literature is available on the performance of US for different appli-
cations, the information about the energy requirement, specifically the total energy sup-
plied vs. the actual energy utilized for the application is not reported uniformly. Hence, 
there is a need to create specific guidelines to report the specific energy consumption of US 
along with its efficiency for the specific application. This information will help researchers 
focus on energy minimization which is required for effective scale- up of the process.
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5

5.1  Introduction

5.1.1  Relevance of Separation to Chemical Industry

The origin of the chemical industry can be traced back to the start of the industrial revolution 
in the late eighteenth century [1]. Extensive research and innovation coupled with factors 
such as consumer demand, industrial consolidation, and globalization have led to an expo-
nential growth of the chemical industry over the years. In 2017, the net sale from the chem-
ical industry in the United States exceeded $765 billion and is projected to further 
increase [2]. Production of chemicals such as methanol, ammonia, and other high- value 
petrochemicals provides the impetus for the growth of the chemical industry. As seen from 
Figure 5.1, in 2018, the chemical industry comprising the industries producing bulk chemi-
cals, the refining sector, and the mining industry accounted for about 58% of the total 
energy consumed by the industrial sector [3]. A large amount of the energy consumed by 
the chemical industry is used for carrying out separation processes. For example, distilla-
tion, a commonly used separation process in the chemical industry consumed roughly 15% 
of the total energy consumption in the United States as per a report published by Oak Ridge 
National Laboratory  [4]. A common problem that has been persistent in the chemical 
industry is the separation of different constituents from product streams to separate the 
desirable component from byproducts.

This is because a chemical reaction always encounters issues due to incomplete reactant 
conversion and occurrence of parallel reactions leading to the formation of undesirable 
products and other thermodynamic constraints arising from the operating parameters that 
inhibit the product yield. As a result, separation processes are heavily used by chemical 
industries to separate unwanted components from product streams. Some of the com-
monly used separation techniques include distillation, absorption, adsorption, and 
membrane separation. Efficiently designed separation processes allow an improvement in 
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the overall economics of a plant by reducing the energy and material input requirement [5]. 
As environmental regulations become more stringent, the separation processes can be lev-
eraged for the selective removal of unwanted components from the product streams. This 
selective removal allows careful storage and disposal which otherwise would not have been 
possible. Two problems have been identified with the conventional separation systems – 
low separation efficiency and an increased operational cost [5]. Efforts are being made to 
address these issues while opening new avenues to develop more sustainable and efficient 
separation processes. Although single- phase and multiphase separations are both used in 
the industry, the separation of components from a gas mixture is exclusively presented in 
this chapter.

This chapter solely focuses on the use of chemical looping- assisted gas separation tech-
niques, where chemical looping can be employed to carry out either in situ separation of 
gases or reactive separation through gas–solid reactions. The advantages of utilizing chem-
ical looping for industrial gas separation manifest in the form of high efficiency, opera-
tional simplicity, and relatively low cost of operation as opposed to the conventional 
processes. A detailed description of the chemical looping process along with various mile-
stones achieved by the technology over the years since its inception has been briefly 
described. As CO2 capture has gained immense interest in both academia as well as the 
industry, the use of redox looping and calcium looping schemes has been elaborately dis-
cussed here. Various aspects of these technologies including the selection of looping media, 
reactor design, and reaction schemes have been extensively described in this chapter. Apart 
from this, the role of chemical looping in separating N2 and O2 from the air using a highly 
specialized class of metal oxides is discussed in detail. The criteria for the selection of these 
metal oxides along with the underlying thermodynamics and selection of operating condi-
tions to maximize the product yield has also been reported. The use of chemical looping 
technology for air separation provides a viable alternative to the conventionally used cryo-
genic separation. Similarly, a discussion on the metal sulfide- based chemical looping pro-
cess for selective H2S separation is presented in this chapter. The chemical looping approach 
allows conversion of H2S into H2 and elemental sulfur, where both the commercially 
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Figure 5.1  Sector- wise industrial energy consumption in the United States in 2018.
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desired products are obtained through different streams. Lastly, various challenges faced by 
the chemical looping technology have been discussed while proposing new ways of process 
intensification to make the prospect of gas separation using chemical looping more eco-
nomically attractive and sustainable in the long run.

5.1.2  Introduction to Chemical Looping

Out of the 4.12 trillion kWh of electricity generated in the United States in 2019, 63% was 
generated using fossil fuels comprising coal and natural gas  [6]. The processing of fossil 
fuels is responsible for the generation of pollutants that take a severe toll on human health 
as well as the environment. Several strategies have been devised for tackling these pollutants 
comprising oxides of nitrogen, sulfur, and carbon, mercury, ash, fine particulates, etc. 
Amongst all these, CO2 capture has gained prime importance due to its unprecedented 
release into the earth’s atmosphere  [7]. CO2 is a known greenhouse gas and contributes 
significantly toward global warming  [8]. Strategies for controlling CO2 emissions from 
power plants are being developed to produce electricity at the expense of minimum environ-
mental damage. Carbon capture, utilization, and storage (CCUS) strategies are being imple-
mented for CO2 removal from flue gas streams and direct- air CO2 capture [9, 10]. As the cost 
of CO2 capture is significantly higher than that of transportation and storage, developing a 
cost- effective CO2 capture technology is the key to achieving affordable emission con-
trol  [11]. Various technologies developed for CO2 capture can be categorized as post- 
combustion, precombustion, and oxy- combustion capture [12]. In post- combustion capture, 
CO2 is separated from the flue gas stream by means of separation processes such as amine- 
based separation, membrane separation, etc. In precombustion capture, carbon- derivatives 
such as CO and CO2 are completely removed while converting fossil fuel into hydrogen 
(clean- burning fuel) through a combination of gasification/reforming and water–gas shift 
(WGS) reactions. In oxy- combustion capture, pure O2 stream obtained using cryogenic dis-
tillation of air is used for combusting fossil fuel. The advantages and limitations pertaining 
to the three approaches are described in Table 5.1. Based on the merits and limitations of 
several carbon capture technologies, the United States Department of Energy (US DOE) 
estimated the amount of time required for technology commercialization and the cost- 
reduction benefit achieved through its implementation as shown in Figure 5.2. It lists vari-
ous technologies that are currently being developed for decarbonization of various processes 
through CO2 capture, where the listing of these technologies is based on the amount of time 
required for their commercial implementation. Technologies such as amine- based CO2 sep-
aration and cryogenic distillation of air to obtain O2 for oxy- combustion have been actively 
used in the industry for a long time, and hence do not require any major upgrade for their 
deployment on a large scale in the industry. On the other hand, processes such as chemical 
looping, biological separation, and membrane separation are relatively new, thereby need-
ing more time for commercialization as they need to be tested extensively at various scales 
to ensure economically and environmentally sustainable CO2 capture. As seen from 
Figure 5.2, chemical looping is at the forefront of CO2 capture strategies. Although chemical 
looping has been anticipated to have a long wait time before it can be practiced in the indus-
try, it is projected to be the most economical option for CO2 separation due to its operational 
simplicity, high capture efficiency, and low parasitic energy demands.
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The term “chemical looping” can be used to describe a process in which one fundamen-
tal chemical reaction is broken into multiple sub- reactions by using a chemical intermedi-
ate that undergoes reaction and regeneration cyclically [13]. Although the term “chemical 
looping” was first used by Ishida et al. in 1987 to describe such a process, the concept has 
been in use for more than 100 years [14]. Table 5.2 describes various chemical looping pro-
cesses developed since the early twentieth century until recently. Chemical looping gained 
importance over the years due to the requirement of an efficient process for converting the 
abundantly available fossil fuels into value- added products while preventing CO2 emission 
into the atmosphere  [15]. Although initially developed with this objective, many more 
novel applications have been developed since as reported in subsequent sections. A chemical 
looping system possesses three prime benefits as compared to other technologies: (i) As a 

Table 5.1  Advantages and limitations of the three carbon capture approaches.

Approach Advantages Limitations

Post- combustion 
capture

 ● Can be 
retrofitted

 ● Compatible with 
existing plants

 ● Low per- pass capture efficiency
 ● CO2 captured at low pressure

Precombustion 
capture

 ● CO2 capture at 
high pressure 
possible

 ● Capital- intensive
 ● Requires extensive auxiliary support

Oxy- combustion 
capture

 ● Retrofit- 
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 ● Concentrated 
CO2 stream in 
flue gas
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air separation requirement

 ● Low process efficiency
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Figure 5.2  Cost- effectiveness and preparedness of the different CO2 capture technologies.
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single reaction is split into multiple reactions occurring independently, the energy loss aris-
ing from irreversibility of the process is minimized, (ii) various products formed during the 
reaction are separated easily and efficiently, and (iii) the overall parasitic energy require-
ment of the process is reduced, thereby rendering it more efficient [16].

Figure  5.3 depicts a generic configuration of two types of chemical looping process 
schemes: one that involves the occurrence of multiple oxidation states of the looping 
medium (Redox looping) and the other one where the looping media does not undergo a 

Table 5.2  Major developments in chemical looping technology.

Processes/Developers
First 
reported Looping media Reactor design References

Lane process and 
Messerschmitt process

1910s Fe3O4- FeO- Fe Fixed bed [17, 18]

Lewis and Gilliland process 1950s CuO- Cu2O Fluidized bed [19, 20]

IGT HYGAS process 1970s Fe3O4- FeO Staged fluidized bed [16, 21]

CO2 acceptor process 1970s CaO- CaCO3 Fluidized bed [22]

Atlantic Richfield Company 1980s Mn oxides Fluidized bed [23, 24]

DuPont: Butane to maleic 
anhydride

1990s VPO Circulating fluidized 
bed

[25, 26]

Chalmers University of 
Technology

2000s Ni, Fe, Mn, and Cu 
oxides

Circulating fluidized 
bed

[27]

The Ohio State University 
(H2 generation)

2000s Fe2O- Fe3O4- FeO- Fe Moving bed [28]

Darmstadt University 2010 FeTiO3/Fe2O3 Circulating fluidized 
bed

[29]

The Ohio State University 
(CO2 capture)

2016 Fe2O- Fe3O4- FeO- Fe Moving bed [30]
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Figure 5.3  Generic configuration of (a) Redox chemical looping and (b) Calcium looping schemes 
for reactive/selective gas separation.
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change in its oxidation state (Calcium looping). In a redox chemical looping scheme, the 
feed going into Reactor 1 reacts with the looping media and forms the reaction products, 
while the looping media undergoes change (lowering) in its oxidation state. Regeneration 
of the looping media is carried out in Reactor 2 using a suitable regenerating agent to com-
plete the loop. The looping media in this type of scheme can be an oxide, sulfide, nitride, or 
carbide derivative of a metal whose existence across multiple oxidation states is governed 
thermodynamically. Few examples of redox chemical looping include syngas production, 
CO2 capture from fossil fuel combustion, and hydrogen generation [14]. The calcium loop-
ing scheme is a unique process specifically developed for selective removal of CO2 from 
flue gas streams. CO2- rich entering Reactor R1 reacts with either a metal oxide of alkali or 
alkaline earth elements (predominantly CaO) and is converted into its corresponding car-
bonate phase, thus capturing CO2 in the process. The metal carbonate is transported to 
another reactor (Reactor R2) where it is decomposed thermally to recover the metal oxide 
and remove pure, sequestration ready CO2 [29]. Various chemical looping processes can be 
tailored by using different combinations of inlet feeds, looping media, and process configu-
rations to carry out the gas separation in a sustainable and efficient manner as described in 
later sections.

5.1.3  Role of the Looping Media in Chemical Looping

The looping media used in a chemical looping system typically comprises metal oxide; 
however, the use of metal sulfides, nitrides, and carbides has also been explored [31]. Using 
the looping media as an elemental carrier in chemical looping systems allows the splitting 
of a single chemical reaction into multiple independent reactions. This imparts additional 
degrees of freedom to the system as parameters such as temperature, pressure, and feed-
stock flowrates can be independently controlled for a different set of reactions [32]. The 
looping media or elemental carriers (based on the transferrable element such as oxygen/
sulfur/nitrogen), as commonly known, possess the unique ability to react with the feed-
stock in one reactor to form products, while undergoing regeneration in another reactor. In 
a chemical looping system, the elemental carriers serve a dual purpose – they provide the 
necessary active sites for feedstock conversion to products and they allow the transfer of 
heat across the reactors [33–35]. Thus, the elemental carrier can be tuned such that it pro-
vides superior thermodynamic performance for product generation and possesses opti-
mum heat transfer capability. Based on the immense experience gained over the years, the 
following properties are deemed suitable for the looping media used in various chemical 
looping applications:

a) The looping media needs to possess a high element- carrying capacity. For example, a 
metal oxide can be selected such that the maximum amount of its lattice oxygen can 
contribute toward the chemical reaction [36, 37]. The element- carrying capacity of a 
metal- based carrier is defined as the total amount of elements that can be transferred 
during the reaction, thereby being subjected to solid conversion during the process.

b) As the carrier undergoes two sets of reactions – reduction and oxidation (with respect 
to the change in its oxidation state and electron transfer), it is expected that the carrier 
exhibits good kinetics for both the reactions to ensure maximum feed conversion and 
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high product yields [38, 39]. These materials for the carriers can be selected such that 
they aptly provide specific surface area and tolerance to sintering through appropriate 
material synthesis [40].

c) The selection of looping media can be conducted in accordance with the reactor con-
figuration and gas–solid contact mode to ensure maximum gas and solid conversions 
during the process. The underlying thermodynamics and reaction kinetics need to be 
explored to achieve desirable results.

d) It is important that the looping media possesses long- term recyclability. In the long 
term, this helps reduce the amount of solids inventory that needs to be replenished dur-
ing the process [40].

e) The looping media needs to possess a high mechanical strength as well as resistance to 
attrition and fragmentation over the course of operation. An increase in mechanical 
strength is often accompanied by a decrease in reaction rates. It is therefore important 
to optimize the composition of the elemental carrier such that it maintains its strength 
across extended cycles without compromising its reactivity.

f) As stated earlier, the looping media is responsible for heat transfer across the reactors 
and is expected to have a high heat capacity. Thus, the selection of the metal oxide 
ingredients is also important from the heat transfer point of view  [41]. As chemical 
looping applications typically involve high temperature, the carriers need to have a high 
melting point while ensuring that it is significantly higher than the operating 
temperature.

g) The size of the looping media can be decided based on the reactor design and type 
employed. If used in a fluidized bed- type reactor, the particle size can be small to reduce 
the gas flow requirement. Similarly, if used in a packed bed or moving bed- type configu-
ration, the particle size can be large enough to ensure minimization of pressure drop 
across the reactor [42].

h) Various types of feedstocks are used in a chemical looping system. To minimize the 
operational cost, the use of as- obtained feedstock is desirable. However, it may contain 
certain impurities with varying proportions that might react with the looping media 
and cause poisoning or disintegration of the carrier particle. Therefore, the selected 
elemental carrier needs to have a high degree of tolerance toward contaminants.

i) Careful and cost- effective disposal of the looping media while abiding by all the envi-
ronmental regulations is important. The materials used for synthesizing the looping 
media need to be selected such that the preparation as well as disposal does not cause 
any harm to human health or the environment.

A chemical looping system can be designed to process different types of feedstocks and 
selection of the looping media is done accordingly. Figure 5.4 shows different configura-
tions of the chemical looping systems reported in the literature. Figure 5.4a shows metal 
oxide- assisted chemical looping for full or partial oxidation of hydrocarbons like coal, bio-
mass, natural gas, petroleum coke, and biogas [14, 16, 43]. This process can be used for 
electricity generation in power plants while ensuring almost complete carbon capture or it 
can be utilized for the generation of syngas, an extremely versatile industrial commodity. 
Figure 5.4b represents the thermochemical splitting of CO2/H2O wherein the metal oxide- 
based elemental carrier loses molecular oxygen at elevated temperatures and is regenerated 
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in either steam or CO2 while producing H2 or CO, respectively [44]. Selective oxidation of 
feedstocks like CH4 to form higher hydrocarbons is shown in Figure 5.4c. This chemical 
looping configuration allows single- step upgradation of hydrocarbon feed to form >C2+ 
derivatives, for example, chemical looping oxidative coupling of methane [45]. Chemical 
looping for post- combustion CO2 capture is depicted in Figure 5.4d, wherein the looping 
media oscillates between a metal oxide and carbonate phase [46]. Figure 5.4e and f show 
ammonia and hydrogen production using a metal nitride and a metal sulfide carrier, 
respectively [47, 48].

Although used conventionally for processing fossil fuels and the associated energy con-
version, chemical looping systems can also be used for gas separation processes. Reactor 
configuration, gas–solid contact mode, operating temperature and pressure, and the loop-
ing media selection are critical parameters that decide the nature and type of gas separa-
tion. Separation of gases such as CO2 and SO2 from flue gas streams, O2 and N2 present in 
air, and selective removal of H2S using chemical looping approach are some of the pro-
cesses that are described in this chapter.

5.2   Case Studies

5.2.1  CO2 Capture Using Redox Looping Scheme

5.2.1.1  Process Description
Achieving fossil energy conversion with CO2 capture has provided the necessary driving 
force to find alternatives to the existing technologies. The major source of CO2 emission are 
the fossil fuel- based power plants and other industrial units where fuel is burnt to produce 
process heat [3]. As air is typically used for combusting the fossil fuel to produce heat, the 
exiting flue gas stream is laden with the unconverted N2 from the air along with CO2, which 
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form the two major components of the gas stream. Other components such as NOx, SOx, 
CO, and H2S are found in smaller amounts [49]. Conventionally, this flue gas stream was 
released directly into the atmosphere due to relaxed environmental laws and regulations. 
However, increased threats of climate change arising from the alarming CO2 levels in the 
atmosphere led to restrictions on CO2 emission. As a result, post- combustion CO2 capture 
technologies were developed and retrofitted in power plants to selectively remove CO2 
from flue gas streams. Common CO2 separation strategies involve the use of solvents/
absorbents for carrying out chemical/physical absorption, low- temperature adsorption, 
separation membranes, metal- organic frameworks, ionic liquids, molecular filtration, and 
enzyme- based systems  [12]. Out of all the available technologies, monoethanolamine 
(MEA)- based CO2 absorption is used widespread commercially and Figure 5.5 shows the 
process flow diagram of the MEA scrubbing system designed for post- combustion CO2 cap-
ture [16]. Despite extensive research in this area, deploying an MEA- based separation pro-
cess remains highly capital- intensive, which is because of an exceptionally high energy 
requirement for the MEA solvent regeneration. This energy is provided by utilizing steam, 
which reduces the overall power output, and thereby reduces the power plant effi-
ciency [50]. Chemical looping combustion (CLC) serves as an alternate technology wherein 
fossil fuels can be combusted fully with inherent CO2 separation.

Figure 5.6a illustrates a schematic of the chemical looping combustion (CLC) process for 
in situ CO2 separation. The aim of this technology is to provide a viable substitute for the 
existing power plants to produce electricity more efficiently in an environmentally benign 
way. In this process, hydrocarbon sources like natural gas, biomass, coal, biogas, and petro-
leum coke are allowed to undergo combustion using metal oxide- based oxygen carriers as 
opposed to molecular oxygen from air as practiced in a conventional combustion process. 
The CLC process utilizes two reactors – reducer (fuel reactor) and combustor (air reactor). 
The fuel entering the reducer reacts with the oxygen carriers at high temperature, which 
allows the transfer of lattice oxygen from the solids to the gas/solid reactant. This transfer 
enables the combustion of fuel to produce full combustion products (CO2 and H2O), while 
the oxygen carriers are reduced due to the loss of lattice oxygen as shown in Reaction 5.1. 
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Figure 5.5  Post- combustion CO2 capture using monoethanolamine (MEA)- based absorption.
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An almost pure, sequestration- ready CO2 stream is obtained at the reducer outlet through 
condensation of steam. The reduced oxygen carriers are transferred to the oxidizer where 
they are regenerated fully in the air as displayed in Reaction 5.2. As combustion of fuel and 
regeneration of the oxygen carriers is done in two separate reactors, no mixing between N2 
(from the air) and CO2 takes place, thus allowing in situ separation. As a result, highly capi-
tal and energy- intensive downstream CO2 separation can be avoided.
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Fuel conversion in the reducer can be either exothermic or endothermic depending on 
the type of metal oxide oxygen carrier used in the process, while the regeneration of the 
reduced oxygen carrier is highly exothermic. Based on the heat requirement of the process, 
heat integration can be carried out between the two reactors such that the net process is 
thermoneutral and excess heat can be used for converting water to steam for electricity 
generation. Figure 5.6b shows the generic heat integration scheme that can be employed in 
a CLC process. As seen from Figure 5.6b, the amount of heat generated from the combustor 
(operating at a higher temperature than the reducer) is in excess and some portion can be 
transferred to the reducer while the remaining can be used for power generation.

The CLC process offers an economic advantage over the conventional combustion process 
as it does not require an air separation unit (ASU) or energy- intensive downstream CO2 sepa-
ration. The capital cost can be further reduced by optimizing the reactor size such that maxi-
mum fuel conversion with high selectivity toward complete combustion can be achieved 
through faster reaction kinetics. As the reactions are thermodynamically governed, faster 
kinetics ensure that the equilibrium is reached quickly, thereby reducing the residence time 
requirement and subsequently reducing the reactor volume [51]. Thus, the selection of oxy-
gen carrier, gas- solid contact pattern, and reactor configuration needs to be done carefully.
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Figure 5.6  (a) Schematic representation of a CLC process and (b) heat integration in a CLC process 
for selective CO2 separation.
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5.2.1.2  Oxygen Carrier Selection
The success of a CLC process depends on the performance of the oxygen carrier used. For 
a CLC process, oxygen carriers made using the oxides of transition metals such as Fe, Ni, 
Cu, Mn, and Co are typically employed [16] as the metal oxides of these elements have 
multiple oxidation states, wherein a phase with higher oxidation state can lose its lattice 
oxygen to form another phase with a lower oxidation state, thereby undergoing reduction. 
For example, Fe- oxide and Ni- oxide show a transition from Fe2O3→Fe3O4→FeO→Fe and 
NiO→Ni, respectively. The oxidation- reduction potential of different metal oxides that can 
be used as oxygen carriers is studied using a modified Ellingham diagram, where the 
change in Gibbs free energy of the metal oxides is plotted against temperature and selec-
tion/screening of the oxygen carrier material can be done based on the region in which it 
lies on the plot. Metal oxides such as Fe2O3, NiO, CuO, CoO, and Fe3O4 are used for CLC 
applications due to their high oxidative potential. An interesting trait is observed where the 
metal oxides do not undergo a reduction in presence of a reducing agent and thus cannot 
be used as oxygen carriers. However, they can be mixed with the active metal oxide (redox 
capable) as an inert support. The addition of support has multiple benefits such as enhanced 
rates of ionic diffusion, higher tolerance toward sintering and better dispersion of the active 
material with increased active surface area [40, 52]. As the CLC process involves continu-
ous reduction- oxidation of the oxygen carriers, the addition of support helps increase their 
integrity so that they can sustain long- term operations.

5.2.1.3  Reactor Design for CLC Processes
Along with oxygen carrier selection, the reactor design affects the performance of a CLC 
process. A fundamental understanding of gas–solid reaction engineering, multiphase flow 
hydrodynamics, and the intervening kinetic and thermodynamic interaction is needed to 
design and develop a chemical looping reactor. This is due to the occurrence of multiple 
reactions in two different reactors along with the continuous circulation of solids (oxygen 
carriers) across them. Optimization of each individual reactor needs to be done while 
maintaining an efficient performance of the overall system. As the primary objective of a 
CLC system is generating power with in situ CO2 capture, the combustor is typically 
designed as a fluidized bed [51]. This type of design serves two objectives: regeneration of 
the reduced oxygen carrier and pneumatic conveying of the regenerated oxygen carriers to 
the reducer. As air is provided in stoichiometric excess, enough oxygen is made available to 
overcome the mass transfer limitations in a fluidized bed, thereby allowing rapid regenera-
tion of the oxygen carriers. Designing the reducer is crucial to the success of a CLC system 
as complex kinetic and thermodynamic factors need to be taken into consideration. Two 
designs as shown in Figure 5.7 have been widely proposed for the reducer.

Design 1 represents a fluidized bed reactor, where it is typically operated in a bubbling or 
turbulent fluidization regime [53]. Most of the CLC processes use this type of design. With 
a combustor as a fluidized bed, the overall system represents an interconnected dual circu-
lating fluidized bed (CFB). Important parameters that need to be considered while using 
this type of design include oxygen carrier reaction kinetics and physical properties such as 
particle size and density. As particles undergo continuous circulation, they need to be suf-
ficiently attrition- resistant. Attrition needs to be minimized as the particle fines can 
agglomerate, which can eventually lead to defluidization of the bed. As both the reactors 
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operate as fluidized beds, the oxygen carrier particle size is typically kept between 75 and 
250 microns. The flow pattern in Design 1 is mixed or like that observed in commercial ris-
ers, where the solids and gases flow in the same direction. Design 1 is characterized by back 
mixing of solids, which is an inherent property of a fluidized bed, which leads to uneven 
solid conversion of the oxygen carrier and thereby poor fuel conversion.

Design 2, contrarily, adopts a countercurrent gas–solid contact pattern through the utili-
zation of a moving- bed reactor setup. In this type of design, the solids move down along the 
length of the reactor in the form of a continuously moving packed bed whereas gas flows 
in the opposite direction. Having this type of configuration enables maximum fuel conver-
sion along with a high CO2 yield. As the fuel is injected at the reactor bottom, it is converted 
to CO/CO2 and H2/H2O as the gases move toward the reducer outlet. As CO and H2 encoun-
ter the fully oxidized oxygen carriers flowing from the top, these gases are oxidized to form 
CO2 and H2O, thereby allowing CO2 production close to the thermodynamic limit. This can 
be realized through an example of Fe2O3 as the oxygen carrier. In Design 1, as carbon from 
the fuel is converted to CO and CO2, the solid conversion of Fe2O3 is restricted to Fe3O4 due 
to higher partial pressure of CO2 over CO. However, when switched to Design 2, as CO2/CO 
partial pressure is high at the reactor top, Fe2O3 is just slightly reduced and its solid conver-
sion keeps on increasing as it moves downward. A decrease in the CO2/CO partial pressure 
along the length of the reducer allows the formation of Fe/FeO mixture at the reducer exit. 
As higher solid conversion can be obtained in this mode of operation, the solid circulation 
rate can be decreased, which translates to the lowering of parasitic energy requirements. 
The significant differences between the two CLC designs are summarized in Table  5.3. 
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Figure 5.7  (a) Design 1 (fluidized bed) and (b) Design 2 (packed moving bed) for a reducer in the 
CLC process.
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Deeper reduction of the oxygen carrier using Design 2 enables process flexibility which can 
be explored for further process intensification as described in Section 5.2.1.4. It is noted 
that the selection of mode of operation dictates solid circulation, which, in turn, affects the 
scalability and economics of the overall process.

5.2.1.4  CLC System with Enhanced Capabilities
One of the advantages of a CLC process is that it not only allows in situ CO2 separation, but 
can be further modified for process intensification. One such modification to a conven-
tional CLC system with countercurrent gas–solid contact pattern can yield high- purity 
hydrogen. Hydrogen production has become essential due to a gradual shift toward “hydro-
gen economy,” owing to its virtue of being a clean fuel [54]. H2 is also used as an important 
industrial feedstock for producing liquid hydrocarbons through the Fischer–Tropsch syn-
thesis and chemicals like ammonia, one of the chemical industry’s most important prod-
ucts [55]. H2 production is commercially carried out through reforming of natural gas to 
first produce syngas, which is further subjected to WGS reaction to produce H2. This 
approach involves limitations such as burning large quantities of natural gas to sustain 
high operating temperatures, frequent replenishment of catalyst inventory due to coking, 
and usage of highly energy- intensive acid gas removal (AGR) or pressure swing adsorption 
(PSA) process for separating H2 from CO2 [14]. If the CO2 exiting the furnaces is captured, 
it reduces the overall efficiency of the process by up to 24% [13]. As a result, a modified CLC 
process can be utilized for H2 production where high- purity H2 and CO2 streams are 
obtained through two different reactors, thereby rendering the downstream gas separation 
redundant.

Figure 5.8a shows H2 production using a CLC process that utilizes an Fe2O3- based oxy-
gen carrier. Any metal oxide that is thermodynamically capable of reducing steam to gener-
ate H2 can be used for this process. This H2 production scheme utilizes a three- reactor 
chemical looping system. Fully oxidized oxygen carriers react with the carbonaceous fuel 
in the countercurrently operated reducer while producing a pure CO2 stream at the gas 
outlet. The solids exiting this reactor are reduced beyond 33% to form Fe/FeO phase. A 
deeper reduction of the oxygen carrier helps achieve higher thermodynamic steam conver-
sion and therefore a higher H2 yield. The reduced oxygen carrier then enters the oxidizer 

Table 5.3  Comparing the two modes of reducer operation in a CLC process.

Design 1 2

reactor type Fluidized bed Moving bed

Gas–solid contact pattern Mixed Countercurrent

Fuel conversion Poor High

Solid conversion (for Fe2O3) Restricted to 11.1% (Fe3O4) >50% (Fe/FeO mixture)

Process intensification No Yes

Particle size 75–250 microns 1000–2000 microns

Relative reactor size Large Small

Hydrodynamic effects Large Small
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where it is oxidized in steam to produce H2, where the steam oxidation of Fe/FeO phases is 
thermodynamically limited to Fe3O4 [16]. This reaction is exothermic and needs to be per-
formed at low temperatures to increase the thermodynamic feasibility. However, lower 
operating temperatures lead to slow oxidation kinetics. The operating temperature, there-
fore, needs to be carefully optimized to ensure fast kinetics with optimum steam conver-
sion. The partially oxidized oxygen carriers are then sent to the combustor where they are 
regenerated in air. The reaction occurring in the reducer is endothermic whereas the ones 
occurring in the oxidizer and combustor are mildly and strongly exothermic, respectively. 
The heat generated during Fe3O4 oxidation provides the necessary endothermic heat to 
make the overall process thermoneutral. It is important to note that most of the hydrocar-
bons used as fuel in this process tend to deposit carbon on the oxygen carrier surface 
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Figure 5.8  CLC process enhancement for (a) hydrogen production and (b) liquid fuels production.
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through coking. If this carbon is carried over to the oxidizer, it can reduce the hydrogen 
purity due to CO formation. Thus, oxygen carriers employed for this process need to be 
designed such that they inhibit carbon deposition. CLC- assisted H2 production allows 
inherent separation of H2, CO2, and N2 without the requirement of any energy and capital- 
intensive auxiliary separation device.

The three- reactor CLC system can also be used for producing liquid hydrocarbons 
through catalytic CO2 hydrogenation as shown in Figure 5.8b. This process combines the 
reverse WGS process along with the Fischer–Tropsch (F–T) process and allows a single- step 
synthesis of liquid fuels as shown in Reaction 5.3, thereby allowing effective utilization of 
the CO2 produced during the process. A schematic of the F–T process for liquid fuel synthe-
sis is depicted in Figure 5.9. In a typical F–T process, feed gases including CO, H2, and CO2 
are fed into a reactor embedded with catalysts, where the operating temperature and pres-
sure are controlled to synthesize the desired product [56]. Liquid fuel production by this 
approach allows reducing the work input by 28% as compared to the conventional 
hydrocarbons- to- liquid fuels process scheme [13]. This reduction is achieved due to the 
minimization of exergy loss owing to better heat integration across reactors along with a 
relatively low operating temperature.

 x x x xCO H CH H O2 2 2 23 2  (5.3)

5.2.2  CO2 Capture Using Calcium Looping Scheme

5.2.2.1  Introduction to Post- Combustion CO2 Capture
One of the problems linked to carbon capture and sequestration (CCS) is the high cost and 
energy requirement associated with obtaining a pure CO2 stream from a mixture of product 
gases. The current technology that addresses the issue of selective CO2 capture involves the 
use of amine- based sorbents such as MEA for scrubbing of CO2 from the vent gases post- 
combustion. This technology is being improved over issues such as the cost, the risk of 
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Figure 5.9  A schematic illustrating the process flow in the Fischer–Tropsch (F–T) synthesis for 
liquid fuel production.



5  The Role of Chemical Looping in Industrial Gas Separation214

reactions amongst gas components, and temperature- dependent degradation of the sol-
vent [50]. Oxyfuel combustion is another evolving technology where coal is combusted in 
presence of a flue gas–oxygen mixture and the temperature of the flame is maintained by 
recycling a part of flue gases into the combustor [57]. As the quantity of oxygen required is 
substantial, a cryogenic air separator with a large volume needs to be installed, which can 
supply the required amount of O2. Multiple drawbacks of these processes have provided 
the necessary impetus to develop an alternate process that can address the shortcomings of 
existing technologies and has a high scale- up potential. One such process that is being 
actively investigated is calcium looping.

5.2.2.2  Calcium Looping Process Description
Calcium looping is a cyclic redox process where calcium oxide (sorbent) and CO2 from the 
flue gas react to form CaCO3 (calcium carbonate) in the carbonator reactor and the CaCO3 
formed is then transported and decomposed back into its constituents (CaO and CO2) in 
another reactor known as calciner, thereby producing a pure, sequestration- ready CO2 
stream. The process is continued by sending the regenerated sorbent back into the carbona-
tor to complete the calcium loop [58]. The sorbent is also capable of capturing other pollut-
ants such as H2S, COS, and halides from the feed gas. However, this leads to an increased 
rate of sorbent deactivation and thus necessitates an increased purge and makeup rate to 
maintain an efficient continuity of the overall process. This concept of using CaO as the 
looping media to capture CO2 (sorbent) has gained significant interest and has been 
researched thoroughly for carbon capture by numerous corporations and academic institu-
tions for the last three decades [16]. Although Shimizu et al. introduced this concept for the 
post- combustion CO2 capture, it was initially used in H2 production using enhanced WGS 
reaction following the precombustion pathway [59]. The CaO sorbent can be procured eco-
nomically from naturally occurring sources like limestone or dolomite (comprising about 
50% MgO). Experimental investigation revealed that dolomite shows higher resistance to 
deactivation as compared to limestone. However, this translates to an increased solid load-
ing due to the inert nature of MgO [60]. The carbonation reaction is exothermic in nature 
and the heat evolved can be captured for its use in the form of process heat. For example, 
water can be converted into steam, which can then be used to run steam turbines to econo-
mize energy and promote efficient heat integration across the overall process. A balance is 
needed between the increased reaction rate in the carbonator at elevated temperatures and 
the higher thermodynamic equilibrium conversions at lower temperatures. The efficiency 
of the process can be further improved significantly if the used sorbent can be utilized in 
other industries to offset the operating costs.

Some of the key advantages of the calcium looping technology for CO2 separation are:

a) The fresh sorbent (CaO) is inexpensive, and it can be easily sourced while the spent 
sorbent can be incorporated into various industries, for example, the cement 
industry [61].

b) A more efficient and cost- effective option is available using circulating fluidized beds 
(CFBs) in contrast to large solvent scrubbing towers required for amine scrubbing.

c) MEA scrubbing is incompatible with coal combustion flue gas streams and requires SO2 
concentration  10 ppm to prevent solvent deactivation. This prevents the use of MEA 



5.2 Case Studies 215

technology for the use of low- grade coals that contain high sulfur. Calcium looping can 
effectively separate both CO2 as well as SO2.

d) The oxy- combustion technology suffers from air infiltration issues that can lead to 
dilution of flue gas stream. Also, the ASU units for air separation can be very 
energy- intensive.

e) Other separation technologies such as membrane separation face durability issues at 
high temperatures in addition to the challenges pertaining to product selectivity. For 
the membrane to be effective, high- pressure flue gas is required. Calcium looping does 
not have this requirement.

The challenge currently restricting the commercial deployment of calcium looping is the 
sorbent deactivation across multiple cycles. The CaO derived from natural limestone pro-
gressively loses its reaction capabilities after several cycles of reaction with CO2. Academic 
researchers along with support from the industry are working to address this issue by using 
different sorbent sources for CO2 capture [62]. For instance, one strategy involves combin-
ing natural limestone with several other chemicals or heating it beforehand to produce a 
tailored sorbent to impede the deactivation rate. Hydration of the used sorbent prior to the 
calcination step has yielded a promising solution to the issue [63]. Nevertheless, some of 
the techniques used to increase the limestone reactivity can cause deterioration of its 
strength. Pelletizing the active material has shown to reduce this issue to a certain extent 
but not complete elimination. Like any other chemical looping technology, the perfor-
mance of different CaO- based sorbents has been demonstrated in large pilot- scale reactors 
for an extended time to assess their mechanical and thermal stability [64].

5.2.2.3  Calcium Looping Reaction Scheme
There are two aspects critical to the success of calcium looping availability of a CaO- based 
sorbent that can sustain CO2 capture and release across a large number of cycles without 
deactivation and testing of an integrated calcium looping unit to assess the overall perfor-
mance of the system. Naturally occurring CaO derivatives such as limestone and dolomite 
as well as synthetic CaO- based sorbents are supported with an inert metal oxide to prevent 
agglomeration of the CaO grains and assure retention of the porous structure. The use of 
supports like Al2O3, TiO2, SiO2, Y2O3, CeO2, and WO3 has been reported in the literature 
with two types of sorbent design schemes – (i) homogenous distribution of sorbent and the 
support, and (ii) core- shell- type structure [65]. Huang et al. have reported the use of an 
alkali- doped CaO sorbent for selective CO2 separation using calcium looping. Dopants 
such as Li, Na, and K were tested, where incorporating Li into the sorbent increased the 
CO2 uptake by ~3.5 times as compared to the undoped sample [66]. The use of a hollow, 
spherical sorbent particle has been reported by Anthony et al. where the high surface area 
in the sorbent is shown to provide more active sites for carbonation, thus allowing higher 
CO2 uptake. Moreover, this sorbent is also reported to be more resistant to reaction- induced 
volumetric changes and therefore capable of undergoing multiple CO2 capture cycles with-
out deactivation [67]. Although a significant amount of work has been done on developing 
CaO- based sorbents on a lab scale, they also need to be tested in fixed beds and fluidized 
beds in a continuous manner under the conditions expected in the industry. The opera-
tional data collected through these test campaigns can be used for developing a robust 
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process model coupled with a detailed techno- economic assessment, which can be used for 
identifying various technological gaps and gathering scale- up data for the potential com-
mercialization of the technology [68]. Table 5.4 summarizes the design and performance of 
various bench-  and pilot- scale calcium looping units that have been designed and tested by 
different academic and industrial research institutions across the globe. It can be seen that 
various types of reactor configurations and operating parameters have been employed by 
different groups, while collectively achieving a CO2 capture efficiency of >90%.

This section discusses the overall calcium looping process including reaction schemes, 
the rationale behind reactor design, and the prevalent operating conditions. The carbona-
tion and calcination reaction steps outlined previously are reversible in nature. Calcium 
looping leverages the reversibility of these two reactions, which constitutes the core chem-
istry of this process. The recyclability analyses of the sorbent have been mostly conducted 
using a thermogravimetric analyzer (TGA). The carbonation reaction (CO2 capture) is exo-
thermic in nature, and it occurs in the carbonator which is maintained at temperatures 
between 600 and 800 °C to ensure high thermodynamic equilibrium conversions and a 
good reaction rate. The range of carbonation temperature is chosen such that the equilib-
rium partial pressure (EPP) of CO2 at those temperatures is less than the actual partial 
pressure (APP) of CO2 to provide the driving force for its removal. In the carbonator, 

Table 5.4  Summary of different scaled- up calcium looping processes for selective CO2 capture 
from flue gas streams.

Developers

Carbonator Calciner

Reference
Capacity  
(kWth) Typea

Operating 
temperature 
(°C) Typea

Operating 
temperature 
(°C)

CO2 capture 
efficiency  
(%)

Industrial Technology 
Research Institute

1900 BFB 650 MB 800–900 99 [69]

Consejo Superior de 
Investigaciones 
Cientificas

1700 CFB 600–715 CFB 820–950 90 [70]

Darmstadt University 
of Technology

1000 CFB ~650 CFB <1000 ~90 [71]

IFK at University of 
Stuttgart

200 CFB ~650 CFB 875–930 ~93 [72]

Ohio State University 120 EB 450–650 RK 850–1300 >90 [73]

Vienna University of 
Technology

100 BFB 650 CFB 850 — [74]

CANMET Energy 75 BFB/
MB

600–700 CFB 900–950 97 [75]

Tsinghua University 10 BFB ~600 BFB 850 95 [76]

a BFB: Bubbling fluidized bed, CFB: Circulating fluidized bed, EB: Entrained bed, MB: Moving bed, RK: 
Rotary kiln.



5.2 Case Studies 217

CO2- rich gas is contacted with CaO where these two react to form CaCO3. The gaseous exit 
stream from the carbonator is CO2- lean whereas the solid stream exiting is carbon- rich. 
The solid products are further sent to a calciner operating at higher temperatures 
(850–1000 °C) where CaCO3 is thermally cracked to separate CaO and CO2. The rates and 
efficiency of these two reactions vary widely due to the fundamental difference in their 
mechanism. Out of these two, the carbonation reaction has been often reported to be more 
challenging owing to the loss of sorbent reactivity across extended redox cycles. This neces-
sitates the replacement of spent sorbent, which can be done in such a way that the makeup 
can sustain the process over longer time periods while maintaining the economic prospects 
of the process.

The most common approach adopted by researchers to tackle the issue of reactivity loss 
in CaO- based sorbents is sorbent modification through the incorporation of inert supports 
and dopants. Loss of reactivity in the sorbents takes place due to sintering, which is caused 
because of high- temperature regeneration of the sorbent in the calciner. To overcome this 
issue, The Ohio State University (OSU) has successfully developed a patented three- step 
calcium looping process that integrates an intermediate sorbent reactivation step with the 
conventional two- step process [77]. This process has been termed the carbonation–calcina-
tion reaction (CCR) process, where a hydrator is placed between the calciner and carbona-
tor as shown in Figure 5.10. The incoming CaO from the calciner is reacted with steam at 
temperatures >350 °C in the hydrator to form Ca(OH)2, which is then sent into the car-
bonator for CO2 capture. Transitioning from CaO to Ca(OH)2 minimizes the temperature 
swing between the three reaction steps, thereby impeding the effect of sintering and allow-
ing retention of sorbent reactivity across several CO2 capture cycles [63]. The CCR process 
thus combines superior reactivity of Ca(OH)2 compared to CaO with the optimum operat-
ing conditions to allow effective separation of CO2 from a flue gas stream [78]. This allows 
lowering of solid circulation rate, less sorbent consumption, and a low solid disposal rate as 
compared to the conventional two- step calcium looping process. Reactivity of the CaO 
sorbent using the CCR process has been evaluated across multiple cycles, which suggests 
that high- temperature steam- assisted regeneration of the sorbent helps maintain the reac-
tivity of CaO toward CO2 over an extended number of cycles [79].
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Figure 5.10  Schematic of the 3- step carbonation–calcination reaction (CCR) process developed at 
The Ohio State University.
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The 120 kWth unit built and demonstrated at the OSU is capable of capturing CO2 and 
SO2 from the flue gas obtained through a stoker boiler using a regenerable sorbent 
through the carbonation–calcination–hydration cycle as illustrated in Figure 5.11 [63, 73]. 
Morphological studies of the hydrated sorbent reveal higher surface area and pore volume 
resulting in higher CO2 removal [63]. The CCR process has stemmed from two other pro-
cesses developed at the OSU, OSCAR (Ohio State Carbonation Ash Reactivation) and 
CaRS–CO2 (calcium- based reaction separation for CO2), where both the processes use 
calcium- based sorbents. In particular, the OSCAR process allows the removal of sulfur, 
arsenic, selenium, and mercury from flue gas whereas the CaRS–CO2 process specifically 
targets CO2 and SO2 separation using a highly reactive and regenerable sorbent. The car-
bonator is designed as an entrained bed reactor. The flue gas is stripped of CO2 and SO2 in 
the forms of CaCO3 and CaSO4, respectively in a temperature range of 450–650 °C. The 
spent sorbent is then sent to a rotary kiln- type calciner (operating between 850 and 1300 °C) 
where it is regenerated and a pure, sequestration- ready CO2 stream is generated. The cal-
cined sorbent is finally fed to the hydrator where it is reactivated using steam. The reacti-
vated sorbent is circulated back to the carbonator to complete the calcium loop. The pure 
CO2 stream from the calciner is compressed and sent for subsequent sequestration. 
Considering the mild operating conditions of calciner for CaSO4 decomposition (requiring 
temperature >1450 °C), a small amount (2–10%) of spent solids is purged out depending on 
the sulfur content of flue gas. Furthermore, this process can be integrated with fuel sources 
not limited to natural gas, coal, and biomass. In addition, a negligible effect of the fly ash 
content is observed on the removal efficiency considering an adequate sorbent purge is 
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Figure 5.11  Reaction scheme of the CCR process depicting the hydration- assisted calcium 
looping for CO2 capture.
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employed. With an efficient heat integration system in place, the process achieved >90 and 
~100% CO2 and SO2 capture, respectively, thus rendering more economically attractive 
than other CO2 capture technologies.

5.2.3  Chemical Looping Air Separation (CLAS)

5.2.3.1  Background and Process Description
Oxygen is one of the most sought- after chemicals in the world with ~30% share in the 
global industrial gas market [80–82]. Molecular O2 has found its use in varied applications 
like metallurgy, chemical synthesis, glass manufacturing, pulp and paper industry, and the 
health sector. As oxygen is present in abundance in the earth’s atmosphere along with N2, 
air separation is the predominant approach for oxygen production [83]. Currently, the mar-
ket revenue of ASUs exceeds $4 billion per year and is expected to grow to $5.8 billion by 
2022 [84, 85].

O2 is conventionally produced using a process known as cryogenic separation, which was 
developed in the early twentieth century  [86] and involves the distillation of liquid air 
based on relative volatilities. In a typical cryogenic air separation plant, ambient air is com-
pressed and treated to make it devoid of any moisture, hydrocarbons, and CO2. The treated 
air is then passed through a series of heat exchangers to cool it down to cryogenic tempera-
tures. The cooled air is then expanded and fed to the distillation column where it is sepa-
rated into N2 and O2 streams. These streams also contain noble gases that can be further 
separated by distillation. Thus, O2 with purity >99% can be produced using this pro-
cess [83]. However, cryogenic separation is a highly complex and expensive process and has 
low thermodynamic efficiency (<25%)  [87–89]. As a result, other non- cryogenic routes 
have been explored for air separation. PSA is another matured technology that has been 
developed for air separation. It employs the use of selective adsorbents which leverage the 
difference of polarizability between N2 and O2 for separation [90, 91]. However, PSA has 
limitations pertaining to the product gas purity and the overall processing capacity. It can 
only produce O2 with purity as high as 95% and renders uneconomical as compared to cryo-
genic separation when O2 production > 150 short tons per day (STPD) is required [83, 88, 
92]. With recent advancement in ceramics- based technology, membrane separation is also 
being heavily researched for its use as a potential technology to produce high- purity O2. 
Conductive oxygen membranes and mixed ionic–electronic conducting membranes can 
produce O2 with purity >99% [83]. However, there are a lot of challenges with the practical 
employment of this technology and it is still in the development stage. Table 5.5 showcases 
the comparison between various air separation technologies.

Table 5.5  Comparison amongst different air separation technologies.

Process Economic production range (STPD) Purity limit (vol. %)

Cryogenic >20 >99

PSA <150 ~95

Ionic membranes Undetermined >99
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Chemical looping air separation (CLAS) has the potential to replace cryogenic air separation 
because it addresses various limitations of the conventional process [84]. CLAS is based on 
the principle of oxygen uncoupling, which involves the spontaneous release of oxygen by a 
solid metal oxide at high temperatures [93]. The metal oxide- based oxygen carriers used in 
the chemical looping process act as the oxygen source. In CLC, as described in Section 5.2.1.1, 
a reducing gas is required to abstract lattice oxygen from the oxygen carrier. However, an 
oxygen uncoupling material can release its lattice oxygen in the form of molecular O2 even 
in the absence of a reducing gas. An example of such a material is CuO, which loses its 
oxygen as shown in Reaction 5.4.

 
2 1

22 2CuO Cu O O
 

(5.4)

This essentially signifies that no chemical reaction with the oxygen carrier is necessary 
for its reduction to obtain molecular O2. The amount of O2 released, which can also be 
defined as the extent of reduction in the oxygen carrier is a function of the oxygen partial 
pressure. In other words, when an oxygen uncoupling- based carrier is subjected to high 
temperatures in the presence of an inert gas stream, O2 release can be achieved.

A typical CLAS schematic is depicted in Figure 5.12, where the process utilizes two reac-
tors – a reducer and an oxidizer. Air enters the oxidizer where it reacts with reduced oxygen 
carriers as shown in Reaction 5.5. As oxygen transfer occurs from air to the reduced carri-
ers, an oxygen- depleted air stream is obtained at the oxidizer outlet. Fully oxidized particles 
are then transferred to the reducer, where they lose molecular O2 through the uncoupling 
process in presence of an inert gas as shown in Reaction 5.6. Steam has been considered as 
an ideal inert gas as it does not react with the reduced oxygen carriers and can be con-
densed easily to recover molecular O2 from the reducer exit gas stream.
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One of the biggest advantages of using 
CLAS is that it offers significant eco-
nomic benefits because of its low energy 
demand coupled with the relative sim-
plicity of operation [89]. The low energy 
demand stems from the fact that the 
heat required in Reaction 5.5 is the same 
as the heat released in  Reaction 5.6. 
Thermodynamic calculations reveal that 
the specific power required for operating 
a CLAS unit is just 26% of that of a cryo-
genic separation unit  [84]. The process 
can be designed such that the stoichio-
metric amount of O2 required to fully 

Steam + O2

Steam

Mox-y

Depleted air

OxidizerReducer

MOx
Air

Figure 5.12  Schematic of the chemical looping 
air separation (CLAS) process for selective 
separation of O2 from the air.
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regenerate the oxygen carrier can be supplied in the form of air, thus allowing selective 
separation of N2 and O2 from the air stream.

Like other chemical looping applications, the CLAS process also depends on the oxygen 
carrier selection, gas–solid contact pattern, and reactor configuration where the latter two 
are like the CLC process. The reducer can be designed as a fluidized bed or a moving bed 
reactor, where each design configuration has its own advantages and disadvantages. The 
oxidizer is typically designed as a fluidized bed reactor because it not only assists in oxygen 
carrier regeneration but also in pneumatically conveying regenerated solids to the reducer. 
Consequently, the selection of oxygen carrier is critical in CLAS as the inherent thermody-
namic and material properties of the oxygen carrier constituents decide the overall O2 yield 
of the system.

The selection of different metal oxides capable of losing molecular O2 can be carried out 
through thermodynamic screening. However, this approach ignores the stability issues 
related to the metal oxides. For example, the temperature at which the oxygen carrier loses 
molecular O2 can be lowered through the incorporation of a certain dopant or promoter. 
Similarly, metal oxides can be mixed with inert supports which make the carrier more tol-
erant toward sintering and hence less prone to deactivation [94, 95]. Moreover, extensive 
research is being conducted to develop mixed metal oxides that can utilize the synergistic 
effects of multiple components and bring down the overall energy requirement of the pro-
cess [96, 97].

5.2.3.2  Selection of Oxygen Carrier with Uncoupling Behavior
The success of any chemical looping system depends on the performance of the oxygen 
carriers, where their ability to reversibly react with oxygen dictates the overall performance 
of the system [84]. The oxides of Cu, Co, and Mn show excellent oxygen uncoupling behav-
ior and hence are the most popular choices for CLAS application. Other metal oxides such 
as Fe3O4 and ZnO also tend to lose molecular O2 but at significantly high temperatures, 
which can be economically utilized only with the assistance of nonconventional heat 
sources like solar, geothermal, or nuclear energy [14]. However, loss of reactivity due to 
sintering caused by high temperature and melting/agglomeration of the oxygen carriers 
remains a big hurdle. Oxygen carrier selection for CLAS process is often based on the fol-
lowing criteria:

Oxygen transport capacity (OTC): The OTC of an oxygen carrier is defined as the maxi-
mum amount of oxygen that can be transferred between the reduced and oxidized phases 
per unit mass of the fully oxidized carrier [89]. In the CLAS process, the amount of oxygen 
carrier required in a fully operational system is inversely proportional to the transport 

Table 5.6  Minimum decomposition temperature and oxygen transport capacity (OTC) of oxygen 
uncoupling materials.

Metal oxide system Minimum decomposition temperature (°C) Oxygen transport capacity (OTC) (%)

CuO/Cu2O 830 10.06

Co3O4/CoO 793 6.64

Mn2O3/Mn3O4 653 3.07
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capacity. As a result, oxygen carriers with high OTC are desired to the process more 
economical.

Oxygen uncoupling temperature: Oxygen uncoupling temperature is the minimum tem-
perature required for the decomposition of the oxidized phase. In other words, the uncou-
pling temperature is the minimum operating temperature of the reducer reactor. A low 
uncoupling temperature is favorable as it decreases the energy requirement of heating. 
Table 5.6 shows the minimum decomposition temperature for some metal oxides along 
with their OTC.

Equilibrium partial pressure (EPP) and steam demand: As stated in Section  5.2.3.1, 
steam has been identified as the ideal inert gas in the reducer reactor of the CLAS process 
due to its ease of separation from molecular O2. The system is to be optimized and operated 
in such a way that maximum oxygen throughput can be obtained while maintaining a low 
steam requirement. Steam demand in the CLAS process is closely related to the EPP of 
oxygen in the reducer.

EPP for each oxygen carrier is calculated based on the change in Gibbs free energy (ΔG) 
for Reaction 5.5 or 5.6 [61]. As ΔG is a function of temperature, the EPP also becomes a 
function of temperature as depicted in Figure 5.13. As the input to the oxidizer reactor is 
air, the maximum oxygen partial pressure in the oxidizer is fixed at 21%. Thus, for any 
metal oxide system, the maximum operating temperature is the point at which EPP reaches 
21%. With O2 concentration restricted to 21%, operating at temperatures higher than the 
EPP value is not feasible as air cannot oxidize the reduced carriers. As an example, 
Figure  5.13 shows that the EPP of CuO/Cu2O system reaches 0.21 at approximately 
1020 °C. Thus, the temperature of the oxidizer is to be maintained below 1020 °C.

Deciding the reducer operating temperature is not as straightforward as the oxidizer. 
Steam (or any other inert gas) can be used as a gaseous medium in the reducer where the 
reduction of metal oxides takes place to release O2. The presence of steam ensures that the 
oxygen carrier does not lose O2 unless the APP of oxygen is EPP. It is theoretically possible 
to operate the reducer at a temperature where EPP is equal to 100%. At this point, no exter-
nal steam input is required (APP = EPP) but operating at such high temperatures leads to 
a higher energy footprint and oxygen carrier degradation. As seen from Figure 5.13, the 
EPP remains low at temperatures just above the uncoupling temperature and, as a result, a 
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large amount of steam is required. Consequently, a decrease in steam demand is observed 
as the operating temperature increases, which can be seen in Figure 5.14 that provides an 
illustration of the CuO/Cu2O system. Hence, the operating temperature of the reducer is 
decided based on the balance between the energy required for heating the reducer and 
steam generation. It is important to note that although these temperatures are typically 
obtained from the analysis of reaction thermodynamics, reaction kinetics also dictate the 
operating temperature.

5.2.4  Selective Separation of H2S

5.2.4.1  Description of H2S Removal
Hydrogen sulfide (H2S) is a highly toxic and corrosive pollutant gas, inherently present in 
fossil fuels (e.g. natural gas, crude oil) and generated through industrial processes like fuel 
extraction and refining, coal gasification, petrochemical production, and wastewater treat-
ments  [98]. It has been recognized as a hazardous waste for the environment, human 
health and particularly damaging to many industrial processes, where H2S is mainly pro-
duced during hydrodesulfurization of fuels (natural gas, crude oil, and coal). According to 
International Energy Agency, about 43% of the world’s natural gas reserves are currently 
contaminated with acidic gases – H2S and CO2, with the Middle East containing the most 
of them [99–101]. This contaminated natural gas, also known as sour gas, is cleaned using 
AGR processes before its processing. Likewise, more than 50% of crude oil reserves contain 
sour oil due to the presence of a high level of sulfur compounds (e.g. thiophene, mercap-
tans, and sulfides) in them. The sulfur present in crude oil and solid fuels like coal is con-
verted into H2S when they are processed in the refining, petrochemical, or energy industries. 
These processes emit large amounts of H2S, resulting from either emission during the rou-
tine operation phases or from releases related to near- misses and accidental events. H2S 
emission has thus become a concern as more and more fossil fuels are being consumed to 
meet the ever- increasing global energy demand, where fossil fuels contribute to nearly 80% 
of global primary energy production [102]. Apart from being used as an energy source, they 
are also used as feedstock for value- added chemical production through catalytic processes 
(e.g. the Fischer–Tropsch process, steam methane reforming). Even low- concentration H2S 
(>30 ppmv) can cause material corrosion and catalyst deactivation, thereby limiting their 
usage as feedstock [103]. H2S has a deleterious effect on human health and its overexposure 
can lead to acute and chronic poisoning or can even prove to be fatal [104]. It is also an 
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environmental pollutant if directly released to the atmosphere or, indirectly, after oxidation 
to SO2 as it enters the biosphere in the form of acid rain [105]. All these harmful effects 
impose the need for fuel desulfurization/separation prior to its use in any industrial process 
and further treatment in a safe manner to avoid environmental degradation through H2S 
emission.

5.2.4.2  Conventional H2S Processing Scheme
The organosulfur compounds emitted during the refining of fuels like natural gas and 
crude oil are first converted into H2S gas in a hydrodesulfurization step. The H2S formed is 
then selectively scrubbed off using an amine- absorption process, also known as the AGR 
process. Absorption units generally operate in the temperature range of 25–40 °C, and use 
solvents such as methyl diethanolamine (MDEA), selexol, or rectisol (operating tempera-
ture between −40 and −60 °C) to selectively absorb H2S (and, in some cases, CO2) from the 
gas mixture containing other hydrocarbon gases. At the end of this process, the used sol-
vents are regenerated using steam and the stream containing a high concentration of H2S 
and CO2 is stripped off. It usually contains varying concentrations of H2S and CO2 (typi-
cally in the range of 10–40% CO2 and 50–90% H2S for refining off gases), is saturated with 
water, and frequently has small amounts of hydrocarbons and other impurities (e.g. NH3) 
in addition to the primary components [106]. This stream serves as the feed for the Claus 
process where it is oxidatively decomposed for elemental sulfur recovery. First patented in 
1883, the Claus process is still utilized commercially for H2S treatment in oil refineries, gas 
reservoirs, and gasifiers. The oxidative decomposition route followed in the Claus process 
can be represented using Reactions 5.7 and 5.8 [48].

 H S O H O SO2 2 2 21 5.  (5.7)

  2 2 32 2 2H S SO H O S (5.8)

Reaction 5.7 is a highly exothermic, non- catalytic partial combustion reaction to produce 
SO2, carried out in blast furnaces at high temperatures ~1000 °C. On the other hand, Reaction 
5.8 is an exothermic catalytic reaction operating at a temperature around 300 °C and car-
ried out in a series of catalytic reactors using alumina/titania catalyst [107]. The outlet gas 
from the furnace is cooled in a waste heat boiler before feeding it to a catalytic reactor. 
Condenser and preheater are required in between the two catalytic reactors for removal of 
liquid sulfur and heating the stream to prevent catalyst deactivation, respectively. The pro-
cess achieves up to 97% H2S conversion into elemental sulfur with a series of three catalytic 
reactors [108]. Multiple catalytic reactors are used as the reaction is exothermic in nature 
and thus H2S conversion is favored at low temperature, which impedes the reaction rate. 
Thus, using multiple reactors operating at varying temperatures allows high H2S conver-
sion. The tail gas coming from the last stage of the sulfur condenser typically contains 
unconverted H2S, SO2, and COS. The presence of sulfurous gases in the tail gas prevents its 
direct atmospheric emission due to the stringent governmental regulations for the dis-
charge of such compounds. Therefore, very often a tail gas treatment unit is coupled with 
Claus sulfur recovery units for reducing the content of sulfurous gases to meet permissible 
limits before tail gas disposal [109].
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The effectiveness of each step in the conventional desulfurization scheme is limited due 
to certain factors. The solvents used in the absorption process are rendered unusable even 
if there is a minor change in the feed gas composition. The overall process efficiency 
remains low due to factors such as high cooling load caused by lower operating tempera-
tures, the energy requirement for regeneration of the used solvent, foaming of solution in 
contactor or regenerator, and corrosion of the pipes carrying solvent  [110, 111]. On the 
other hand, the use of multiple catalytic reactors in the Claus process is essential to achieve 
high H2S conversion. The overall configuration of heat exchangers required not only 
increases the process complexity but also makes the process highly cost-  and energy- 
intensive. The oxidative decomposition chemistry of the process prevents recovery of H2 
selectively. The direct reactive separation of H2S in presence of other gases such as hydro-
carbons, CO, H2, and CO2 has been primarily investigated using regenerable and non- 
regenerable sorbents. For such adsorption processes, Zn-  and/or Fe- based adsorbents have 
shown to have a good selectivity toward H2S adsorption [112]. These adsorbents are regen-
erated using air while producing SO2 or stream washing method, and both methods lead to 
loss of sorbent reactivity after several cycles, thus making the process cost- intensive.

5.2.4.3  Chemical Looping for H2S Removal and H2 Recovery
The conventional H2S separation scheme only allows recovery of elemental sulfur through 
the oxidative decomposition route followed in the Claus process, thus inhibiting H2 recov-
ery due to steam formation. This issue can be effectively targeted using the H2S splitting 
process as shown in Reaction 5.9 [113].

 H S H S H kJ molr2 2 2
00 5 20 6. . /  (5.9)

Different approaches such as thermolysis, thermocatalysis, photocatalysis, and multistep 
thermochemical decomposition have been reported in the literature to carry out H2S split-
ting [114]. These approaches allow selective separation of H2S using a smaller number of 
unit operations and processes while generating a value- added product – H2. However, H2S 
splitting is endothermic and the occurrence of the reverse reaction limits its conversion to 
H2. H2S conversion is improved by continuously removing the decomposed products to 
shift the reaction equilibrium in the forward direction. Numerous research studies have 
been performed to improve the H2S conversion by integrating membrane separation, sulfur 
condensation, thermal diffusion, or closed circulating system with intermittent removal of 
H2 or chemical adsorption of sulfur [114]. The chemical looping scheme offers a promising 
way for carrying out selective H2S separation efficiently in two sub- steps with minimal 
complexity.

Figure 5.15 shows a schematic of the chemical looping process consisting of two reac-
tors, viz. sulfidation and regeneration connected to each other to form a loop. The sulfida-
tion reactor enables desulfurization of the gaseous stream, where metal sulfide- based 
carrier (MxSy) selectively decomposes H2S into H2 and elemental sulfur, with the latter 
captured within MxSy to produce a sulfur- rich phase – MxSy+z. The H2- rich gas stream is 
obtained at the reactor outlet with H2S concentrations <1% (represented as Reaction 5.10). 
The captured sulfur is desorbed in the regeneration reactor by thermally decomposing 
MxSy+z into MxSy in an inert atmosphere (e.g. N2, Ar) operating at a higher temperature 
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and/or lower pressure than the sulfidation reactor (represented as Reaction 5.11). The ele-
mental sulfur is then condensed and separated from the exit gas stream.

 Sulfidation reaction M S H S M S H: x y x y z2 2  (5.10)

 Regeneration reaction M S M S S: x y z x y z  (5.11)

The chemical looping scheme for H2S splitting was first introduced in 1961 through 
Weiner et al. where a cyclic process was operated using a sulfur- lean metal sulfide of iron, 
nickel, and cobalt to capture sulfur from H2S while forming a sulfur- rich metal sulfide [115]. 
Various patents have been issued since then for this scheme using various materials. 
However, very few of these processes and technologies discuss selective separation of H2S 
using the H2S splitting approach from a gas mixture containing hydrocarbons (e.g. CH4), 
CO, and CO2 which are commonly found in feed- streams undergoing desulfurization. A 
process for reactive separation of H2S while producing H2 from a mixture of gases contain-
ing CO, CH4, and hydrocarbons (C1- C4) was demonstrated over a wide temperature range 
with H2S conversion >99% [116]. This process allows conversion of H2S into H2 and S, two 
value- added products while also separating hydrocarbons and other gases from H2S, thus 
rendering the process highly economical and less energy- intensive. The use of this process 
also prevents the requirement of a multi- reactor setup for H2S removal, thus leading to a 
considerable drop in the capital cost requirement. A study done by Reddy et al. shows that 
the use of Fe7S8–FeS2 system for H2S capture has overall energy and exergy efficiency 
higher by 14.74 and 21.54% points, respectively than the Claus process. H2 recovery of 
~99.31% has also been reported with 6.52 MW lower exergy destruction as compared to the 
Claus process due to the removal of the high- temperature thermal oxidation and heat 
recovery step in the chemical looping process  [48]. Although H2S separation has been 
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actively investigated over many years, it has not been yet commercialized. Some of the 
limitations that need to be overcome are low H2S conversion at the given operating condi-
tion, the reactivity of solids with other gas components present in the stream, and sus-
tained reactivity and recyclability of solids over multiple cycles. The design and composition 
of the metal sulfide- based solids need to be investigated for possible commercialization of 
H2S separation using the chemical looping route.

5.3   Potential for Process Intensification, Sustainability, 
and Challenges

The chemical looping technology is poised to become more mature and to progress toward 
its commercialization through extensive research on materials, process design, and new 
schemes that help achieve efficient gas separation with minimal energy requirement. As 
the profit margins on chemicals/electricity production with an efficient product/flue gas 
separation remain narrow, chemical looping schemes can be combined with other emerg-
ing technologies such as membrane separation, microwave heating, and modularization of 
reactors to carry out process intensification [117–119]. The use of ceramic membranes to 
carry out in situ chemical looping- assisted gas separation has generated a significant 
research interest recently due to its potential of generating higher product yields. This 
stems from the fact that the membrane placed in the reactor allows selective separation of 
the product, thus breaking the thermodynamic equilibrium and therefore providing the 
necessary driving force to push the equilibrium in the forward direction to produce more 
products [120]. Even though the use of membranes in a chemical looping setting is highly 
attractive, more fundamental research is required to understand various phenomena asso-
ciated with the process including cost, ionic transport across membranes, microstructural 
optimization in membranes, and their performance at high temperatures for an extended 
time period. Apart from integrating chemical looping with another technology to achieve 
process intensification, it can also be carried out by leveraging the nonlinearity of thermo-
dynamics in the process scheme. For example, Kathe et  al. has reported the use of a 
modular- reactor chemical looping scheme for syngas generation where multiple reactors 
operating in parallel allows ~23% reduction in the natural gas consumption as compared to 
autothermal reforming [119]. Such a significant reduction in the natural gas requirement 
translates to a lower operating cost, thereby realizing the aim of process intensification and 
optimization.

Apart from process intensification, the commercial readiness of chemical looping tech-
nology heavily depends on the successful design and development of the looping media, 
which should sustain extreme reaction conditions for a long duration without any loss in 
performance. Research is being actively conducted to design such materials that maintain 
their physical and chemical integrity for thousands of cycles [40]. The use of nanoparticles 
in chemical looping is gaining considerable interest due to their unique properties, where 
the small average coordination number of the metal atoms in the looping media allows 
faster adsorption and activation of the reacting gas molecule [121]. This enables fast reac-
tion kinetics even at relatively low temperatures, thus expanding the operating range of the 
process [122].
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There are two important aspects of the commercial preparedness of chemical looping 
technology for gas separation and product generation – process efficiency and cost, and 
sustainability. The chemical looping processes can be optimized to increase product yield 
while controlling the performance of the looping media carriers to render the overall pro-
cess more efficient and economically viable [123]. Apart from it, the chemical looping pro-
cess can be more sustainable in operation as it offers the additional flexibility of being 
conjointly used with the other technologies. For example, a pure CO2 stream exiting the 
chemical looping combustion process can be used as a feedstock for algal cultivation, 
where the algae can be used for biodiesel synthesis [124]. This strategy allows the minimi-
zation of CO2 emissions while increasing the profitability of the process from biofuel pro-
duction. Another approach that can be employed is the incorporation of CO2 within the 
chemical looping process itself. CO2 and coal can be co- injected into the reducer reactor for 
syngas generation, where the integration of this chemical looping- assisted syngas genera-
tion plant with a commercial acetic acid plant can be operated as a CO2- negative process, 
thereby yielding a higher CO2 consumption as compared to its generation  [125]. 
Equivalently, the steam- CO2 mixture can be used to oxidize the reduced oxygen carriers to 
produce additional syngas, thereby increasing the product yield per mol of fuel input while 
making the overall process more sustainable [126]. The reduction of looping media (espe-
cially in combustion/gasification/reforming applications) is typically highly endothermic 
in nature and external heat needs to be provided to sustain the reaction (if not operated 
adiabatically). Providing endothermic heat requires the burning of fossil fuels in furnaces, 
which requires an additional CO2 capture mechanism. This renders the system less envi-
ronmentally sustainable. The use of alternate heat forms such as solar and microwave heat-
ing can be explored, which help reduce the dependence on conventional heat sources. The 
use of renewable energy sources such as biomass, biogas, and landfill gases should also be 
encouraged for power generation and chemicals production through chemical looping as it 
gives higher efficiencies at relatively low- cost requirement [127]. It is important to realize 
that to achieve the desired sustainability goals using chemical looping, the looping media 
must be developed along with process development. One of the major challenges in chemi-
cal looping is particle attrition and the loss of reactivity of the looping media, which if 
occurs, a makeup of particles in the reactor is needed [128, 129]. It is thus important to 
understand the intrinsic reaction mechanism and its effect on the physical integrity of the 
looping particles to allow their long life, which, in turn, benefits the overall process 
economics.

The challenge for the chemical looping applications is also on their adoption in the 
industry. Chemical looping is a new technology as compared to other means of gas separa-
tion currently available. However, the challenge is not in the technology’s ability to reshape 
the chemical processing industry, but rather in conducting adequate sub- pilot and pilot 
scale testing to substantiate the technology’s enhanced capability to separate gases with 
certainty. The process analyses and optimal process system configurations for various 
chemical looping reaction applications remain to be further probed.

The challenges associated with CO2 capture using chemical looping are based mainly on 
the ease with which the technology can be applied in industry. As such, the plan for retro-
fitting to the existing industrial facility, for example, chemical or electricity production, 
can be considered. However, even within the same class of plants, factors such as age, 
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geographical location, available space, governmental regulations, and climate may make ret-
rofitting difficult. For a new facility built using chemical looping for complete CO2 capture, 
the challenge can be the handling of the large quantity of CO2 for end usage or storage. In the 
case of calcium looping, trends in using novel sorbents instead of limestone- based sorbents 
do not exhibit strong economic incentives owing to the lack of scale- up activities after suc-
cessful lab- scale experiments. Some testing does not fully parallel operating conditions that 
are consistent with industrial practice such as flue gas contaminant conditions and calcina-
tion environments. Nevertheless, calcium looping is a simple and efficient technology, and is 
known to be more energy- efficient and cost- effective than the existing post- combustion 
amine scrubbing technologies and membrane- based separation. In calcium looping, the loss 
of reactivity in sorbents is commonly encountered, which is typically evolved after a few CO2 
capture cycles. Integrating calcium looping with existing processes such as cement manufac-
turing can provide synergy for the calcium looping process operation.

CLAS is a promising approach for oxygen production. The reduction of operating costs 
can be made if the system is optimized. The challenges that need to be addressed include 
how to maintain the correct partial pressure of oxygen in each reactor to increase the 
throughput and hence reducing the energy waste. The further the partial pressures drift 
from equilibrium, the more expensive the operation becomes as the efficiency declines. 
Also, the production of an O2 stream with high yields is a challenge that needs to be inves-
tigated further as the current O2 yield levels remain low. If the use of recycled CO2 is used 
as part of the purge gas in the reducer reactor, the downstream equipment needs to be sized 
accordingly, which may make the footprint too large to have CLAS as a feasible option 
without a complete plant overhaul.

The application of a chemical looping scheme for H2S separation needs to be economi-
cally feasible, which is directly related to the conversion and selectivity of H2S in the incom-
ing stream. Further advancements in the looping media required for selectively separating 
H2S and converting it to H2 are needed to ensure the attractiveness of the technology for 
industrial use.

5.4   Conclusion

An increase in the demand for energy, various chemicals, and petrochemical products have 
led to significant growth in the development of new gas separation technologies. The aim 
of these technologies is to produce pure product streams with minimum energy utilization 
and maximum benefit–cost ratio while operating under the constraint of environmental 
regulations. This is being achieved by means of discovering new processes and materials, 
and their synergy being explored to allow large- scale gas separation. Technologies such as 
amine scrubbing, membrane separation, adsorption- assisted separation, and cryogenic dis-
tillation have been developed to separate gas components in streams originating from dif-
ferent sources and containing varied components. Compared to these technologies, gas 
separation using chemical looping offers a different perspective while achieving attractive 
separation efficiency. It makes use of a multi- reactor system where pure gas streams are 
generated in each reactor, thereby leading to in situ separation. The efficiency of separation 
is achieved through the synergy of multiple factors including operating temperature, 
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pressure, the ratio of feed gas to the looping media flowrate in the system, and co- injection 
of supplementary gas feed to further enhance thermodynamic conversion. Apart from 
these factors, the design and performance of the reactor system play an important role in 
rendering a high efficiency of the process operation. Separation of gases like CO2, air sepa-
ration, H2S removal, and post- combustion CO2 capture has been demonstrated using the 
chemical looping technology along with extensive process analysis based on industrial 
operating condition requirement. Active research is in progress toward developing looping 
media for various chemical looping- assisted separation processes that are of high reactivity 
and recyclability with good physical strength, inexpensive in materials used and synthesis 
methods, and disposable in an environmentally friendly manner. The advantage offered by 
novel looping materials coupled with novel reactor design strategies for chemical looping 
technology can provide an economically and technologically attractive alternative to con-
ventional approaches for industrial gas separation.
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6.1  Introduction

Flow chemistry is an approach to chemical synthesis and processing that has been rapidly 
growing in the last two decades because of the many advantages it provides to its practi-
tioners. In this chapter, we review key technologies leveraged for separation in the context 
of flow chemistry. More specifically, after providing background information about flow 
chemistry, we then describe the most common separation methods used for the removal of 
a solute from a process solution: adsorption/scavenger and liquid–liquid extraction (LLE). 
They are both used either for downstream purification or for in- line purification. There are 
other flow separation technologies such as nanofiltration (covered in another chapter of 
this book), evaporator, and distillation (covered elsewhere in the literature) [1, 2].

6.2   Background on Flow Chemistry

Flow chemistry usually refers to an approach where chemicals are reacted as they flow 
through a reactor. In this context, chemical reactors essentially have a channel- like geom-
etry. A flow chemistry setup typically involves equipment such as pumps, flow meters, 
reactors, heating or cooling units, separators, mixers, valves, sampling valves, and chemical 
analysis equipment. The early development of flow chemistry was mostly carried out in 
microreactors that were made in materials, such as glass, ceramic, silicon, and steel, with 
advanced fabrication techniques. Later on, mesoscale flow reactors, made of polymer and 
stainless steel tubing [3], have taken the stage as they are less expensive, simpler to operate, 
and retain the key advantages brought by the flow- based approach.

Flow Technologies for Efficient Separations
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Flow chemistry provides several advantages. Due to the microscale or milli- scale 
dimension of a reactor channel with a high area–to–volume ratio, reagent mixing and 
heat transfer are enhanced and more repeatable [4–6]. Therefore, the temperature can be 
well- controlled due to fast heat absorption or dissipation. Additionally, the small volume 
typically involved in flow reactors allows for the easy handling of hazardous reactions. 
As an example, reactions such as nitration, halogenation, and organometallic reactions 
produce highly reactive or unstable compounds that provide challenges when carried out 
in traditional glassware. This problem can be solved by performing the reaction in a flow 
reactor  [7, 8]. Additionally, flow chemistry also benefits multistep synthesis as several 
process steps can be cascaded or “telescoped” with minimal or no exposure of intermedi-
ates to air. Flow chemistry facilitates the pressurization of reactors and also the imple-
mentation of the automated setup, which can be used for screening reaction conditions [9]. 
Finally, the flow- based operation is more amenable to scaling than existing batch- based 
approaches. Most of the commercially available equipment is designed with scale- up 
being a key characteristic. Thus, similarly performing solutions are available from bench 
through production scale providing a critical reduction of time and cost to take a new 
molecule to market. In many scenarios, flow chemistry provides an avenue to intensify 
processes, and the reduced footprint of the equipment enables new paradigms of porta-
ble chemical manufacturing.

Due to the several advantages described above, applications of flow chemistry are rapidly 
growing and are being deployed in different contexts, to name a few, multiphase reactions 
(gas–liquid, liquid–liquid, solid–liquid, or solid–gas–liquid) [10–13], flash reactions, bio-
catalytic reactions  [14], and photochemical reactions  [15]. The pharmaceutical industry 
has been one of the key players in the adoption of flow chemistry and flow technologies to 
address critical process steps where flow provides a compelling technical advantage. In this 
industry, more generally, flow chemistry is the technical answer to continuous chemical 
manufacturing that is believed to be a paradigm that offers significant advantages in terms 
of process robustness, quality, and cost.

Devices for flow separation have been particularly useful for flow chemistry as they allow 
for in- line purification of a flow stream [1]. In most cases, they enable simple telescoping 
or integration of a multistep continuous synthesis as impurities, excess reagents, and unde-
sired byproducts can be removed continuously while the remaining stream is delivered to 
a subsequent flow reaction. They can also permit in situ solvent or catalyst recovery, which 
thereby enhances the sustainability of a flow reaction. Examples of flow technologies for 
separation include adsorption/scavenger, LLE, cross- flow microfiltration [16], nanofiltra-
tion [17–19], and distillation/evaporation [2, 20, 21]. This chapter will offer an overview of 
the most common techniques: adsorption/scavenger and LLE.

6.3   Typical Methods for Flow Separation

6.3.1  Adsorption and Scavenger in Flow

A post- synthesis liquid may contain both impurities/reagents and desired products in the 
same phase. In batch, these components are separated from one another via methods of 
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crystallization, chromatography, and adsorption. Among these methods, adsorption is the 
most common one in flow due to its simple and low- cost operation. Different adsorbents 
can be used such as silica, activated carbons, biochars, chitosan, natural wastes, and metal–
organic frameworks. Adsorbents and molecules can have either physical or chemical inter-
action. These interactions occur at the surface of adsorbents. The physical interaction is a 
weak attraction such as Van der Waals force while chemical interaction refers to the forma-
tion of covalent or ionic bonds between the molecules and adsorbents. The bonds can be 
reversible or irreversible. Adsorption is suitable for a flow setup since solid adsorbents can 
be packed into a flow- through column and the liquid is flowed through when separation is 
needed. Depending on the thermodynamic equilibrium, either desired molecules or impu-
rities will selectively be adsorbed onto the surface. The properties of the adsorbent and 
carrier solvents are key to selectivity. An efficient adsorbent should also be strong enough 
to withstand mechanical agitation or shear flow and provide a high interfacial area for a 
high adsorption capacity.

Silica gel- based cartridges often serve as an in- line flow purification method, particularly 
in flow- based organic synthesis and biocatalysis. For example [22], the flow synthesis of a 
natural product O- methylsiphonazole required the preparation of oxazole carboxylic acid, 
which served as an intermediate as shown in Figure 6.1a. The preparation with 90% yield 
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and high purity was achieved with a silica gel to trap one of the remaining reagents and the 
byproduct – hydrofluoric acid. In the same group, a silica gel cartridge was used to remove 
inorganic lithium salts during the synthesis of the butane- 2,3- diacetal derivative  [23] 
(Figure 6.1b). Silica is found to be effective and mild enough to prevent side reactions. For 
instance, it is used to trap morpholine by- product in a telescoped continuous- flow synthe-
sis of trifluoromethyl ketone, an intermediate in Efavirenz preparation [24] (Figure 6.1c).

Silica gel cartridges have been used also in flow biocatalysis. Flow biocatalysis has 
recently received a lot of attention as a flow setup allows for a higher performance of the 
biocatalysts as well as enabling cofactor fixation and recycling. Jamison and colleagues 
implemented a silica gel cartridge for catching amines during the continuous- flow amina-
tion of ketones into chiral amines using a packed bed reactor containing the immobilized 
E. coli expressing (R)- selective transaminase and the immobilized cofactor PLP  [25] as 
shown in Figure 6.2. However, silica gels are hydrophilic and can adsorb a wide range of 
molecules via Van der Waals forces and hydrogen bonds. To increase their adsorption 
 selectivity and capacity, they can be functionalized or modified with clusters and 
nanoparticles [26, 27].

In addition to silica, functionalized supports can be based on different materials such as 
polystyrene, carbon, clay, alumina, zeolite, and polymer [28]. Functionalized supports can 
be packed into a column and used in two main purification strategies: scavenging or catch- 
and- release. Polymers bound with functional groups or scavenger resins are commonly 
employed. [29]. Scavenger resins serve to catch specific by- products or excess reagents. In 
batch, they are added to a mixture and separated by means of filtration. In flow, a flow 
stream passes through a packed column, eliminating the solid–liquid separation step. For 
the catch- and- release purification, the desired component, mostly products from the syn-
thesis, binds to the resins. To recover the products, another reactant is added to substitute 
or release the desired bound product. Scavenger and catch- and- release purifications have 
been demonstrated in flow, often integrated with a flow synthesis step [30]. Selected exam-
ples are shown in Figure 6.3. The Ley group reported the continuous- flow cycloaddition of 
acetylenes with azides to substituted triazoles [31] (Figure 6.3a). The reaction was based on 
copper (I)- mediated click chemistry. In this flow synthesis, copper was immobilized onto a 
support through a weak coordination with amine. Therefore, some leaching of copper was 
observed. To prevent copper contamination in the product stream, a column of 
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Figure 6.2  Silica gel cartridge was used to catch amine products during the continuous- flow 
amination of ketones into chiral amines, Source: Modified from [25].
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Quadrapure- TU with functionalized thiourea was added to capture the leached copper. 
Another column with immobilized phosphine on supports was also used to remove any 
remaining azide. The product stream was found with high purity (>95%). In another work, 
the same group also reported a series of scavenging columns to remove excess reagents dur-
ing the flow synthesis of terminal alkynes  [32] (Figure  6.3b). The three columns are 
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Quadrapure- benzylamine resin (QP- BZA) (QP- BZA), Amberlyst- 15  with functionalized 
sulfonic acid (A- 15), Amberlyst- 21 with functionalized dimethyl amine (A- 21) to remove 
excess aldehydes, bases, and acids, respectively, which eventually gave a pure stream of 
alkyne products. A similar scheme was used for further synthesis of triazoles to aldehydes 
and alcohols.

Catch- and- release purification has been used in many organic syntheses. For instance, as 
shown in Figure  6.3c, a continuous- flow synthesis of aziridines by palladium- catalyzed 
C- H activation required in- line separation of catalysts and products from other excess rea-
gents [33]. The first column was packed with metal scavengers QuadraSil AP functional-
ized with a primary amine to capture palladium catalysts. Then, the second column was 
used to catch the amine product. The product was recovered with an eluent at high 
pH. Nucleophiles such as carboxylic acids and azides could be added together with the elu-
ent to achieve aziridine ring- opening to obtain functionalized morpholinones. As another 
example, continuous- flow preparation of α- ketoesters was achieved with a catch- and- 
release strategy [34] (Figure 6.3d). The column packed with a benzylamine polymer (QP- 
BZA) was flowed first with the main substrate, nitroolefinic ester, as captured on the 
polymer. Then, tetramethylguanidine was flowed in a second cycle to produce enamino 
acid esters. In the following cycle, a washing stream was flowed into a column, and, finally, 
by an aqueous acetic acid to hydrolyze and release α- ketoester product. This example was 
shown with a simplified flow scheme without tedious workup.

6.3.2  Continuous Liquid–Liquid Extraction

6.3.2.1 Introduction
A powerful and quite common separation technique in both flow and batch applications is 
LLE. LLE leverages differences in solubility to separate compounds of interest. It is a com-
mon workup strategy in a variety of chemical processes due to its high selectivity and large 
capacity at relatively small energy consumption. Further, LLE can be performed under 
ambient temperature conditions, enabling the separation of molecules with similar boiling 
points, reducing the probability that temperature- sensitive components degrade or react 
further and allowing for the easy separation of azeotropes [35].

In a general sense, LLE can be regarded as a green separation method based on the typi-
cally low energy requirement for mass transfer at large capacities, LLE also is a cost- 
effective separation technique compared to other techniques such as distillation and 
crystallization.

For the remainder of the chapter, after providing background theory for LLE, we focus 
on technologies available for its implementation in a flow chemistry context. Specifically, 
we’ll elucidate first “membrane- based phase separation” which is the technique that has 
been specifically developed for the implementation of LLE in flow chemistry. We will then 
review existing continuous technologies which have been implemented or adapted to flow 
chemistry.

6.3.2.2  Theory of Liquid–Liquid Extraction
LLE requires two separate phases and comprises two fundamental actions: mass transfer 
and phase separation. For each of a variety of extraction technologies, these functions are 
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carried out in different manners. However, the overarching goal remains the same. Mass 
transfer is carried out by mixing the two phases together to enable the diffusion of com-
pounds of interest between the phases.

The mass transfer ends at an equilibrium point which is determined by the capability of 
each phase to selectively dissolve the compound being extracted. Following the completion 
of mass transfer, the phases are allowed to separate, bringing with them some portion of 
the extracted compound. This phase separation is usually reliant on the driving force being 
gravity (columns and mixer settlers) or density difference (centrifuges). However, new 
technologies are opening up the possibility for new methods of phase separation for extrac-
tions (membranes).

The composition following the extraction must be determined experimentally as thermo-
dynamic models can only approximate the outcomes of the extraction [35] and are unavail-
able or inaccurate for new molecules. How much of a certain compound moves from the 
raffinate phase to the extract phase can be represented by the partition (or distribution) 
coefficient K as indicated in Eq. (6.1) [36]. A partition coefficient is a dimensionless num-
ber calculated by dividing the concentration of the solute in the extract phase by that 
remaining in the raffinate phase. It is important to note that since K is based upon concen-
tration, it is independent of how much of each solvent is used.

 

K
Concentration of aspecies in Extract

Concentratio

g
mL

nn of aspecies in Raffinate g
mL  

(6.1)

The magnitude of K relies upon the relative solubility of the solute of interest in each 
phase, which is based on intramolecular interactions such as hydrogen bonding, ionic 
interactions and Van der Waals forces. Hydrogen bonding (H- bonding) appears to have a 
large effect on deviations from Raoult’s law. Solvents are classified into H- donor, H- acceptor, 
non- H- bonding groups, which provide a quick guide for extraction solvent selection [37]. 
In many cases, a choice of solvent for extractions is based around maximizing the partition 
coefficient for the desired compound, which, in turn, minimizes the amount of solvent 
needed in the extraction (for greenness, cost savings, or concentration for further steps) 
and/or reduce the number of extractions necessary for removal (for capital cost and system 
complexity). The degree to which an extract phase can solvate the desired compound is 
called the capacity of the solvent and is another important factor when determining which 
solvent is best for a given system.

Similarly, for systems in which the goal is to separate one compound from another, a 
separation factor α is calculated to determine the effectiveness in the separation of the two 
compounds as shown in Eq. (6.2). The separation factor (α) is the ratio of the distribution 
coefficient for each of the two compounds and provides a basis for determining how many 
extractive steps will be needed to separate the two compounds.

 K KA B/  (6.2)

Where KA and KB are the partition coefficients of species A and B in the extraction sys-
tem, respectively. Similar compounds will have similar partition coefficients and thus a 
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separation factor near 1 between them, e.g. enantiomers, alkanes with similar length, or 
two polar ketone bodies. In order to separate these molecules, multiple extractive steps (e.g. 
cascading in countercurrent) are necessary. In some cases, extractants are added to form a 
complex preferentially with one compound than the other [38, 39].

The percentage to which a compound is extracted from its original phase, often termed 
extraction efficiency, is a key metric when determining the effectiveness of extraction. 
Under ideal conditions, and when the aqueous and organic phases have an even ratio, the 
percentage of the compound of interest remaining in the raffinate (%E) can be calculated 
by Eq.  (6.3), and when there is a difference in phase ratio, it can be calculated by 
Eq. (6.4) [40].

 
%E K

K1  (6.3)

 
%E KV

V KV
Ext

Raf ext  
(6.4)

Where VExt and VRaf are volumes of extract and raffinate phases, respectively. 
Equations (6.3) and (6.4) then lead to the extraction efficiency or %E. Low partition coeffi-
cients can lead to dramatically reduced product recovery or impurity removal, oftentimes, 
as seen in Table 6.1. Partition coefficients below 10–20 can leave large amounts of unrecov-
ered product.

In order to hit purity or yield requirements for a given product, many processes will require 
multiple extractive steps to remove impurities from the product phase. This can be carried 
out by multiple extractions with the same solvent (i.e. three aqueous washes) or washes with 
different solvents (i.e. washes of different organics or at different pH). When carrying out n 
extractions with the same solvent in batch, they are often repeated in the same vessel and the 
amount removed for each extraction is found by compounding the extraction efficiency of a 
single extraction. Thus, the total amount removed becomes (Eq. 6.5):

 
Aratio of species being extracted 1 1

1 %E
N

 
(6.5)

This repeated extraction can dramatically improve yields for low partition coefficient 
extractions. However, it brings the downside of introducing excess solvent and diluting the 

Table 6.1  Theoretical estimations of the extraction 
efficiency for different partition coefficients.

Partition coefficient (K) Extraction efficiency (%E)

 1 50%

 5 83%

 10 90%

 25 96%

100 99%
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product. To overcome this shortcoming of repeated (crosscurrent) extractions, countercur-
rent extraction is used. Countercurrent extraction uses the same amount of solvent as a 
single- stage extraction, yet leveraging concentration gradients at each of the stages, can 
remove significantly more product than in a single- stage extraction. A diagram of this 
setup is shown in Figure 6.4.

In countercurrent, each stage can be approximated by full phase separation after reach-
ing an extractive equilibrium, although this is not always the case, for example, in extrac-
tion columns. The total product extracted for a countercurrent can be derived, but for 
simplicity, the final formula for an n- stage countercurrent extraction is given below.

 

Aratio of species being extracted 1 1

0n

N nE%  

(6.6)

Because of the significantly reduced solvent use in countercurrent extraction, it is a 
much greener process than crosscurrent extraction. It is favored by many practitioners in 
the industry for this reason, and is even more important when the solvent cost is taken into 
consideration.

6.3.2.3  Membrane Separation/Extraction
As discussed in the previous section, LLE is carried out by a first mass transfer step where 
two immiscible phases are mixed together and a subsequent phase separation step. Mass 
transfer in flow chemistry applications is typically achieved with passive in- line devices 
such as micro static mixers [41, 42] or in small diameter tubes, phase segmentation natu-
rally takes place (Taylor flow) increasing the mass transfer rate [43]. Despite their absence 
of active agitation, the static mixer and microchannels can provide larger interfacial areas 
(100–1000 m2/m3 and 3400–9000 m2/m3, respectively) than that of stirred tanks 
(100–2000 m2/m3) [44]. Membrane- based separation offers a way to continuously separate 
the two immiscible phases as soon as the mass transfer is completed. Membrane- based 
separation relies on the difference in wetting properties the two phases exhibit onto a 
porous surface (membrane) [45–48].

As depicted in Figure 6.5, when the two phases enter the device, one preferentially wets 
the membrane and the other is naturally repelled. Wetting is a natural phenomenon that 
refers to the ability of a liquid to maintain contact with a solid surface, most typically by 
spreading over it because of the affinity the liquid has for the solid surface. A common 
example of wetting is provided by oil that spreads easily on a nonstick- coated frying pan; 
an example of a non- wetting surface is provided by rainwater that beads up and slides off a 
winter jacket. In both cases, specific coatings are engineered to provide the desired effect.

This same phenomenon occurs inside the membrane separator. Now, by establishing a 
small and adequate pressure difference across the membrane (transmembrane pressure), 
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Figure 6.4  A diagram of countercurrent multistage extraction.
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the wetting phase can flow through the membrane thus being separated from the non- 
wetting phase. In other words, successful and selective phase separation is the result of 
adequate control of the transmembrane pressure at all times [49]. This accurate control is 
achieved inside the separator by an integrated mechanical differential pressure control-
ler [47]. The importance of the controller is that separation can be achieved even when 
flow conditions change (i.e. change of flow rate, change of boundary conditions, etc.), 
something that is particularly important in flow chemistry.

There are two main failure modes for membrane- based separation: (i) retention, (ii) 
breakthrough. Retention means that the wetting phase is retained with the non- wetting 
one. This typically happens if the transmembrane pressure is too low. In other words, there 
is not enough driving force to push through the membrane all the wetting phase. 
Breakthrough means that the non- wetting phase also permeates through the membrane 
with the non- wetting one; this is typically obtained if the transmembrane pressure is 
too large.

Membrane separation technology began as a lab- scale technology [47, 50]. It was then 
commercialized by Zaiput Flow Technologies. Zaiput® has also demonstrated a scale- up of 
the technology across several orders of magnitude, thus providing a full technological solu-
tion from lab to production (Figure 6.6).

A key feature of the membrane- based phase separation is the fact that it relies neither on 
gravity nor on density differences to achieve separation. As a result, the separation of liquid 
with identical densities can be readily accomplished as well as separation in a gravity- free 
environment, such as experimentation in space  [51]. An important consequence of this 
gravity- independent separation is the ability to separate emulsions. Following Figure 6.7, 
emulsions can be of two main types: “water in oil” and “oil in water.” The first type can be 
effectively separated by leveraging a hydrophobic membrane. In this scenario, the continu-
ous phase is oil or an organic solvent, which can be readily removed by the membrane to 
result in coalescence of the dispersed (water) phase. For the “oil in water,” conversely the 
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P non-wetting
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Figure 6.5  A drawing of a membrane separator with an integrated mechanical controller to 
ensure desired pressure difference across a hydrophobic membrane (Pnon- wetting and Pwetting refer to 
fluidic pressure of non- wetting and wetting phases, respectively).
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Figure 6.6  Zaiput® membrane separators for different flow capacities. Source: Zaiput.
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Figure 6.7  Sketch of how a membrane- based separator deals with emulsions. Proper selection of 
the wetting properties of the membrane ensures removal of the continuous phase and hence high 
separation efficiency (blue: aqueous phase, yellow: oil phase).
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utilization of a hydrophilic membrane provides an avenue to remove water (the dispersing 
medium), thus forcing the coalescence of the dispersed organic phase.

The ability to break emulsion continuously is an important feature in the context of 
industrial chemical processing. As a matter of fact, emulsified two- phase systems can waste 
hours or days and a great deal of effort is spent in trying to optimize LLE in a way that is 
fast to separate by gravity.

Another important feature of membrane- based separation is its rather small internal 
volume, typically by one or two orders of magnitude than any other existing approach. This 
feature carries important consequences from a process chemistry standpoint in flow sys-
tems. First, the smaller the internal volume, the smaller is the time needed for the chemical 
process to reach a steady state. This is important when processing expensive materials or in 
a laboratory setting. Small internal volume has also a positive advantage on residence time 
distribution and is of great aid to the chemist in cases where fast quench and separation is 
needed to address unstable compounds. Finally, a small internal volume, without head-
space, provides advantages for all chemical processes that have associated safety concerns 
(i.e. explosive materials and aggressive chemicals). In this context, several examples of dan-
gerous chemistries have been published in the literature leveraging membrane- based phase 
separation [52, 53].

An additional feature of membrane- based separators is their modularity. Each unit is a 
standalone device and several units can be used together to achieve specific purposes. The 
first consequence of modularity is the fact that a separator provides a theoretical stage of 
extraction. This means that an LLE carried out with a membrane separator provides practi-
cally theoretical efficiency. The reason for this high performance is that mass transfer in 
flow is effective to reach equilibrium and the separator then readily separates the mixture.

When one extraction step is not sufficient to achieve the desired product removal, several 
devices can be deployed for a multistage operation, which can be done in both cross- current 
or countercurrent setups.

Figure 6.8 shows a process diagram of a five- stage countercurrent extraction arranged 
with the membrane separators. All the advantages of the device are retained. Hence, this 
setup is scalable and because of the small internal volume of the separators, it provides a 
minimal holdup volume (one to two orders of magnitude less than any other technology). 
This latter feature together with the scalability down to a small scale provides a powerful 
platform to collect real data in the lab with a rather complex extraction system.
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Figure 6.8  A platform of countercurrent extraction (five- stage) enabled by membrane separators.
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Characterization of the countercurrent- current multistage extraction platform shows the 
device provide theoretical efficiency  [40]. In this work, model extraction systems (e.g. 
extraction of acetic acid from water using ethyl acetate) were used to validate that each 
physical stage of the platform reaches an equilibrium stage. The experimental data matched 
well with the data assuming equilibrium in all stages (i.e. extraction efficiency = 100%), 
verifying a high- extraction efficiency of the platform.

Membrane- based separation technology has been utilized in many papers that cover a 
rather wide range of chemistries such as pharmaceutical ingredient production [50, 54–56], 
organic reactions [57–59], and nanomaterial synthesis [60–62]. The scalability of the tech-
nology is a critical feature for industrial applications, together with the ability to separate 
emulsions. As an example, [63] provide an example where a 3- stage countercurrent extrac-
tion was carried out to both purify the product of a biphasic alcohol oxidation reaction and 
recover the phase transfer catalyst used. A scale- up of the developed process showed a 650x 
from low flow rates used the lab- scale devices to the pilot plant size. Importantly, in this 
separation, the gravity separation of the two phases (water and benzaldehyde) with the 
presence of a phase transfer catalyst was a very slow gravity separation (1.04 g/mL vs. 
1.01 g/mL) taking 19 hours to gravity separate. The membrane- based technology was able 
to easily separate these two phases before extraction, enabling a quick, continuous process.

6.3.2.4  Mixer Settlers
Mixer settlers are one of the more traditional methods of extraction for both single and 
multistage extraction. Each extractive stage consists of a mixing section followed by a set-
tling tank to allow for phase separation. In the mixing section, an impeller is used to pro-
mote mass transfer between the two phases and, if designed properly, should enable the 
two phases to come to an extractive equilibrium, making this an efficient extraction tech-
nology. As depicted in Figure 6.9, following the mass transfer, the two phases flow into a 
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Figure 6.9  An example of mixer- settler (1) agitation motor, (2) mixing chamber, (3) settling chamber, 
(4) mixing turbine, Source: Reprinted from [65]. Copyright 2008, with permission from Elsevier.
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large settling tank where they are allowed to gravity separate based on their density 
 differences [64]. The settling tank must be designed to give enough time for the two phases 
to coalesce and separate before the denser phase passes under a weir to exit the tank while 
the lighter phase passes over the weir.

Mixer settlers can be set up in countercurrent to improve extraction efficiency as previ-
ously described. They are widely used for their simplicity, low cost, and ability to handle 
solids. Because of the simplicity, the equipment requires minimal instrumentation or 
maintenance and is easily cleaned. On the other hand, they are not an easily scalable tech-
nology as settling times can greatly increase at larger scales and can lead to large setting 
tanks, taking up large portions of precious plant space. This technology is reliant on signifi-
cant density differences between the two phases and high interfacial tension to prevent 
emulsification, otherwise the settling tank size can become unrealistic.

While they are a continuous technology, they do not lend themselves well to flow chem-
istry because their large internal volume leads to long residence times. This problem is 
especially compounded when a multistage operation is used. Despite this, a team at Eli- 
Lilly [66] successfully demonstrated the use of continuous mixer settlers for purification 
following flow hydrogenation of an API, as shown in Figure 6.10.

The team demonstrated the successful scale- up of the extraction to 22  L vessels each 
close to 100% stage efficiency for up to 12 kg/day of production. The residence time in the 
mixers was 60–90 minutes and in the settlers was 90–96 minutes, which points to the need 
for excess volume to enable clean phase separation.

6.3.2.5  Extraction Columns
Extraction columns are another extremely common countercurrent extraction technology 
used in industry. In an extraction column, the denser of the two phases enters at the top 

1 N HCI
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Aq. waste #1 Aq. waste #2 Aq. waste #3

0.5 N NaHCO3 Water

Product

Figure 6.10  A cascade of mixer- settlers for multistage purification. Source: Reprinted with 
permission from [66]. Copyright 2012 American Chemical Society.
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and mixes with the less dense phase which flows up through the column. Since an extrac-
tion column does not have a distinct number of extractive stages like a mixer settler, the 
number of stages achieved is back- calculated after an extraction experiment has taken 
place. Columns also rely on gravity as their driving force of separation and require set-
tling tanks (decanters) at both ends of the column. There are many different styles of 
extraction columns. However, they can essentially be broken down into two categories: 
active and passive columns [67]. Each column type takes a different route to promote 
mass transfer to reduce the height of the column required to achieve a theoretical stage 
of extraction.

Passive columns, or packed columns, have either free- floating packing material 
inside or a rigid structure designed to create droplet breakup and promote mass 
transfer. The lack of moving parts makes these columns easy to use and maintain. 
However, the lack of active mixing makes them much less efficient than active col-
umns. This simplicity also trickles down to a lower price tag than their more active 
counterparts.

Active columns use agitation to create droplet breakup and increase mass transfer. This 
can take one of a few forms, pulsed columns, reciprocating plate columns, and rotating 
disk contactors [36]. Pulsed columns use piston pumps to vary the inlet flow rate and force 
two phases through perforated plates in the column, forcing droplet breakup and increas-
ing mass transfer. There are many variations on this design, but they all rely on the princi-
ple of a pulsating flow to promote mass transfer. Similar to this, reciprocating plate columns 
rely not on pulsating the liquid, but instead rapid movement of the plates inside the col-
umn. Reciprocating plate columns are advantageous in that they often have much higher 
throughputs than pulsed columns. Finally, rotating disc columns use an impeller like rotat-
ing shaft with discs that are designed to break the dispersed axially into baffles on the side 
of the column.

Extraction columns are appreciated for their large capacity and suitability for many 
stages of extraction, which is particularly advantageous when compounds with similar par-
tition coefficients need to be separated. Their capability for large throughputs lends to their 
use in bulk and commodity chemical manufacturing as designing larger columns can be 
done relatively easily by increasing the height or diameter of the column. The solvent 
choice is particularly important for extraction columns since the mixing methods can lead 
to high amounts of emulsification which greatly reduces the capacity of the column. While 
columns can be extremely effective for large- scale extractions, they do not scale down well 
and their large internal volume makes it very challenging to use at laboratory and even 
pilot scales. As with mixer settlers, the technology is necessarily continuous, but is not 
commonly used by flow chemistry practitioners because of the large internal volume and 
the resulting long residence times.

Recent efforts have pushed to miniaturize this technology to make it more amenable to 
flow systems. As shown in Figure 6.11, Kockmann’s group [68] has demonstrated that a 
2- meter column with just a 15- mm internal diameter (1.4- liter internal volume) can pro-
duce 15 stages of theoretical extraction for flow rates between 5 and 40 mL/min. While the 
multi- liter internal volume and 2- meter height are still prohibitive for lab- scale chemistry, 
this work provides an avenue for small pilot extraction development in columns for batch 
and flow chemists.
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6.3.3  Extraction Technology Selection for Flow Chemistry

When determining which of the previously mentioned technologies will be best to use for 
a given process, a flow chemist must consider a variety of factors. The physical properties 
of the solvent system are important as they can rule out certain technologies. For instance, 
mixer- settlers are ineffective for systems with small density differences. Beyond this, the 
flow chemist must consider how many stages of extraction are required for the process and 
the cost associated with building many stages. Extraction columns are very amenable to 
large numbers of stages and especially for stage numbers > 10, and they are cost- efficient 
on a per stage basis. Conversely, centrifugal extractors can be expensive for > 10 stages of 
operation. Another key consideration examined by flow chemists is the internal volume of 
the technology as reducing residence time is an important target in designing a continuous 
process. For this reason, many flow chemists use the membrane separators such as those 
commercialized by Zaiput® because they are characterized with an internal volume that has 
orders of magnitude lower than that of other extractive technologies. A mechanically agi-
tated system may be required for highly viscous fluids. The solvent systems containing 
solids may be best handled by mixer- style extractors while those with emulsions may suit 
better to the membrane- based extractors. In addition, the extractive technology with dis-
crete physical stages (e.g. centrifugal extractors, Zaiput® membrane separators) can be sim-
pler for scale- up as each of the physical stages can be characterized with percent efficiency 
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Figure 6.11  A milli- structured, stirred- pulsed column for intensified continuous countercurrent 
extraction, Source: Reprinted with permission from [68]. 
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(i.e. its relative performance to the equilibrium extraction). It is also essential to consider 
the chemical compatibility of the equipment parts as many examples of flow chemistry 
involve the use of aggressive reagents. Lastly, the size (e.g. dimension and footprint area) of 
the extractors is also another important design factor. All in all, the selection criteria for the 
extractive technology can be summarized as follows:

 ● Physical properties of the fluids
 – Density differences
 – Viscosity
 – Presence of solids
 – Presence of emulsions

 ● Number of stages required
 ● Chemical compatibility of the equipment parts
 ● Internal volume of the extractive equipment
 ● Scale- up strategies
 ● Size of the extractive equipment

6.4   Conclusion

This chapter provides an overview of current flow technologies for separation. Although there 
have been many flow- based techniques, the most common ones are adsorption/scavenger and 
extraction. Adsorption and scavenger are closely related concepts as they rely on different 
interactions of different compounds to solid materials. On the other hand, in solvent extrac-
tion, different compounds have different solubilities in solvent (liquid). So, they are partitioned 
in different ratios in immiscible liquid–liquid systems. The solvent extraction consists of two 
steps: mass transfer (mixing) and phase separation. There are a number of extractive technolo-
gies discussed in this chapter including membrane separators/extractors, continuous mixer- 
settlers, and continuous extraction columns. Users must consider different aspects, such as the 
physical properties of fluids, the required number of stages, and the internal volume of the 
extractors, when selecting which types of extractors to use.
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7

7.1  Introduction

Over the past two decades, there has been an emerging trend for the implementation of the 
principles of green chemistry and for the application of sustainable technologies in various 
areas of the chemical and biotechnology industries [1, 2]. Although a great deal of original 
research has been done so far in diverse fields of green chemistry and the utilization of 
these results to establish improved industrial processes is already ongoing, there is still 
tremendous work to be done if we desire to build a more healthful, constantly renewing, 
and rejuvenating world for future generations [2]. In 2007, the members of the ACS Green 
Chemistry Institute® Pharmaceutical Roundtable assembled the key research areas the in 
the aspect of pharmaceutical manufacturing [3], which was then extended to the perspec-
tives of both pharmaceuticals and fine chemicals [4]. In this later review, the Roundtable 
collected and prioritized some key green engineering research areas where separation and 
reaction technologies and solvent selection, recycling, and optimization were designated as 
the second and third most important fields of research besides continuous processing, bio-
processes, and process intensification in the top five areas [4]. Separation operations are 
present in almost every manufacturing process within the chemical industry: the removal 
of impurities from raw materials and feed mixtures, the recirculation of solvents and 
unconverted reactants, the isolation of products for subsequent processing, the purification 
of final products and recycle streams, the recovery of by- products, and post- treatment of 
effluent streams all require some kind of separation techniques [5]. As the energy and time 
requirements for separation steps often substantially exceed those required for chemical 
reactions, they are the predominant contributor to processing energy and costs (they can be 
responsible for as much as 70% of the plant cost)  [6], which requires novel, intensified, 
integrated, and more energy- efficient separation methods for a greener and more sustain-
able manufacturing process [4].

Chromatography is one of the most widely used separation techniques in the chemical 
industry which can be used for analysis, isolation, and purification purposes on a scale from 
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the minuscule quantities needed for the identification of compounds to the hundreds of 
 kilograms of material processed to final products [7]. Although the term “sustainable chro-
matography” has been called to be an oxymoron and avoidance of chromatography by turn-
ing to crystallization, classical resolution, biotransformation, asymmetric syntheses, etc., is 
preferred if applicable [8], the steadily increasing number of scientific publications in the 
field of chromatography (over a total of 2,200,000 hits in February 2021) (see top of Figure 7.1) 
suggests that chromatography still is and will probably remain a fundamental part of separa-
tion processes. To reduce the high solvent consumption of conventional preparative- scale 
chromatographic purification methods, by cautious solvent selection, reuse, and recycling, 
the waste impact (i.e. the tons of used silica gel) of flash chromatography is sought to be 
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minimized or more sustainable alternative methods (i.e. supercritical fluid chromatography 
[SFC], ion exchange resins, reverse- phase high- pressure or medium- pressure liquid chroma-
tography [HPLC/MPLC], etc.) can be used  [8]. To this avail, another promising but less 
 widespread alternative is the group of support- free liquid–liquid chromatographic tech-
niques, such as hydrodynamic and hydrostatic countercurrent chromatography (CCC) [32]. 
In this chapter, we focus on how green chemistry principles and sustainable thinking can be 
implemented in practice during separations carried out by hydrostatic CCC or more com-
monly known as centrifugal partition chromatography (CPC). This topic is also well repre-
sented in recent publications focusing on the sustainable features of CPC (see bottom of 
Figure 7.1 and references therein). Although a trend toward greener methods in separation 
techniques is present in the chemical industry, the number of articles focusing on green 
chemistry applications of CPC is yet quite low compared with all CPC- related publications 
(around only 2% between 2015 and 2020). Therefore, further research is needed in this area 
to make CPC a widely known, green and sustainable separation technique.

7.2  Centrifugal Partition Chromatography

7.2.1 Introduction

CPC is a liquid–liquid chromatographic technique, where in contrast to conventional 
 chromatographic techniques, both the stationary and the mobile phases are liquids. Its cate-
gorization into countercurrent chromatographic (CCC) techniques is somewhat unfortunate 
as only the original demonstration and some later CCC models used actual countercurrent 
flow of the two liquid phases [33]. Since the first paper describing the first CPC prototypes 
manufactured by Sanki Engineering, Ltd. in the 1980s [34], the development and industrial 
applications of CPC were somewhat suppressed by the spread of solid/liquid chromatogra-
phy as main purification techniques and also by the unreliability and poor engineering of 
early instruments [32]. Fortunately, as the technique has been becoming more commonly 
known and newer designs and more reliable instruments are manufactured (Table 7.1), and 
due to the advantages of the technology and its capabilities for  sustainable development, the 
rapidly increasing number of publications in the past  decades confirms a renewed interest in 
the research area and the possible industrial applications of the technique (Figure 7.1) [41].

7.2.2 Theory

In CPC, the support- free stationary phase is held stagnant by a strong centrifugal force 
inside the column (rotor) while the mobile phase is pumped through it by force (using typi-
cally an LC pump) [42]. The purification process in liquid–liquid chromatography is gov-
erned by the partitioning of solutes between the two immiscible liquid phases. During the 
chromatographic runs, the retention of the solutes depends on the time they spend in the 
stationary phase during the consecutive exchanges occurring between stationary and 
mobile phases. This mechanism can be described by the following equation:

 V V K VR M D S (7.1)



Table 7.1 Comprehensive summary of commercially available CPC instruments.

Vendor
Model/
column name

Column 
volume (mL)

Max rotation 
speed (rpm)

Max flow rate 
(mL/min)

Max 
backpressure (bar)

Typical sample size 
per injection (g)

AECS- Quickprep Ltd. Quattro CCC + 
Quattro CPC.(St Columb Major, UK) [35]

QuickPrep CPC 250 800 20 35 0.3–10

500 800 40 35 0.5–20

LabPrep CPC 1000 800 70 35 1–40

2000 800 150 35 2–80

PilotPrep CPC 4800 800 200 35 10–200

ProcessPrep CPC 12,000 800 1000 35 25–480

ETS Couturier(Clairegoutte, France) [36] Partitron 25 25,000 1500 500 150 n.d.

Ever Seiko Corp(Tokyo, Japan) [37] CPC80 80 2000 10 ~58.8 1

CPC240 240 2000 20 ~58.8 5

CPC1400 1400 1500 80 ~58.8 20

Gilson Inc.(Middleton, USA) [38] CPC 100 100 3000 15 100 1

CPC 250 250 3000 15 100 6

CPC 1000 1000 1500 50 80 30

CPC 250 PRO 250 3000 80 100 30

CPC 1000 PRO 1000 2000 350 80 100

CPC 5000 PRO 5000 1800 3000 80 350

Kromaton Sarl
Groupe Rousselet- Robatel(Annonay, 
France) [39]

FCPC 25 25 3000 10 80 0.01–0.5

FCPC 50 50 3000 10 80 0.01–1

FCPC 200 200 2000 20 80 0.1–5

FCPC 1000 1000 2000 50 80 1–30

FCPC 5000 5000 1000 150 ~62.1 150

RotaChrom Technologies LLC(Budapest, 
Hungary) [40]

rCPC 2100 1000 300 100 150

iCPC 23,000 1000 5000 100 1500
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where VR is the retention volume, VM and VS are the mobile and stationary phases inside 
the CPC column, and KD is the partition coefficient or distribution constant of the solute, 
which can be obtained as:

 
K c

cD
S

M  
(7.2)

where cS and cM represent the total concentration of all forms (neutral, ionized, dimers, 
etc.) of solutes in the stationary and mobile phases.

The column volume can be described as:

 V V VC M S (7.3)

And the stationary phase retention ratio can be given as:

 
S V

Vf
S

C  
(7.4)

By substituting Eqs. (7.3) and (7.4) into Eq. (7.1), it can be rewritten as:

 V V K V Vc K SR C D S D f1 1 1  (7.5)

Based on Eq. (7.5) it is easy to see that since the 𝑉𝐶 and the Sf values are known or easy 
to be measured, if we know the partition coefficient of a solute, then its retention vol-
ume, therefore its position on the chromatogram can be unambiguously predicted and 
vice versa.

Provided that we have the measured KD values in a series of possible biphasic solvent 
systems, the most adequate solvent system and the role of its two phases (mobile phase or 
stationary phase) during the chromatographic run can be determined so that the target 
compounds could elute in the “sweet spot” of the polarity range where separation is opti-
mal [43]. When choosing between descending (the denser phase being the mobile phase, 
the lighter phase being the stationary phase) and ascending (the lighter phase being the 
mobile phase and the denser phase being the stationary phase) modes for a given separa-
tion task, we must also consider other aspects: if descending mode is chosen, the stationary 
phase retention is usually better and no air bubbles formation and trapping of the bubbles 
in the detector flow cell is expected; however, in the case of choosing of ascending mode, 
the collected, usually organic solvent- rich fractions with lower boiling point are much eas-
ier to dry compared with the aqueous fractions of descending runs, which reduces expenses 
and facilitates the recycling of solvents [44].

7.2.3 Instrumentation

Since the first prototypes of CPC instruments in the 1980s, with the development of 
engineering tools, several companies have joined the market of manufacturing CPC 
instruments providing columns with different cell geometry and capacity 
(Figure 7.2) [45]. As can be seen in Table 7.1, CPC instruments with different size of 
columns ranging from some 10 mLs to some 10 L volume are now commercially 
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available for laboratory- , pilot- , and industrial- scale separations. It must be also empha-
sized that data given here are collected from websites, application notes, and brochures 
and should be considered as indicative only, as different companies are detailing infor-
mation in specifications on different levels. Also, the maximum rotor speed, mobile 
phase flow rate, and sample loads are strongly dependent on the chosen biphasic system 
and the solubility of the compound of interest and matrix components of crude sam-
ples; therefore, it can change from separation task to separation task. Operational costs 
of the CPC instruments will also change according to rotor size and further task- specific 
parameters (rotor speed, flow rates, the price of the solvents of the biphasic system, etc.).

(a)

(c)

(b)

(d)

(e) (f)

Figure 7.2 Different commercially available cell types utilized in CPC instruments. (a) radial cell; 
(b) FCPC®- chamber (Kromaton Sarl Groupe Rousselet- Robatel); (c and d) twin cells (Gilson Inc.); (e) 
small cylindrical cell (radially drilled in a cylindrical rotor wall, ETS Couturier); (f) large cylindrical 
cell (radially mounted on a rotor, RotaChrom Technologies LLC).
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7.3  Strategies for Making CPC- Based Separation 
Processes Sustainable

By changing from the conventional solid–liquid phase separation techniques to a liquid–
liquid system, a significant cost from purchasing the expensive silica gel and a substantial 
amount of solvents can be spared, meanwhile the generation of solid waste and its disposal 
costs can also be avoided [46]. However, the expensive instrumentation of CPC, the fear of 
switching from a traditional technology to one not yet widely known and the costs of 
acquiring regulatory approval for the new technology have hindered the spread of CPC, 
even though the integration of CPC to the chromatography workflow would save money 
for companies on the long run [46].

From the aspect of green chemistry and sustainable development, four main steps of the 
separation workflow can be appointed as key areas where significant reduction of costs and 
footprint may be achieved: (i) the selection of green solvent solvents as components of the 
biphasic solvent system, (ii) recycling of solvent waste to the start of the separation process, 
(iii) coupling and integration of CPC with downstream processes, and (iv) the valorization 
of waste as input materials of CPC (Figure 7.3).

7.3.1 Solvent- system Selection Strategies: Green Alternatives

While in solid/liquid chromatography we can choose from only a limited number of sta-
tionary phases (mostly some kind of silica- based solid packing) which can be changed only 
by the replacement of the whole column and the separation can be mostly fine- tuned by 
changing the composition of the mobile phase, in CPC, numerous possible biphasic liquid–
liquid systems can be chosen using the same column [32]. The versatility of the system is 
further increased by the possibility of interchangeability of the phases by switching 
between ascending mode and descending mode [42]. These properties of the CPC system 
make possible the easy optimization of the chromatographic run depending on solely the 
polarity of the sample, its solubility in the biphasic system, and the type of the separation 
task to be carried out [47]. When choosing the solvent for a biphasic system, it is important 
to remember that for ideal use in CPC, the system must have a low viscosity, should be UV 
transparent for easy detection, must cover a wide polarity range, strong interfacial tension 
must be present between the aqueous and organic phases for fast equilibration upon mix-
ing, while from the aspect of the post- separation work- up processes of the fraction, low 
boiling point of the solvents is preferred.

For finding the appropriate biphasic system for the separation task ahead, starting from 
the least polar systems with no water content (e.g. alkane/methanol [MeOH], alkane/
dimethyl sulfoxide [DMSO]) to the most polar systems containing water in both phases 
(called aqueous two- phase systems, ATPS) (e.g. phosphate/polyethylene glycol [PEG]/
water, dextran/PEG/water) [32] there are numerous possibilities, which makes the selec-
tion process laborious and time- consuming by the trial and error method as the polarity 
range to cover can be quite wide. To remedy this, several attempts have been made to estab-
lish simplified solvent selection strategies [47–49], and there is also an increasing trend for 
using computer- aided methods  for screening purposes [50–53], like the conductor- like 
screening model for real solvents (COSMO- RS) [49, 54, 55].
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Among the classical biphasic solvent systems most widely used in CCC that can cover a 
large polarity range are the ChMWat (chloroform/MeOH/water) and HEMWat (hexane/
ethyl acetate/MeOH/water) systems [43, 48], and the refined version of the HEMWat sys-
tem (with the less toxic heptane, instead of hexane), called the Arizona system  [56] 
(Table 7.2). The Arizona system consists of biphasic mixtures where the volume ratio of 
heptane/ethyl acetate and MeOH/water is kept 1:1 with identical, systematically changing 
MeOH over water ratio and heptane over ethyl acetate ratio resulting in more polar 
(Arizona A- M) and less polar (Arizona P- Z) compositions with solvent proportions in sym-
metrically inverse order toward the central liquid system (Arizona N, 1/1/1/1 ratio) [56]. 
Several other solvent systems can be used such as the methyl isobutyl ketone (MIBK)/ace-
tone/water solvent system families, tert- butylmethyl ether (MTBE)/1- butanol/acetonitrile 
(MeCN)/water system, MTBE/water systems with triethylamine (TEA) and HCl for pH- 
zone refining [60], the WDT system (water/DMSO/THF) for highly insoluble solutes [61], 
the ethyl acetate/1- butanol/water system, ideal for gradient runs [57]. An extensive list of 
further examples for solvent systems formerly used in high- speed CCC which could be also 
used in CPC has been collected previously [44].

From the aspect of green chemistry, the ecological footprint of a purification process can 
be reduced by rigorous management of work- up solvents [67] or choosing renewable, green 
solvents instead of halogenated and petroleum- based ones [63]. A solvent can be consid-
ered as green, if it possesses reduced health and environmental absorption and toxicity and 
displays a reduced life cycle impact [46, 68–70]. To facilitate the choice, certain guides can 
be found in the literature  [71] made by pharmaceutical companies, like Pfizer’s solvent 
selection guide which categorizes solvents as Preferred, Usable, and Undesirable based on 

Coupling and integration with
downstream processes

Valorization of (liquid) waste

Green solvent selection Solvent recirculation

Raw materials

CPC separation process

Solvent system
Solvent purification
• Membrane filtration
• Ultrafiltration
• Dialysis
• Evaporation

Solvent waste

Waste disposal

Product fractions

Figure 7.3 Typical workflow of a CPC separation process presenting possible approaches for the 
implementation of green chemistry aspects: (i) green solvent selection (Subchapter 7.3.1); (ii) 
solvent recirculation (Subchapter 7.3.2); (iii) coupling and integration with downstream processes 
(Subchapter 7.3.3); (iv) waste valorization (Subchapter 7.3.4).



Table 7.2 Commonly used classical solvent systems and green alternatives in CPC.

Solvent systems Components Applications in CPC

Classical ones

ChMWat Chloroform/MeOH/Water Dinitrophenyl amino acids [48]

HEMWat Hexane/Ethyl acetate/MeOH/Water Dinitrophenyl amino acids [48]

Arizona Heptane/Ethyl acetate/MeOH/Water Natural extracts (Piper longum, Polygonum 
cuspidatum) [56]

EtOAc/1- BuOH/Water Ethyl acetate/1- Butanol/Water Anthocyanins [57]

MIBK/Acetone/Water Methyl isobutyl ketone/Acetone/Water 10- Deacetyl- baccatin (docetaxel starting material) [58]

MTBE/1- BuOH/MeCN/Water tert- butylmethyl ether (MTBE)/1- 
Butanol/Acetonitrile/Water system

Gangliosides (amphiphilic glycolipids) [59]

MTBE/Water with TEA and HCl Antioxidant recovery and alkaloid isolation [60]

WDT Water/DMSO/THF Amphotericin B [61]

Green alternatives

ATPS Polymers (PEG, polyacrylate)/phosphate 
buffer/NaCl

Monoclonal antibodies (mAb) [62]

Limonene/MeOH/Water and 
Limonene/EtOAc/EtOH/Water

Methylparahydroxybenzoate and diethyl phtalate (model 
mixture) [63]; occine red, aspirin, and coumarin (model 
mixture) [64]

Natural deep eutectic solvents 
(NaDES)

Choline chloride (ChCl), urea, 
carboxylic acids, and polyols

Naringenin, retinol, β- ionone, and α- tocopherol [65]

CPME Cyclopentyl methyl ether Peptide intermediate of bivalirudin synthesis [66]
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Table 7.3 The CHEM21 selection guide, combining previous ranking guides for better comparison 
of solvents.

Recommended Water, MeOH, ethanol (EtOH), 2- propanol, 1- butanol, tert- butanol, acetone, 
ethylene glycol, ethyl, isopropyl, isobutyl and isoamyl acetate, dimethyl carbonate 
(DMC), ethyl methyl ketone (MEK), isobutyl methyl ketone (MIBK), tert- amyl- 
methyl ether (TAME), etc.

Problematic Methyl acetate, THF, methyl- THF, toluene, heptane, cyclohexane, MeCN, 
DMSO, etc.

Hazardous Diisopropyl ether, MTBE, 1,4- dioxane, pentane, hexane, dichloromethane 
(DCM), methoxy- ethanol, etc.

Highly 
Hazardous

Diethyl ether, benzene, chloroform, CCl4, 1,2- dichloroethane, nitromethane, 
CS2, etc.

worker safety, process safety, and environmental and regulatory considerations  [72]; 
GlaxoSmithKline’s (GSK) solvent sustainability guide (last updated in 2016), which catego-
rizes solvents into Green, Amber, and Red classes based on their inherent waste disposal, 
environmental, health, and safety issues [73]; Sanofi’s guide which ranked solvents into 
four categories: Recommended, Substitution advisable, Substitution requested, and Banned 
based on their IHC limit, Occupational Health, Safety and Environmental Hazard Bands, 
and other industrial or legal constraints [74].

As the different guides ranked solvents based on different criteria, conflicting classifica-
tions have emerged in several cases. To remedy this, the Innovative Medicines Initiative 
(IMI)- CHEM21 consortium compiled and combined these previous data to create the 
CHEM21 selection guide of classical-  and less classical- solvents which allows a better rank-
ing comparison of solvents [75]. The combined guide ranked solvents into Recommended, 
Problematic, Hazardous, and Highly Hazardous classes (Table 7.3). Also, for further help 
in solvent selection, an interactive online selection tool created by the ACS GCI 
Pharmaceutical Roundtable is available  [76], which is an approximate duplicate of the 
original tool built by AstraZeneca [77]. In addition to the classification of a solvent in these 
guides, when looking for an alternative solvent that is appropriate for CPC separations, 
density, viscosity, and boiling point are also key factors to be considered.

Applicability of the most prominent green solvents and additives utilized in CPC separa-
tions will be discussed in detail in the following four sections (see Figure 7.4).

7.3.1.1 Substitution of Alkanes
Since recent regulations banned several hazardous solvents like n- hexane which was most 
commonly used for extractions of natural products, another alternative had to be found. 
2- Methyl- Tetrahydrofuran (2- Me- THF) (Figure 7.4) is often considered as a green alterna-
tive to THF in syntheses as 2- Me- THF is nontoxic, it has low miscibility with water, and its 
stability compared with other heterocycles is remarkable. 2- Me- THF is a biomass- derived 
chemical and this in accordance with several of the green chemistry principles. 2- Me- THF 
can be produced from renewable raw materials, it is biodegradable, easy to recycle, possesses 
a promising environmental footprint, and a good preliminary toxicology  [78]. Compared 



7.3  Strategies for  aaing CPCC-aseed Separation Prooesses Sustainable 271

with n- hexane, it has almost the same molecular weight (86.1 Da), a higher boiling point 
(80.2 °C), and flashpoint (–1.9 °C), which makes it less flammable and hazardous. Its higher 
density (0.854 g/cm3) and viscosity (0.46 cP) might be a drawback during CPC runs com-
pared with n- hexane but is well within the operational range of CPC as by using decreased 
rotor speed and flow rate, systems with much higher viscosity, like the octanol- water sys-
tem [79], polymer- rich ATPS, and even natural deep eutectic solvents (NaDES) [65] can also 
be used without reaching the maximum pressure drop of the CPC instrument.

Limonene is an apolar solvent, a natural cyclic monoterpene (Figure 7.4), with a pleasant 
fruity odor, and its D- isomer is the major component in the essential oils of citrus fruits 
(59–90%) [80]. The world production of citrus fruits is over 120 million tons per year [81], 
40–50% of which is destined for industrial processing, where the resulting citrus peel waste 
is about 50–70% (w/w) of the processed fruits resulting in an annual world production 
close to 10 million tons [82]. The biomass generated this way typically contains 5.4 kg of oil 
per a ton of raw biomass, of which approximately 90–98% is D- limonene; therefore, it can 
be considered as an easily available and renewable solvent [82]. From the regulatory aspect, 
the legal status of limonene is clear, it has been listed by the Food and Drug Administration 
(FDA) agency as a “Generally Recognized As Safe” (GRAS) food additive, flavoring and 
fragrance additive [83]. Also, in a Reregistration Evaluation Decision, the US Environmental 
Protection Agency (US EPA) stated that limonene can be used without resulting in unrea-
sonable adverse effects to humans and the environment and that it is granted an exemption 
from the requirement of a tolerance when, as an inert ingredient, it is used as a solvent or 
fragrance in pesticide formulations [84]. On the other hand, limonene is ranked as a prob-
lematic solvent by the CHEM21 guide due to its relatively high boiling point and aquatic 
toxicity [75]. However, its natural origin still makes it a better, greener alternative to the 
alkanes hexane and heptane in the HEMWat and Arizona systems, which solvents are 
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Figure 7.4 Chemical structures of green solvents and additives utilized in CPC separations. 
2- Me- THF, CPME, and D- limonene are used for alkane substitution (Subchapter 7.3.1.1); CPME is 
also extensively studied for the replacement of DCM (Subchapter 7.3.1.2); PEGs are inevitable 
polymer components of ATPS used for protein purifications (Subchapter 7.3.1.3); while L- menthol, 
choline chloride, and levulinic acid are representing the emerging class of CPC- compatible natural 
deep eutectic solvents (Subchapter 7.3.1.4).
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Table 7.4 Physicochemical properties of n- heptane, methanol, and their green alternatives,  
limonene and ethanol [63, 85].

n- Heptane Limonene MeOH EtOH

Molar weight (Da) 100 136 32 46

Boiling point (°C) 98.4 178 64.6 78.4

Density (g/cm3) 0.679 0.841 0.791 0.789

Viscosity, 25 °C (cP) 0.389 0.923 0.544 1.0740

Surface tension (mN/m) 20.8 28.5 22.6 22.4

Dielectric constant, ε (- ) 1.92 2.37 32.7 24.3

Water solubility (w%) 0.00024 0.08 Miscible Miscible

MeOH/EtOH solubility (w%) 29.7/miscible 32/miscible Miscible Miscible

logPo/w 4.50 4.58 −0.74 −0.31

UV cutoff (nm) 200 250 205 210

ranked as problematic/hazardous due to their flammability, aquatic toxicity, and the 
 neurotoxic human metabolite of hexane. Previous studies have already investigated the 
impact of the substitution of heptane with limonene in the biphasic systems [63] and also 
proposed an even greener alternative by changing MeOH to EtOH [64, 85]. It is also note-
worthy that D- limonene might be considered as a selector for enantiomer separations by 
CPC in the future due to its chirality [63], which enables enantioselective interactions with 
other chiral compounds.

Limonene and heptane are very close in polarity (dielectric constants [ε]: 2.37 and 
1.92, respectively)  [85] and they also show quite similar solvation capability toward 
water and MeOH (Table 7.4). The overlapping ternary plots of limonene, hexane, and 
heptane with water/MeOH mixtures share strong similarity in the biphasic systems 
(Figure 7.5).

The most notable difference in their properties is the density difference between the 
alkanes and limonene (Table 7.4), which will affect their position in the biphasic systems: 
in the case of a system with heptane/methanol/water 10/9/1 (v/v) ratio, heptane is the 
upper phase due to its lower density and therefore it can be used as a mobile phase in 
ascending mode, while it is the opposite in the case of limonene, where in the case of a 
system limonene/methanol/water 10/9/1 (v/v) ratio, limonene is the lower phase due to its 
higher density, making it useful as a mobile phase in descending mode [63]. At this compo-
sition, the low difference between the densities of the phases is also an advantage for CPC 
runs that allowed the use of high rotation speed with reduced pressure drop compared with 
the system containing heptane [63]. However, as the stationary phase retention (Sf) was 
significantly lower and more sensitive to a change in flow rate in the case of limonene as 
compared with heptane, only a lower flow rate (3 mL/min) could be applied to reach a 
moderate Sf (43%) that was enough for baseline separation of the model mixture of methyl 
parahydroxybenzoate and diethyl phtalate [28].
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If besides the heptane–limonene change, MeOH is also replaced with the less toxic EtOH 
in the Arizona system, similar ternary plots can be acquired for the heptane/EtOH/water 
and limonene/EtOH/water systems (Figure 7.5), which further supports previous observa-
tions suggesting similar solving properties of limonene and heptane [29]. However, as in 
the Arizona system, EtOAc is also present, and we must investigate its solubility in MeOH 
and EtOH, where significant difference can be found in favor of EtOH, which has signifi-
cantly higher solving ability toward water- immiscible compounds (see Table  7.3)  [85]. 
Also, a major difference between the classical and green Arizona systems is that limonene 
and EtOH are fully miscible, while heptane and MeOH form a biphasic system at room 
temperature. As a consequence, proportions Arizona Y and Z form monophasic solutions 
and Arizona W and X are milky biphases with settling times of several minutes, rendering 
these four compositions inappropriate for use in CPC [85]. Moreover, the seemingly small 
difference between the polarity of MeOH (logPo/w = −0.74) and EtOH (logPo/w = −0.31) 
will have significant consequence in the four- component Arizona system. The distribution 
of EtOH will be much better between the upper and lower phases in the green Arizona 
solvent family, than the distribution of MeOH is in the original one, resulting in more 

Methanol

0%

20%

40%

60%

80%

100%

0%20%40%60%80%100%
0%

20%

40%

60%

Water Limonene

100%

80%

Methanol
0%

20%

40%

60%

80%

100%

0%20%40%60%80%100%
0%

20%

40%

60%

Water n-heptanen-hexane

100%

80%

Methanol
0%

20%

40%

60%

80%

100%

0%20%40%60%80%100%
0%

20%

40%

60%

Water

100%

80%

Figure 7.5 Demonstrating high similarity between ternary plots of Limonene/MeOH/Water, 
n- Hexane/MeOH/Water, and n- Heptane/MeOH/Water systems (diagrams were simulated by vle- calc.
com ver. 11/55/2020).
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EtOH in the upper phases, raising their polarity. For the same solutes, this will induce dif-
ferent distribution; therefore, separation differences between when using classical and 
green Arizona systems with the same proportions [85].

Another advantageous property of the green Arizona system was the low density differ-
ences (<0.06 g/cm3) for half of the green system compositions, which allows working with 
maximum centrifugal fields to result in high Sf values; therefore, better resolution  [64]. 
Similarities have also been found between the original and the green Arizona systems: the 
relationship between the logarithm of solute partition coefficients and the system composi-
tion (upper phase alcohol content % [v/v]) remained linear, however, with a much steeper 
slope in the case of the green Arizona system, which can be explained by better distribution 
of EtOH between the phases. Based on the measured data, we can assume that the green 
Arizona systems are one-  or two- letter more polar than their corresponding pairs in the 
original system [64]. The results of these investigations confirm that limonene and also 
EtOH are possible green alternative solvents for use in CPC if the changes they induce in 
the systems are kept in mind during method development.

7.3.1.2 Replacement of Chlorinated Solvents
The substitution of chlorinated solvents is a long- desired goal of the chemical industry; 
solvent selection guidelines mark almost all of them as hazardous or highly hazardous 
[75]. For example, the substitution of DCM has not yet been fully implemented in organic 
synthesis or in chromatography. To replace DCM in the widely used MeOH- DCM system, 
several investigations have been carried out, besides DMC, MTBE, and 2- Me- THF, cyclo-
pentyl methyl ether (CPME) was found to be a possible direct alternative of DCM in those 
systems [86]. CPME has low toxicity, high boiling point (106 °C), hydrophobicity, low heat 
of vaporization, moderate density (0.86 g/cm3, 20 °C) and viscosity (0.57 cP, 20 °C), and 
high surface tension (25.17 mN/m) making it an ideal choice for CPC separations as 
well [87–89]. CPME has also already been successfully used as a substitute for chloroform 
in high- performance liquid chromatography [90], and its application in CPC has also been 
reported as an alternative choice to replace MTBE, THF, 2- Me- THF, and dioxane in a new 
type I biphasic solvent system using CPME/DMF/Water (CDW)  [66]. By means of the 
CDW system, a peptide intermediate of bivalirudin synthesis was successfully purified 
using a pH- zone refining CPC method with TEA as an organic retainer (to induce analytes 
to retain in the stationary phase). Using a solvent ratio of CPME/DMF/W=49/40/11 (v/v) 
with TEA (28 mM) in the upper phase and methanesulfonic acid (18 mM) in the lower 
phase, 66.4% stationary phase retention could be achieved at a rotation speed of 1400 rpm 
and a flow rate of 6 mL/min. An excellent recovery (94%) and high purity (HPLC purity 
99.05%) of the target peptide could be realized by CPC [66].

7.3.1.3 The Greenest Systems Possible: Toward Biotechnological Applications 
Using Aqueous Two- Phase Systems
Water, as the first choice of green solvent, is the safest and the most environmentally 
friendly solvent widely employed in various kinds of green separation processes [91]. It is 
also the most polar solvent that we can chose, being one of the endpoints of the relative 
polarity scale [92]. A special group of biphasic systems often used in liquid–liquid extrac-
tions is called ATPS, where phase- forming components like two incompatible polymers or 
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a salt and a polymer are dissolved in water and upon reaching a certain concentration, the 
biphasic system is spontaneously formed [93, 94]. Typical ATPS are the PEG/Phosphate, 
PEG/Sulphate, PEG/Dextran, or the PEG/Ionic liquid (IL) systems [95]. Due to their high 
water content (>85%), these systems provide ideal environment for cells, organelles, pep-
tides, and other macromolecules [93]. Partitioning of the protein will be mainly dependent 
on the size, hydrophobicity, and surface net charge of the protein and the composition, pH, 
ionic strength, and the presence of additional salt in the ATPS [96]. Also, as a rule of thumb, 
negatively charged proteins tend to partition to the PEG- rich phase; therefore, by adjusting 
the pH above the pI value of the protein, this behavior can be strengthened [97]. By adding 
NaCl to the system, the polarity difference between the lower and upper phases can be 
increased, which often drives the proteins, especially hydrophobic ones, to the polymer 
phase [98]. On the other hand, the anion of NaClO4 is relatively hydrophobic, which tends 
to partition into the upper, PEG- rich phase, attracting positively charged proteins to parti-
tion into the upper phase. At a pH higher than the pI, the presence of the ClO4

− anion 
repels negatively charged proteins from the upper phase [96].

It has been shown in several cases that the ATPS containing PEG- 1000/K2HPO4/Water 
can be used for CPC separation of proteins (e.g. myoglobin and lysozyme) [95, 99]. The 
major problem in the case of ATPSs is the increase of the flow rate which decreased the 
stationary phase retention significantly and thus separation became more difficult. 
However, compared with hydrodynamic CCC columns, which are working inefficiently 
with ATPS, CPC can still provide acceptable resolutions. Moreover, in the case of the hydro-
static CPC instrument, the scale- up step from a lab- scale instrument (with a 500 mL col-
umn) to a preparative- scale column (with 6.25 L volume) could be easily handled even with 
a relatively low Sf = 0.3 value [95]. For a better separation of the two proteins, addition of 
IL can be suggested, as low as 1.5% 1- Ethyl- 3- methylimidazolium chloride ([EMIM]Cl) 
could move the partition coefficients of myoglobin and lysozyme closer to the sweet- spot 
(0.5 < KD< 2), while high Sf values and reasonable flow rates could be maintained. Also, 
20% of the total column volume could be injected into the system, which theoretically 
could be increased to even further to raise productivity [100].

ATPSs also provide gentle conditions for the separation of enzymes; however, the ques-
tion has arisen whether the shear forces inside the CPC instrument during the chromato-
graphic run would damage the enzymes causing loss of activity. To investigate this, 
supernatant containing active laccases was used for separation by CPC at 1000 rpm rota-
tional speed, 5 mL/min flow rate in an ATPS consisting of PEG- 3000 (13% w/w)/Phosphate 
(6% w/w)/NaCl (2.2 or 2.5% w/w) [101]. The results of the study showed that the shear and 
interfacial forces inside the instrument did not lower the activity of the laccases signifi-
cantly. Also, it was found that as opposed to previous observations, Sf values higher than 
70% could be achieved in this system, which might be explained by the higher molecular 
weight of PEG in this particular study.

Another promising area for the application of ATPSs in CPC is the purification of biop-
harmaceuticals. Year by year the number of biologics among the top 200 drugs worldwide 
increase [102], the current landscape of this research area promises continuous growth. 
Without doubt the research in the field of separation processes of biotherapeutics will be of 
major importance in the forthcoming decades to decrease the significant cost of down-
stream processes. The first studies in this area for the applicability of CPC have already 
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been carried out [62, 103, 104]. For the purification of three monoclonal antibodies (mAb) 
from host cell protein (HCP) precipitation and redissolving, batch partitioning in PEG 400/
citrate- systems, CPC separation (single and dual mode) in the same type of ATPS and the 
combinations of these process steps were investigated  [62]. It was found that although 
mAb recovery was >96% in all cases, neither batch partitioning nor CPC could reduce HCP 
content satisfactorily. The best results were observed in the case of precipitation and 
 re- solubilization (96.4%). However, when the techniques were combined, the different 
 process steps seemingly removed different population of HCP, resulting in a >98% reduc-
tion, while mAb recovery only slightly decreased (~93%). The authors also pointed out that 
the implementation of the combined process containing a CPC step might yet be problem-
atic in GMP surroundings [62]. To further increase the chromatographic performance of 
the separation of mAbs, the abovementioned addition of ILs was proposed [100].

The same research group has also investigated the possibility of CPC separation in the 
case of virus- like particles (VLPs)  [104]. Based on the chromatograms and measured Sf 
values, the applicability of CPC has once again proven to be possible also for this group of 
biomolecules. It could be observed that for a high stationary phase retention, a high- density 
difference between top and bottom phase was needed, which is mostly determined by the 
salt concentration in the bottom phase; choosing system compositions of longer tie- lines 
will lead to higher Sf values. However, in the case of VLPs, resolution was not satisfactory 
due to the extreme distribution constant originating from low solubility of VLPs in PEG 
and salt solutions, which is the main issue hampering the development of robust and selec-
tive ATPSs. Also, it was found that upon addition of NaCl into the ATPS, about 20% of the 
VLP precipitated and partitioned to the interphase; however, by increasing the salt concen-
tration, no further effect could be observed. Moreover, there were no changes measured in 
the partitioning coefficients of neither HCPs nor VLPs upon addition of NaCl. Thus, the 
observed separation can be only explained by a change in physical properties of the ATPS. A 
possible explanation can be the size- dependent adsorption of HCP and VLP on the inter-
phase of the PEG- salt ATPS.

7.3.1.4 Natural Deep Eutectic Solvents
Within the confines of green chemistry, another group of compounds with suddenly 
 growing interest is the group of so- called deep eutectic solvents (DES) or when their com-
ponents are of natural origin, NaDES [105]. These solvents are characterized by a large 
depression of freezing point, which is usually higher than 150 °C (Figure 7.6) [107].

DESs originate from the desire after greener, metal- free ILs; however, they cannot be 
considered as ILs, because they are not composed of ionic species solely and can be even 
formed from nonionic species. DESs can be acquired by simply mixing together two safe, 
cheap, renewable and biodegradable components which are capable of forming an eutectic 
mixture. They can be described by the general formula Cat+X−zY, where Cat+ can be any 
ammonium, phosphonium, or sulfonium cation; X is a Lewis base, generally a halide 
anion; Y is either a Lewis or Bronsted acid [106]. Hydrogen- bonding interactions between 
the components are suggested to be the main cause for the freezing point depression. The 
melting points of the DESs are generally lower than 100 °C [65]. One of the most widely 
used components of DESs is choline chloride (ChCl), which meets the requirements of 
being cheap, biodegradable and nontoxic [107], and is most widely used as hydrogen- bond 
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acceptor (HBA). Possible hydrogen- bond donors (HBD) can be urea, carboxylic acids, and 
polyols, such as glycerol  [107]. As several poorly water- soluble drugs demonstrated the 
solvation power of DESs, they might act as substitutes for water and biphasic solvent sys-
tems used in CPC [65].

It has been shown that using heptane/EtOH/DES systems (30/40/30, v/v/v), biphases 
with similar density and density difference between the upper and lower phases can be 
created as compared with the classical HEMWat (7/3/6/5, v/v/v/v) system. However, the 
viscosities of the phases will be significantly higher in the lower (DES- rich) phases, and 
much closer to the PEG- rich upper phase of the PEG- 1000/Phosphate/Water ATPS [65]. As 
opposed to classical systems, varying DESs in the system, the partition coefficients of 
 solutes can be adjusted to the preferred range for CPC without changing the ratios of com-
ponents in the biphasic system due to the different HBD and HBA affinity of different 
DESs. Using this new type of biphasic system, the successful separation of hydrophobic 
model compounds naringenin, retinol, β- ionone, and α- tocopherol were carried out using 
a centrifugal partition extractor (CPE) [65].

To find further alternative DESs that can be used in CCC as water- free systems, the  liquid–
liquid equilibria of the biphasic systems comprised of heptane, MeOH, and three NaDESs 
(levulinic acid/L- menthol; levulinic acid/thymol; levulinic acid/carvacrol) were experimen-
tally determined [108, 109]. Potential application of the heptane/MeOH/levulinic acid/ L- 
Menthol biphasic solvent system as stationary and mobile phase in CPC was investigated. 
Stationary phase retention of the system containing 5 wt% NaDES could be kept above 60% 
even in the case of high flow rates (40 mL/min). However, if the system contained 15 wt% 
NaDES, the decrease of Sf with increasing flow rate was much steeper (Sf = 0.4 at 40 mL/
min). Pulse injections of model compounds (coumarin, β- ionone, and α- tocopherol in 
descending mode; β- carotene, β- ionone, and α- tocopherol in ascending mode) were carried 
out. In the case of injection into the biphasic system with higher (15 wt%) L- menthol and 
levulinic acid content, stationary phase loss was observed; however, this could be reduced 
when a biphasic system with only 5 wt% of the NaDES was used.
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Figure 7.6 Typical phase diagram of eutectic solvents. Mp stands for melting point [106].
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It can be concluded that NaDESs can provide a promising alternative of water- free 
 solvent systems with a polarity range facilitating mostly the separation of less polar and 
hydrophobic compounds. However, before they can be considered as truly green solvents, 
solute recovery and recycling of the DES- constituents need to be developed first. This 
might be carried out using either extraction, diafiltration, or precipitation after the removal 
of the volatile components [109].

7.3.2 Recirculation of Solvent Systems

When designing a separation process to be sustainable, it is desired to recycle most of the 
solvents used whenever it is possible. To this avail, several solutions have been developed 
such as membrane filtration, ultrafiltration, dialysis, and density- based recirculation (by a 
mixer- settler).

In 2012, GSK combined a lab- scale CCC method with organic solvent nanofiltration 
(OSN) for a more cost- effective purification of an API with ~600  Da molecular weight 
(Figure 7.7) [110]. After testing several types of membranes, the authors found that rejec-
tion of membranes is highly dependent on the composition of the solvent mixture used and 
that even though API rejection remained >99% throughout the whole process, the overall 
API loss added up to 2.3%; therefore, there is a growing need for development of mem-
branes with 100% rejection. By means of recycling the mobile phase solvent using OSN, a 
56% mass- intensity improvement was observed indicating that this process has a signifi-
cant potential for improving overall CCC mass- efficiency.

Other potential solutions for the recycling of CPC solvents  have been reported by Santos 
et al. [10, 111]. Dialysis has been successfully used for isolation of the separated phenolic 
compounds and the recycling of sodium polyacrylate and PEG- rich phases of the ATPS 
used for CPC purification (Figure 7.8). Comparing the process utilizing recirculation of the 
solvent system with the one without reuse of solvents, the carbon footprint could be 
reduced by 36% using dialysis [111].

In another case, the continuous separation of PEGylated and non- PEGylated Cytochrome- c 
(Cyt- c) as model proteins using CPC has been modeled (Figure 7.9) [10]. By the means of 
ultrafiltration, the PEGylated product and the unreacted protein could be isolated with high 
recoveries (88–100%) and purities (∼100%), while the PEG- rich ATPS used in the CPC sepa-
ration could be recycled and reused in a consecutive cycle of purification. Comparing the 
process with and without recycling, it was found that nearly a 100% decrease in the E- factor 
and a 67% reduction of carbon footprint can be achieved using ultrafiltration.
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Figure 7.7 Process diagram of the recirculation of CCC mobile phases using OSN [110].
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Another novel strategy for the continuous in- line recycling of CPC solvents and density 
measurement- based readjustment of ternary solvent system has been reported recently 
(Figure 7.10) [27]. In this automated system, pure solvents are fed into the mixer- settler 
unit where the solvent system with the desired ratio of solvents is prepared and then its 
composition is checked by density measurements. The prepared phases are stored in buffer 
tanks from where they are pumped into the CPC during the chromatographic run. After 
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Figure 7.10 General scheme of the industrial- scale implementation of the designed continuous 
process with streams and automatic solvent system handling units [27].

the CPC run is completed, the waste solvents are separated from the impurities in the recy-
cler skid and then they are fed back into the mixer- settler unit together with evaporated 
solvents from product fractions. After the density- based readjustment of the solvent sys-
tem, the phases can be reused in the subsequent CPC cycle. Based on the purification pro-
ject carried out within confines of this work, 14.865 kg of crude steroid API purified, with 
an average purity of 98.74%. By means of the skid system, more than 90% of the MIBK and 
acetone content of each run of the 153 cycles was successfully recycled and reused.

7.3.3 Coupling and Integration of CPC with Downstream Processes

7.3.3.1 CPC as a Bioreactor
What could be a more sustainable way for the reduction of solvent cost and energy than the 
possibility to shorten the manufacturing process by merging the chemical reaction and the 
separation process into one step instead of two consecutive ones? This question has already 
captured the interest of researchers before and to this avail, the “CPC reactor” as a possible 
solution has been contemplated.

In the late 1990s, the equilibrium- limited hydrolysis of N- acetyl- L- methionine has been 
extensively studied by den Hollander et al. [112, 113]. They found that lower equilibrium 
conversions could be achieved at high initial substrate concentrations due to the reverse 
reaction, which made the production of large amounts of optically pure amino acids inef-
ficient by conventional processes. As a possible alternative to suppress the reverse reaction, 
the applicability of CPC was investigated. The prerequisite for this is that the reaction must 
be  faster than the residence time of the reactants in the column, without mass transfer 
resistance and dispersion being rate limiting. Based on experimentally determined parti-
tion coefficients, Sf values, volumetric mass transfer coefficients, and kinetic parameters, 
they could predict experimental peak shapes, conversion, and resolution values as the 
function of enzyme and PEG concentration in the selected PEG600/potassium phosphate/
water ATPSs to find optimal settings where both the conversion of the hydrolysis and sepa-
ration of the products and reactants were satisfactory.
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Another research group investigated the kinetics of lipase- catalyzed esterification of 
oleic acid by n- butanol to find the optimal enzyme and substrate concentrations, rota-
tional speed, and flow rate in a n- heptane/n- butanol/phosphate buffer (pH 5.6) sys-
tem [114]. The productivity using the optimal conditions was two- fold higher than the one 
achieved in the batch reactor and a continuous 72- hour- long experiment in the CPC 
showed that reaction performance could be maintained through 24 hours after which a 
gradual diminution could be observed, most likely due to low enzyme stability at room 
temperatures. In a follow- up study, the kinetic parameters and the specific interfacial area 
during continuous operation was determined  [115]. They found that in contrast to 
dynamic mixing intensified reactors, the achievable high specific interfacial area was not 
depending on flow rate; therefore, the CPC reactor can be compared rather with the tubu-
lar flow microreactors, where the pulsation is the main factor on diphasic hydrodynamics 
inside the reactor [116, 117].

In another example, the procedure for the selection of aqueous organic two- phase sys-
tems for the conversion of hydrophobic substrates and optimal operation conditions in 
CPC were studied through the lipase- catalyzed hydrolysis of 4- nitrophenyl palmitate [118]. 
The buffer type and concentration and the pH of the system were optimized, then an 
appropriate organic solvent has been chosen keeping in mind that it must be compatible 
not only with the enzyme (and cofactors, co- substrates, energy carriers for the reaction, 
etc.) but also must be able to form adequate biphasic system for CPC separations with 
appropriate partition coefficient of substrate, enzyme, and products. After all these require-
ments were fulfilled, the operation conditions of the CPC (rotational speed, flow rate) were 
studied, then the optimal method was compared with results of experiments in stirred tank 
reactor (STR). Using the CPC reactor, two times higher conversion could be achieved which 
makes CPC a promising apparatus concept for multiphase reaction systems.

In another article, the reaction performance of STR was compared with the operation of 
the CPC reactor, where CPC showed competitive mixing conditions and could handle low 
volumes of aqueous phases more efficiently than the STR [119]. However, at higher enzyme 
amounts, CPC runs into limitations faster and was not easily scalable due to complex 
effects of the flow pattern. The results demonstrated that the development of CPC rotors or 
chamber geometries is still needed for CPC to offer a better alternative to STR as an easily 
scalable continuous system.

7.3.3.2 Coupling CPC with Traditional Methods to Achieve Industrial 
Scale Sustainability
CPC also carries the possibility for coupling with conventional separation and isolation 
techniques to develop an alternative methodology for a more sustainable and economic 
production process. A fine example of this has been reported in a methodology for the sus-
tainable production of functionalized taxanoids [13]. Following the microbial upcycling of 
low- value feedstocks, CPC was integrated for the economic isolation of taxadiene allowing 
subsequent continuous chemo- enzymatic functionalization. This new downstream pro-
cessing strategy displayed a greener alternative to conventional biphasic, in situ extraction 
and purification using reversed- phase HPLC (RP- HPLC) by combining a rapid and easy 
two- step extraction procedure with a subsequent CPC purification step. By means of CPC, 
the admixing and adsorption issues observed during RP- HPLC could be avoided, providing 
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taxadiene with 95% purity and a throughput of ~250 mg/L. This increased diterpene mass 
load of taxadiene in CPC purification significantly raised process efficiency, resulting in 
improved recovery from high cell density fermentation broth. The developed methodology 
opened a path for industrial- scale biology- oriented synthesis of ad hoc designed bioactive 
taxanoids.

Another recent example shows a pilot- scale continuous process for recovery of bioactive 
components (hydroxytyrosol [HT], oleocanthal, oleacein, the monoaldehydic form of ole-
uropein aglycone [MFOA] and of ligstroside aglycone [MFLA]) from extra virgin olive oil. 
In this application, CPC has been integrated into the purification process for the enrich-
ment of the total phenolic fractions after antecedent fractionation using liquid–liquid 
extractors [120]. Using a step- gradient elution extrusion method in biphasic systems com-
posed of n- heptane, EtOAc, EtOH, and water, oleocanthal, oleacein, MFOA, and MFLA 
could be recovered on the gram- scale with purities >80%, which could be further purified 
to >95% purity using preparative HPLC. By the integration of these three industrial- scale 
techniques, a highly productive methodology was developed, where the large amount of 
recovered pure compounds enabled the possibility of in vivo experiments for the first time.

7.3.3.3 Integration with Continuous Processes
In the past two decades, the efforts for process intensification and the switch from batch to 
continuous manufacturing have started the rapid evolution of production processes, which 
is encouraged and strongly supported by the authorities and the scientific communities 
alike, especially in the pharmaceutical and chemical industries [4, 121–123]. Although this 
transition poses many challenges to overcome in the short run, the expected long- term 
benefits, such as improved automation, better quality control, simpler scale- up, and higher 
throughput and an all- in- all more sustainable and green end- to- end manufacturing pro-
cess, make it an attractive alternative for profit- oriented companies [123, 124].

In this perspective, the possibility of the integration of CPC- based quasi- continuous 
purification step into the multistep continuous synthesis of the key intermediate of bioac-
tive carbazoles has been investigated previously [28]. Following the two- step continuous- 
flow synthesis of the target molecule, a multiple dual- mode (MDM) CPC purification was 
coupled to the end of the synthesis resulting in a 59% overall yield, >99.9 purity, and 
2.24 g/h/L productivity when using one- phase intake of the sample solution into the CPC 
purification step. Another advantage of this setup that from the aspect of industrial scale-
 up, the throughput of a system of this kind can be easily increased by scaling up the col-
umn capacity, which makes it a promising alternative for continuous purification when 
designing future manufacturing processes of APIs and intermediates.

As can be seen from these examples, in line with the expectations, some initial research 
has been carried out on the key areas declared by the ACS Roundtable regarding the pos-
sibility of implementation of CPC in the manufacturing process as a continuous/quasi- 
continuous solution for purification. However, without further examples to show, we can 
conclude that not enough work has yet been invested in this area, which might impede the 
widespread use of CPC in the industry. Therefore, further studies are needed to be reported 
in the future that showcase the advantages and opportunities of implementing CPC into 
the production line to facilitate the switch from batch to continuous processes using sus-
tainable and green technologies.
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7.3.4 Waste Valorization by Means of CPC

Every year, millions of tons of agricultural, industrial, municipal, and forest waste are 
 generated worldwide, the waste treatment of which poses a huge challenge for both com-
panies and governments [125, 126]. Besides the conventional, physical, and chemical treat-
ments, another alternative strategy is the recycling, recovery, and reuse of waste in the 
name of sustainable development (Figure 7.11). As a result of an environmentally sound 
management of waste, the use of raw materials in manufacturing processes and the envi-
ronmental impact of waste accumulation can be reduced and valuable compounds can be 
recovered for use in nutraceuticals, cosmetics, and pharmaceutics [125–127].

A prime example of this is the recovery of HT from table olive processing wastewater [16]. 
HT is one of the main phenolic compounds in virgin olive oil and table olive  possessing a 
naturally derived antioxidative and remarkable free radical scavenging activity which can 
help in prevention of reactive oxygen species- mediated degenerative  diseases  [128, 129]. 
After isolation of the phenolic compounds using nonionic adsorption resin, 1.81 g/h/Vc pro-
ductivity could be achieved for efficient and low- cost recovery of HT using pilot- scale CPC 
runs in a cyclohexane/EtOAc/EtOH/Water (1:9:2:8, v/v/v/v) solvent system [16].

In another publication, the optimization and scale- up of monosaccharide fractionation 
from hydrolyzed sugar beet pulp using a CPC separation step instead of multiple resin 
chromatography steps have been reported [14]. Sugar beet pulp primarily consists of cel-
lulose and pectin, the poor gelling properties of which prevent its use as gelling agent. 
Instead, it is generally dried and pelleted for sale as low- value animal feed [130]. However, 
due to its cheapness, abundance, and high carbohydrate content, after thermo- chemical 
pretreatment, it can also be used as a source for bioethanol fermentation [131] or hydro-
lyzed into monosaccharides which can be fractionated by CPC. The scale- up of this mono-
saccharide isolation to preparative- scale CPC using an ethanol/ammonium sulphate- based 
solvent system has already been optimized, resulting in a final monosaccharide throughput 
of 1.9 g/L/h, normalized by column volume [14]. Furthermore, integration of CPC purifi-
cation into the workflow of a biorefinery allows the conversion of purified arabinose into 
the top commodity biochemical, arabitol, or to other higher added value compounds, such 
as L- gluco- heptulose, which is used in cancer therapy and hypoglycemia [26].
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7.4  Conclusions and Future Trends

CPC is a constantly evolving technique, trying to keep up with continuously changing 
requirements of the chemical industry. Due to the versatility of the technique and the wide 
range of possible application areas where isolation, fractionation, and purification might 
be carried out using CPC, it can become an attractive green and sustainable alternative to 
conventional separation processes.

Besides the already mentioned improvements of the CPC instrument, other possible 
application fields are also worth mentioning where future developments may be expected. 
One of these areas could be the establishment of a CPC instrument capable of handling 
supercritical fluids (SF). Supercritical extraction (SCE) is often favored for the separation 
and purification of natural products, medicines, etc., as the extraction solvent needed for 
it eliminates the presence of toxic residues of organic solvents. The first attempts for its 
integration with CPC have been carried out to reduce the solvent consumption and cost of 
the production of cannabinoids [132]. Comparing the conventional methods for the pro-
duction of Δ9- tetrahydrocannabinol (Δ9- THC) [133, 134], several advantages of the alter-
native green process have been found. The number of process steps could be reduced by 
65%, the cost of the production of Δ9- THC was calculated to be decreased by 57% in the 
case of a 5 kg per year production capacity and by 36% in the case of a 500 kg per year scale. 
Besides the highest yields and the reduction of waste production, no sweet water con-
sumption  was needed using the alternative SF- CPC process [132]. However, it must be 
noted that engineering efforts are still necessary to further develop this technology for the 
successful applications of the SF- CPC process, as due to instrumentational restrictions, 
the current systems are yet to be capable of fulfilling the requirements of an industrial- 
scale system.

Further developments in the field of on- line coupling CPC to analytical techniques such 
as mass spectrometry (MS), nuclear magnetic resonance (NMR) spectrometry, and high 
performance liquid chromatography (HPLC) are also expected to improve detection poten-
tial [135, 136]. Also, as multidimensional separation techniques are becoming more and 
more implemented, CPC can be used as the first- dimension or even as first-  and second- 
dimension separation method on a preparative scale [137–142].

As the sudden development of available computational tools and artificial intelligence 
transpired in the past decade, the prediction of the logarithm of partition coefficients in the 
octanol–water system (logP values), the most widely used lipophilicity descriptor in the 
pharmaceutical industry has been already reported using machine learning/deep learning 
methods as a part of the SAMPL6 logP Challenge [143–145]. We can hope that these meth-
ods will become available for various biphasic systems in the future, which might facilitate 
method development for CPC.
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Acetonitrile       MeCN
American Chemical Society ACS
Active pharmaceutical ingredient API



  Reeerences 285
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Polyethylene glycol PEG
Reversed- phase high- performance liquid chromatography RP- HPLC
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8

8.1   Introduction to Liquid Membrane (LM) Technology

Chemical engineering is continuously evolving to improve process efficiencies, 
 considering not only economic aspects but also major global social concerns. In order 
to  enhance competitiveness and sustainability, chemical industries must advance 
toward green practices, reducing energy consumption, using renewable fuels and raw 
materials, and looking at sustainable synergies with the environment. Separation opera-
tions, the core stage of chemical processes, are often the bottleneck in process develop-
ment, due to their high energy demand and use of toxic substances. Among several 
avenues of separation engineering research, membrane technology has gained great 
interest over the past few decades. Membrane- based separation methods can be an order 
of magnitude more energy- efficient than heat- driven separations as they do not involve 
phase change [1].

A membrane is a semipermeable barrier that allows the selective transport of substances 
between two streams. Membranes are typically thin polymer films fabricated on highly 
porous substrates, although other materials such as inorganic ceramics, zeolites, metal–
organic frameworks (MOFs), and metals are often used. Novel materials such as polymer/
graphene nanocomposite membranes are currently being investigated with promising 
results [2–4]. It is worth noting the extended use of membranes in the following processes: 
micro- /ultrafiltration (MF/UF), water treatment, desalination, gas purification, pervapora-
tion (PV), and dialysis. Membranes can be classified according to the operational pressures 
they work at or pore size [5]. Reverse osmosis (RO) has been widely implemented for water 
desalinization with extremely dense membranes (equivalent pore size of 1–5 Å), at pres-
sures ranging from 20 to 100 bar, which are required to overcome the osmotic pressure. 
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Nanofiltration (NF) membranes, on the other hand, work at lower pressures of 5–15 bar 
with pores below 1 nm, for the separation of species larger than monovalent ions. Filtration 
of larger bodies, e.g. micro- organics, lipids, and proteins, can be done by UF with mem-
branes of 2–100 nm pore size, as well as MF for suspended solids and bacteria bigger than 
0.1 μm at a pressure below 1 bar. Amongst other membrane techniques, electro- membranes 
are used for ion separation; in gas separation (GS) membranes, the permeating species are 
gases, while PV and membrane distillation (MD) allow for volatile components separation.

A noteworthy membrane type is the so- called liquid membrane (LM), where the  semi-
permeable barrier is composed of a liquid instead of a solid medium. Taking advantage of 
the liquid immiscibility, LMs can still separate two streams and transfer target solutes in a 
diffusional process. Thus, they combine two processes in one stage: liquid–liquid extrac-
tion (LLX) and stripping altogether. LMs do not need pressure or temperature gradient to 
accomplish the separation, which translates into low energy consumption. The reduction 
in solvents’ requirements as compared to other processes such as LLX, simplicity of opera-
tion, and energy- efficiency, make LM technology stand as a competitive alternative to tra-
ditional separation operations [6]. As discussed in detail further in this chapter, LMs have 
been applied in biorefinery, GS, wastewater treatment processes, the recovery of amino 
acids, metal ions, and rare earths (REs), as well as the removal of nuclear waste and heavy 
metals, as illustrated in Figure 8.1.

This chapter gives a comprehensive overview of the LM technology applied for sustain-
able separations. The basic concepts and definitions of LMs are presented, along with a 
selection of the most relevant applications for the development of sustainable processes. 
Fundamental aspects inherent to the liquid membrane operation are given as well to help 
the reader understand the scope of the technology and its current limitations.
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Figure 8.1  Fields where liquid membranes (LMs) are applied and main features.



8.1  ntroduction to Liquid Membrane  LMM) Technology 299

8.1.1  Components of a Liquid Membrane

An LM is an immiscible liquid that acts as a barrier, allowing compounds to move from one 
stream to another while keeping them separated. The target solute to be recovered or 
removed is extracted from a concentrated feed stream, and transferred into a receiving 
stream, the stripping phase, as represented in Figure 8.2. Both streams can be in a gaseous 
or liquid phase, according to the nature of the process. The diffusional pathways that com-
pounds follow across the membrane depend on thermodynamic affinities and hydrody-
namic parameters, which contribute to the overall transport rate. The selectivity of an LM 
is related to the difference in velocity at which different compounds move through the 
membrane. In comparison to polymer matrices, diffusion coefficients are higher in liquids, 
within a range of 10−6–10−5  cm2/s, which translates into larger solute flux  [7]. For the 
membranes process, this transport velocity is known as solute permeation. Still, other oper-
ational variables, such as temperature, and pressure or electric field gradients, can be tai-
lored to improve the membrane performance [6].

From a phenomenological perspective, LMs share more similarities with LLX than filtra-
tion processes. Solutes permeate from the feed to the receiving side of the membrane (the 
stripping phase) following a concentration gradient. Nevertheless, in LM, the permeation 
ratio is not governed by thermodynamics equilibrium, but by the chemical potential gradi-
ent in a constant diffusional phenomenon. Thus, extraction against the concentration gra-
dient could be achieved given the appropriate conditions. LMs allow for accomplishing 
reactive extraction and its back extractions comprising the extraction and stripping in a 
sole process stage, continuously recycling the extractant agent. Furthermore, LM can attain 
a larger mass transfer area per unit volume in comparison to LLX columns [8]. This process 
simplification, in both step number and solvent requirements, leads to a reduction of 
 operational costs. Since LMs can accomplish the separation by solute- phase affinity gradi-
ents, operation conditions found in the literature are often atmospheric pressure and room 
temperature, which represent no extra energy requirements. On the other hand, both 
parameters become critical in gas stream separations.

The simplest LMs are conformed of a single solvent to separate the phases, transporting 
the target solute by diffusion. This solvent can be a pure compound, though mixtures of 
solvents plus modifiers are often adopted to tailor the membrane properties, e.g. the viscos-
ity. Nonetheless, mixtures composed of a diluent solvent and a carrier or extractant agent 

Feed stream Receiving stream

Target solute
transfer

Liquid
membrane

Figure 8.2  Liquid membrane system scheme.
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are the most promising alternative. While in membranes without a carrier, the solute trans-
port is just driven by intermolecular affinities; in those where a carrier is present, there is a 
reversible reaction that leads to a carrier- solute complex that enhances the solubility and 
diffusivity. The presence of carriers enhances not only the mass transfer but the selectivity 
as well. Moreover, carriers can accomplish high chiral resolution for enantiomer separa-
tions with LMs [9, 10]. However, carrier selection and its reaction kinetics must be care-
fully considered for the process design in order to find a suitable candidate. Acid carriers, 
di(2- ethylhaxyl)phosphoric acid (D2EHPA), for example, and basic carriers, such as trioc-
tylamine (TOA), tributylphosphate (TBP), and Aliquat® 336, are widely found in the litera-
ture, yet neutral carriers might be employed as well  [11]. Water- immiscible solvents are 
required to extract compounds from aqueous matrices, and aqueous solutions are required 
to extract substances from organic solutions. Kerosene and n- heptane are highly hydropho-
bic solvents used as a diluent on LM for the extraction of organic compounds, phenol, REs, 
and metal ions from aqueous solutions. Novel solvents such as ionic liquids (ILs) are esca-
lating in popularity for LM, the so- called IL- membranes [12–16], which find their use in 
organic acids recovery [17–19], removal of phenols [20–23], and heavy metals [24], as well 
as bio- alcohol PV separations [25]. Moreover, hydrophobic deep eutectic solvents (DESs) 
have been recently investigated for the preparation of LM and applied in biorefinery [26] 
and amino acid recovery [27], and bio- based vegetable oils can be found in LM to enhance 
their performance; coconut oil [28], sunflower oil [29, 30], rice oil [31, 32], corn oil [33], 
palm oil [34–36], and even waste vegetable oil [37] have been incorporated as a diluent for 
LMs using TOA or D2EHPA as the carriers. Vegetable oils are mainly mixtures of tri- , di- , 
and monoglycerides, with a nonpolar nature. However, due to their natural sources, vege-
table oils can vary in their composition, which compromises the reproducibility of LMs.

8.1.2  Liquid Membrane Configurations

LMs are classified into three main configurations as shown in Figure 8.3: (i) bulk liquid 
membrane (BLM), which uses relatively large amounts of extraction solvent within the 
membrane; (ii) emulsion liquid membrane (ELM), also called double emulsion membrane, 
where the membrane is emulsified as globules in the feed, thus maximizing the exchange 
area; and (iii) supported liquid membrane (SLM), where a small amount of liquid is used 
to impregnate a thin porous layer, reducing the mass transfer resistance from the feed to the 
product stream.

There are advantages and limitations for each membrane configuration, as summarized 
in Table 8.1, and its selection depends on the specific applications and the whole process 
design. Further details on operational aspects will be presented in Section 8.2.

8.1.2.1  Bulk Liquid Membranes
BLM configurations contain three bulk liquid phases, where the feed and the striping 
streams are kept separated by an immiscible solvent. Specific arrangements have been pro-
posed to avoid the mixture of the feed and the receiving phases, often by physical barriers 
and profiting from density differences, at the same time they are continuously stirring [38]. 
In more elaborate designs, semipermeable barriers have been used in layered BLM to hold 
the membrane phase between streams. BLM stands out by its easy setup at a laboratory 
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Figure 8.3  Main liquid membrane configurations. (a) Bulk liquid membrane; (b) Emulsion liquid 
membrane; (c) Supported liquid membrane.

Table 8.1  Strengths and limitations of the three main liquid membrane configurations.

Strengths Limitations

BLM  ● Simple construction and operation
 ● High membrane stability
 ● Allows to determine mass transfer and 

kinetic parameters at laboratory scale

 ● Low mass transfer surface area and flux
 ● A large amount of solvent requirement
 ● Not feasible on an industrial scale

ELM  ● Simple equipment
 ● Largest surface–to–volume area ratio
 ● High concentration factors (i.e. stripping 

phase results in more concentrate than 
the feed phase)

 ● Can be broadly applied

 ● The addition of surfactants required
 ● Requires extra emulsification and 

de- emulsification stages
 ● Numerous operational variables
 ● Emulsion stability issue by breakage 

and swelling phenomena
 ● Risk of feed and stripping mix

SLM  ● Low solvent requirement
 ● Thin layers reduce mass transfer 

resistance
 ● Large surface area per unit volume may 

be obtained using hollow fiber or spiral 
wound arrays

 ● No loading and floating issues
 ● Simple to scale up

 ● Support capacity to retain the solvent 
determines its stability, operational life, 
and overall performance

 ● The support matrix adds extra mass 
resistance

 ● Membrane instability leads to low mass 
flux or poor selectivity
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scale, allowing determining mass transfer and kinetic parameters. Nonetheless, this 
 configuration is not particularly attractive for industrial applications due to the low mass 
transfer area–to–bulk volume ratio. Another important limitation is the difficulty in ensuring 
liquid immiscibility with both the feed and the receiving phases, and carrier leaching 
throughout the extraction process.

8.1.2.2  Emulsion Liquid Membranes
While in BLMs, phase mixing must be completely prevented, EMLs use surfactants to 
emulsify the stripping phase within the LM and then disperse the emulsion inward the feed 
phase. Although it may be the other way around: the feed phase inward the membrane 
globule and the stripping phase outside. First proposed by Li in 1968 [39], depending on the 
streams and the membrane nature, ELMs are typically classified as water in oil in water 
(W/O/W) for aqueous feed/stripping phases and an organic membrane process, or oil in 
water in oil (O/W/O) when the membrane is an aqueous solution. Besides the diluent and 
extracting solvents, the procedure requires a surfactant to form the membrane globules. 
Kumar et al. have published comprehensive reviews on ELM developments [40] and on 
sustainable solvents to form them [41]. ELMs take advantage of the different component 
permeation rates through the membrane globules, separating the target solute into a strip-
ping immiscible solvent. The resulting double emulsion configuration provides a large total 
surface area–to–volume ratio of 1000–3000 m2/m3, and small membrane average thickness, 
favoring the mass flux [7].

The process involves stages of emulsification, extraction, separation, and, finally, a 
de- emulsification to recover the stripping phase together with the target solute. The 
emulsification may be done by mechanical agitation or ultrasounds. Among the de- 
emulsification mechanisms, heat or an electrostatic field are applied to the mixtures to 
achieve the internal phase coalescence, and, lastly, the membrane- stripping phase sepa-
ration by density difference [42]. The simplicity of each stage offers simple operation 
with low equipment investment, up to 40% less, plus the possibility to regenerate the 
membrane phase. The opportunity to recover the extracting solvent reduces waste pro-
duction, as well as improving the energy efficiency, turning the ELM into a highly sus-
tainable separation process. Nonetheless, despite the simple operational procedures of 
ELMs, the degrees of freedom during process design increase due to the growth in oper-
ating variable numbers.

Due to the above reason, most of the ELM studies are focused on statistical analyses of 
the operating variable effect contributions, in order to find an optimum recovery point. 
Stream concentrations and emulsion composition affect directly not only in the process 
hydrodynamics but also in the overall extraction performance. Moreover, due to its hetero-
geneous mixture nature, its stability becomes another crucial factor in its optimization. The 
more stable mixtures are harder to break in the downstream process, requiring more 
energy- demanding processes that hinder the final solute back- extraction stage.

8.1.2.3  Supported Liquid Membranes
In SLMs, the solvent media is immobilized within a nano-  or microporous matrix, which 
together composes the semipermeable barrier between the phases. Common supports are 
polymeric matrix, among them: polypropylene (PP), polyethylene sulfurize (PES), 
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polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (PTFE), as well as inorganic 
materials, such as ceramics and metal matrices.

SLM dated from the late 1960s. Since then, continuous developments in both membrane 
phase and supporting materials have been researched and  their applications at an indus-
trial scale broadened [43]. Due to their high selectivity, as well as the low investment and 
operational costs, SLMs have captured the attention of several separation processes. 
Depending on the nature of the process extraction from an aqueous or organic stream, 
hydrophobic and hydrophilic matrix alternatives may be adopted, respectively. The LM 
impregnation on the support for the SLM preparation may be done by simple immersion or 
application of pressure/vacuum methods. Although they provide similar outcomes, the 
proper procedure is chosen according to the supporting material and the liquid properties, 
viscosity being one of the most relevant.

The matrix parameters that characterize a porous membrane are its thickness, pore size, 
porosity, and pore tortuosity. Typical SLM supports present high porosity and low thickness, 
usually of 100 and 200–300 μm for flat sheet and hollow fiber (HF), respectively [44]. This 
allows a significant reduction of solvent requirement and improves the solute flux. 
Nevertheless, it is important to consider the reduction in mechanical stability as well as its 
loss of LM retention capacity. Contrary to conventional membrane filtration processes, SLM 
separation is not carried out by the solute size relative to the pore diameter, but by the solute- 
membrane phase affinity. Nonetheless, the pore size helps retain the LM inside them by 
capillary forces. For viscous solvents such as ILs, the suitable pore size in polymer supports 
is within 100–200 nm [12]. SLMs are commonly studied as flat sheet configurations, allow-
ing to determine their transport properties and stabilities. However, to ensure their feasibility 
at an industrial scale, other configurations with better surface area–to–volume ratios, such 
as HF or spiral wound, must be adopted. HF geometry, solution physicochemical  properties, 
stream velocity, and solute diffusion coefficients affect the mass transfer rate. Dimensionless 
correlations for mass transfer coefficient in specific HF geometries can be found in the work 
published by Gabelmana and Hwang [45].

8.1.2.4  Other Liquid Membrane Configurations
More complex configuration designs can be found in the literature. In an attempt to 
increase the mass transfer rate on BLM, arrangements as a continuous liquid membrane 
(CLM) have been adopted, where the membrane phase is bubbled into the feed and strip-
ping phases, mixed, and then recirculated [37]. In a bulk flow liquid membrane (BFLM), 
the carrier solution is fed into a pressurized feed side which is kept separated from the 
stripping side by means of a UF membrane, permeates through the porous barrier, releases 
the solute, and is recirculated back to the feed chamber [46].

Using an electric field, electrostatic pseudo- liquid membranes (ESPLIM) aim at stabiliz-
ing and dispersing the ELM [47]. Instead of common surfactants, pickering ELM (PELM) 
uses magnetic nanoparticles, chitin nanocrystals, cellulose microfibers, polymer particles, 
or starch to form the emulsion globules. This improves membrane stability and aids in the 
de- emulsification stage [42]. Pérez and Fontalvo [48] developed an ELM in a Taylor flow 
liquid membrane (TFLM), where the aqueous phases (feed and stripping) are injected at 
specific intervals as droplets into a membrane phase flowing through a pipe. As shown in 
Figure 8.4a, the continuous flow causes toroidal vortexes within the droplets and in the LM 
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filling the space within them. The design allows natural stirring in each phase due to the 
turbulent regime and increases the interfacial area, increasing mass transfer. The Taylor–
Couette flow was previously proposed in a similar arrangement, using a rotary vertical 
cylinder to create the vortexes within the feed phase and the emulsion [49]. ELM can also 
be carried out as a spray column, dispersing the membrane globules into the feed solution 
at countercurrent flow, as represented in Figure 8.4b [50]. In order to reduce the organic 
membrane required, a similar arrangement called bubbling organic liquid membrane 
(BOLM) was proposed [51]. A gas stream is fed altogether with the organic phase forming 
bubbles that support a layer of organic LM. An aqueous- to- oil ratio greater than 600:1 can 
be reached maintaining the surface area and the solute mass flux. Afterward, the loaded 
LM is treated in a stripping tank to recover the solute.

In an attempt to avoid solvent losses from the pores in the SLM configuration, gelled and 
polymer inclusion membranes (PIMs), also known as plasticized polymer membranes 
(PPMs) or fixed site membranes (FSMs) have been developed. They are produced by adding 
a gelator agent into the extraction solution or polymerizing it into a dense matrix, to ensure 
adherence to the support. This allows reducing the extracting agent required, giving it an 
eco- friendly feature [15, 16, 52].

New materials are currently being developed which benefit from novel solvent features 
in membrane separations. Porous IL polymers are a porous matrix composed of the IL 
itself  [53]. The fluidic IL is solidified forming a polymer with tunable physicochemical 
properties, high porosity, and high surface area. Thanks to the electrostatic field and ionic 
density inside the pores, the material is expected to improve separation processes.

At an industrial scale, HF [54], Figure 8.4c, and spiral- wound modules [55] have been 
adopted to build SLM and increase the effective exchange surface up to 104 m2/m3 [56]. 
Hollow fiber renewal liquid membrane (HFRLM), shown in Figure 8.4d, is based on the 
surface renewal theory; the feed circulates outside the fibers, whose pores are previously 
filled with the solvent, while a mixture of the stripping phase with low solvent content is 
pumped into the lumen side of the fiber [57, 58]. The arrangement creates a thin LM layer 
that covers the inside of the fiber, being continually renewed by the stripping- membrane 
stream that flows through it. A combination of ELM with a hollow fiber contactor allows 
for the separation of the emulsion from the feed, reducing its breakage  [59, 60]. 
Furthermore, pseudo- emulsion hollow fiber strip dispersion (PEHFSD), Figure 8.4e, has 
been developed, having the feed flowing inside the HFs impregnated with LM while a 
mixture of LM and the stripping phase flows from the outside. It is called “pseudo- 
emulsion” since the LM is supported into the HF matrix as well as dispersed into the strip-
ping phase. The arrangement overcomes the SLM stability issues, as the LM losses become 
part of the pseudo- emulsion [61–63].

8.2   Fundamental Aspects of Liquid Membranes

8.2.1  Theoretical Background

A range of mathematical transport models for LMs can be found in the literature. Although 
the derivation of transport models depends strongly on the specific system constituents 
and LM configuration, i.e. physical phases and contactor arrangement, the solute- diffusion 
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approach is their common starting point [6]. These models can be divided into two main 
groups according to their transport mechanism: simple transport and facilitated transport. 
In the simple transport model, the solute mass transfer rate is governed only by its respec-
tive phase affinity, which can be quantified by the species chemical potential in the solu-
tion. In the facilitated transport, also known as reactive extraction, the solute undergoes a 
chemical reaction to enhance the molecule movement toward the stripping phase.

As with other spontaneous phenomena, the movement of solutes in LMs occurs when 
the Gibb’s free energy of the system is minimized. In this case, the system is a set of differ-
ent components and the free energy is the summation of all the chemical potentials for 
each component in the mixture. In LM, the solute moves across the solvent (membrane 
phase), from a high to a low chemical potential. In traditional LLX, the solute chemical 
potential in each phase converges to an equilibrium state, at which point the mass transfer 
ceases. Contrariwise, in an LM process, the difference of chemical potential between the 
feed and the membrane, and the membrane and the stripping phase is maintained, for both 
simple and reactive extraction modes. This enhances the mass transfer, allowing solute 
movement even against concentration gradients.

The chemical potential of a solution containing solute “i”, μi (J/mol) is given by its chem-
ical potential as a pure component, μi

p, and its activity, ai (moli/mol), which is defined as 
the solute concentration, ci (moli/mol) times its activity coefficient, γi (–). Both μi

p and γi 
can be lumped together into a standard chemical potential term (μi

std). Therefore, the sol-
ute chemical potential contribution can be expressed by Eq. (8.1):

 i i
p

i i
p

i i i ia c cRTln RTln RTlnstd  (8.1)

In a one- dimensional frame, considering  the mass transfer occurs in only one dimension 
through the x- axis, the driving force corresponds to the chemical potential gradient, 
− dμi/dx. The solute chemical potential across an LM barrier is represented in Figure 8.5; 
the solute movement can be divided into seven steps from the feed down to the strip-
ping stream:

i) from the bulk feed solution to the proximity of the membrane;
ii) transport to the surface of LM;

iii) interface adsorption into the LM;
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iv) inner movement within LM;
v) desorption from LM interface;

vi) transport in the proximity of the LM on the stripping side;
vii) transport to the bulk stripping phase.

At the feed and stripping phases, i.e. steps (i), (ii), (vi), and (vii), the mass transfer resist-
ance is increased due to a concentration polarization effect, reducing the solute movement 
at the bulk streams and widening the interface film thickness at both membrane sides. The 
aforementioned effect may be minimized by increasing turbulent mixing at the membrane 
surface.

If a negligible influence of activity coefficient and molar density variations along the 
x- axis is assumed, i.e. they are constant values, the chemical potential gradient results in 
Eq. (8.2), as a function only of the concentration profile, Ci (moli/m3). According to the 
Nernst–Planck equation, without considering an electrostatic potential, the solute mass 
flow per unit area, Ji (moli/m2/s), can be determined by the solute concentration times the 
molecular mobility, ui, and the driving force [11]. The result resembled Fick’s law of diffu-
sion as shown in Eq. (8.3), where D (m2/s) is the solute diffusion coefficient.
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In the bulk phases, the diffusion coefficient is given by the Stokes–Einstein correlation, 
Eq. (8.4), based on the Boltzmann constant, kBoltzmann = 1.38·10−23 (J/K), temperature, T 
(K), phase dynamic viscosity, η (Pa·s), and molecule radius, r (m), [64].

 D k T
r

Boltzmann

6
 (8.4)

Considering a steady- state mass transfer without chemical reaction and a membrane 
phase totally immiscible, the concentration profile may be simplified as shown in Figure 8.6, 
and Eq. (8.3) simplified into Eq. (8.5), where the solute flux, Ji, depends only on the mem-
brane thickness L (m), the diffusion coefficient D (lamped together into a new mass trans-
fer coefficient, kphase [m/s]), and the difference in solute concentration (ΔCi). In this 
approach, the films and solvent diffusion resistances are included as a whole membrane 
resistance, as well as the pore diffusion resistance for the supported membrane cases. CFi* 
and CSi* are hypothetical solute concentrations at their respective “whole- barrier” side in 
the feed and the stripping phases, respectively. The overall process results in three stages: 
(i) feed to membrane extraction, also called pertraction; (ii) membrane diffusion; and (iii) 
membrane to stripping recovery, as shown in Eq. (8.6).

 J D
L

C k Ci i iphase
 (8.5)

 J k C C k C C k C Ci SF BF Fi LM Fi Si Si SB  (8.6)
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The global mass transfer coefficient at the feed and stripping phase, KF and KS, is obtained 
by Eqs. (8.7) and (8.8), respectively, where the solute distribution coefficient, m, assumed 
constant over the concentration range, is expressed by Eq. (8.9) [56].
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If no solute accumulation in the film is assumed, i.e. when a steady state is reached, the 
total mass flux is defined by the membrane permeability, P (m/s), resulting in Eq. (8.10).

J K C C K C C P C Ci F FB Fi S Si SB SB FB
* *  (8.10)

For multicomponent mixture separation, where two or more solutes are present, the 
membrane selectivity for an a-component with respect to a b-component, Sa,b, is deter-
mined by the ratio of their respective permeabilities, as shown in Eq. (8.11):

S P
Pa b

b
,

a  (8.11)

Since temperature affects the solute chemical potential in each phase, the membrane 
permeability is sensible to temperature changes. Permeability temperature dependence, 
Pi = Pi(T), can be described according to an Arrhenius- form equation, Eq. (8.12), where 
R = 8.314 (J/mol.K) is the gas constant and Ei (J/mol) the activation energy, which is a 
 fitting parameter usually obtained using experimental data [12].

P T
P T

E
R T T

i

i

i2

1 2 1

1 1exp  (8.12)

Bulk CF

Bulk CS

LM

CFi*

CSi*

Feed 
phase

Stripping
phase

C
i/

m
ol

i/
m

in
3

x
kfeed kstrippingkLM

KF KS

Figure 8.6  Solute concentration, Ci/
mol/m3, profile through a liquid 
membrane.



8.2  undamental  spects of Liquid Membranes 309

8.2.2  Transport Mechanisms in Liquid Membranes

The commonly accepted solute transport mechanism in an LM is solution- diffusion, where 
transport is governed by the chemical potential gradient as explained in Section 8.2.1. This 
corresponds to the so- called simple transport model (Figure  8.7a); the solute diffusion 
depends only on the intermolecular interactions, such as van der Waals forces, electrostat-
ics, and hydrogen bonding.

However, in order to overcome the trade- off behavior in solution- diffusion membranes, 
reaction- activated transport mechanisms can be found, where the mechanism grows in 
complexity and variable number, yet the mass transfer rate is increased due to a resistance 
reduction either at the interfaces or within the LM. The stripping phase reaction- facilitated 
transport, Figure 8.7b, allows compensating for the lack of spontaneity on the solute back- 
extraction from the LM. Since a high solute solubility in the membrane phase improves the 
extraction from the feed solution, desorption into the stripping phase may be an important 
resistance. Solute saturation in the membrane reduces, even to an endpoint, the solute flow 
rate. To diminish this effect, an agent (B) dissolved in the stripping stream continuously 
reacts with the solute (A) to decrease the concentration at the interface, promoting the 
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solute desorption and the overall solute flux. Likewise, buffers, strong acid or base solu-
tions, are used to reach an optimum extraction yield by controlling the pH.

If the main resistance is at the membrane phase, a third agent may be included to rein-
force its internal movement, and this is known as a carrier- facilitated transport mechanism, 
see Figure 8.7c. The carrier, a complexing agent, must be soluble only in the LM to ensure 
membrane stability without leaching to the other streams. Solute (A) reacts with the carrier 
(C) at the feed- membrane interface to form the complex (AC) that diffuses through the 
LM. Then the reaction is reverted at the membrane- stripping interface, allowing the solute 
desorption and recycling of the carrier. The flow rate increases with the complexing agent 
concentration in the diluent, which acts as a barrier with no significant extraction role.

The formation of complexes may also involve more compounds from the feed or strip-
ping phases. In couple- facilitated transport, Figure 8.7d, two or more substances are trans-
ported through the membrane along with the target solute as a sole complex molecule. 
A couple- counter- facilitated transport, Figure 8.7e, can be used to maintain the osmotic 
pressure or the solution electroneutrality, exchanging substances between the feed and 
stripping phases. Carrier selection thoroughly depended on the complexation and decom-
plexation rates balance. On one hand, weak carriers do not reach suitable fluxes due to the 
slow extraction rate at the feed- membrane interface but offer a spontaneity decomplexa-
tion to release the solutes toward the stripping phase. On the other hand, strong carriers 
result in a high initial solute flux at the feed- membrane interface, but they quickly saturate 
the membrane phase, reducing the concentration gradient within the membrane and 
thereby the flux rate. The carrier strength is determined by its bond energy, where a sug-
gested range is 1·104–5·104 kJ/mol [64].

8.2.3  Extraction and Recovery Efficiencies

Despite LMs being described as single- step processes, they effectively work in two stages: 
(i) solute extraction from feed to membrane, and (ii) solute recovery from the membrane to 
the stripping stream. Figure  8.8a schematized the typical phase concentration behavior 
observed in LM processes. As the extraction progresses, the solute concentration decreases 
in the feed phase and increases in both membrane and stripping phases, surpassing the 
concentration in the feed under favorable conditions. If the membrane phase volume is 
enlarged with respect to the other phases, a greater solute extraction occurs, but this does 
not imply a greater recovery to the stripping phase. In the first stage, the larger membrane 
volume enhances the flux due to a lower solute concentration in the LM, but flux gets 
reduced at the stripping stage due to solute accumulation halfway through the process.

The performance of an LM is typically described by the capacity to transport the target 
solute in terms of extracting percentage or permeation ratios. Although, the terminology 
used to report it varies among works. The overall extraction, recovery, or yield (Ex) is 
expressed by the total solute recovery in the stripping phase with respect to the initial feed, 
according to Eq. (8.13), where Ci,S and Ci,Fo are the solute concentration in the stripping 
phase and the solute initial concentration in the feed phase, respectively.
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Generally, there are two extraction efficiencies to consider in the process, the extraction 
of solute from the feed stream (ExF) and the solute recovery to the strip stream, the so- 
called stripping efficiency (ExS). The extraction efficiency (Eq. 8.14) is defined as the mem-
brane capacity to extract the solute from the feed phase, while the stripping efficiency 
(Eq.  8.15) represents the membrane capacity to release the solute into the stripping 
phase  [20]. Note that these definitions assume a feed- stripping volume ratio equal to 1. 
Otherwise, a mass- based relationship must be adopted to properly describe the extraction 
performance.
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Typical Ex (solute recovery), ExF, and ExS profiles are illustrated in Figure 8.8b. Due to 
membrane solute retention, the expected recovery is lower than the extraction from the 
feed phase. On the other hand, ExS depends on the membrane- stripping capacity to accom-
plish the solute back- extraction.

8.2.4  Liquid Membrane Stability

As aforementioned, the main limitation of LMs is membrane stability, i.e. their capacity to 
stay as a separate phase, avoiding leaching of one or more components from it. Membrane 
losses within the feed and stripping phases may occur by dispersion (or evaporation in the 
case of gaseous streams). Losses also imply contamination of the feed and/or stripping 
streams with the leached LM components, which can negatively affect the separation pro-
cess such as when toxic diluents or carriers are used [8]. Therefore, phase immiscibility is 
crucial in order to guarantee stability, although the nature and amount of the potential 
leached components and operational conditions have a great influence as well. For instance, 
the limited contact area of BLMs results in lower membrane losses and, hence, higher 
stability.
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ELM stability may be expressed by two distinct terms: (i) the membrane breakage rate 
(%), which represents the percentage of internal phase losses toward the external phase, 
and (ii) the emulsion swelling rate (%), which measures the increment in the emulsion 
volume. Usually, high osmotic pressures between the feed and the stripping phase might 
cause reverse micelles (aqueous solution pockets) transporting water to the internal phase, 
which leads to globule swelling. Being able to homogenize speed and emulsification time 
is crucial in the formation of a stable emulsion. Although higher stirring speed contributes 
to increasing the mass transfer rate, it may cause breakage. Emulsion size, composition, 
and operational conditions, such as temperature, pH, concentrations, and stirring rate, as 
well as retention time, might affect the swelling phenomenon [42]. Both effects are corre-
lated and determine the overall LM extraction performance: high swelling rates may lead 
to emulsion breakage.

Droplet size and rheological properties are the main factors in ELM stability. Both emul-
sion globule and droplet sizes depend on the phase ratios, composition, solvent properties, 
and emulsification process conditions. Bigger globules that contain more droplets can 
reach a large internal mass transfer, around 106 m2/m3. To ensure good ELM stability with-
out jeopardizing its performance, the inner droplets, usually the stripping phase, should 
have a small diameter of about 1–3 μm. The whole membrane globule has an average size 
of less than 2 mm [56]. As the diluent is the major component in an LM, its immiscibility 
ability greatly contributes to better ELM stability. Also, it is worth noting that as discussed 
in Section 8.2.1, the diffusion coefficient is inversely proportional to the membrane viscos-
ity (see Eq. 8.4); so, the use of common nontoxic diluents with low water solubility and 
high viscosity, results in greater mass transfer resistance [36].

Phase ratios, i.e. emulsion–to–feed and stripping–to–membrane ratios, play other funda-
mental roles in ELM stability. The relation between emulsion globule (membrane and 
stripping phase heterogeneous mixture) and feed phase volume is defined as the treat ratio, 
VELM/VF. At a larger treat ratio or large emulsion volume, the total interface area is increased 
by the number and dispersibility of membrane globules in the global mixture [34]. On the 
other hand, the internal–to–membrane phase ratio corresponds to the stripping (internal 
phase) to the membrane phase volume proportion, Vint/VLM. Increasing this ratio causes a 
reduction of the LM requirements for the process, although the emulsion globules become 
unstable, leading to breakage or emulsion inversion, i.e. the emulsion might turn from 
W/O to O/W. When the internal–to–membrane phase ratio is increased, an improvement 
can be observed, but this might also lead to the internal droplet coalescence. Contrariwise, 
low internal–to–membrane phase ratios lead to poor inner droplets dispersion and high 
surface tension, which reduces the overall membrane performance and stability. Since the 
internal surface area at the membrane- stripping interface is typically several orders of mag-
nitude larger than at the feed- emulsion interface, the major mass transfer resistance is 
found at the membrane adsorption stage. Therefore, the treat ratio has a larger influence on 
the overall process performance. On the contrary, the internal–to–membrane phase ratio 
has a less significant effect on the performance, and it should be optimized aiming for 
membrane stability rather than high extraction yields.

In SLMs, the lack of membrane phase within the pores reduces solute flux and its selec-
tivity. Thus, the stability of SLMs, defined as the capacity of the support to hold the mem-
brane phase, becomes their main limitation. As for all the LMs, the stability of the SLM 
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depends on the membrane phase immiscibility with the other streams, although the affin-
ity LM- support and the capillary forces also favor retention. Despite the increase of mass 
transfer resistance, viscous membranes show higher stabilities due to larger van der Waals 
forces. Hydrophobic supports retain organic solvents more strongly by strong molecular 
interactions. Pore size and tortuosity of the support porosity must be tailored to ensure a 
high solute flux and avoid LM losses. Generally, bigger pore sizes increase the effective 
surface area but reduce the capillary forces, while higher porosities enhance the mass 
transfer rate and stability due to hydrostatic pressure [12].

When several extraction cycles are carried out, the membrane performance may be 
affected by stability issues, leading to partial compound or total LM losses, and thus chang-
ing its physicochemical properties. During the ELM de- emulsification stage, losses of vola-
tile modifiers alter its viscosity and thereby the overall mass transfer coefficient  [34]. 
Although PIMs show high stability, a minor drop in solute transport can be observed when 
reused. PIMs’ losses can be evidenced by changes in membrane mass or morphological 
variations on the surface observed in scanning probe microscopy images [52]. However, 
some works on membrane setup improvements have reported a reduction in losses over 
the cycles, preserving an extraction yield near to the original one [27, 65].

8.2.5  Compounds’ Interaction within Liquid Membranes

In a steady- state process, the overall mass transfer from the feed to the stripping phases is 
controlled by the step with greater resistance. As stressed in Section 8.2.1, the extraction in 
LM can be subdivided into internal streams, surface interface films, and interface transport 
steps. By implementing proper stirring at each phase, the concentration polarization effect 
and thereby the film resistances can be minimized. Including a carrier to the membrane 
phase and a stripping agent to the receiving phase, i.e. adopting facilitated transport, the 
inner LM movement is considerably improved. The above arrangements leave the major 
resistance at the interface mass transfer. Nevertheless, complexation kinetics become dom-
inant. The mass transfer is not limited by the bulk feed to membrane resistance, but by the 
interface transport. Likewise, solute desorption is limited by decomplexation. Higher car-
rier concentrations increase chances for complex formation, while higher stripping agent 
concentrations favors carrier regeneration, both improving the mass flux within the mem-
brane phase. Nevertheless, this increment has a limit; when the ionic strength of the strip-
ping solution becomes a significant resistance to the solute mass transfer, complex 
carrier- solute accumulates at the membrane- stripping interface.

Emulsion surfactants have an important effect on the membrane performance as well as 
the carrier. To form the emulsion globules, ionized or nonionic surfactants must be included 
either in W/O/W or O/W/O systems, although the selection depends on the respective 
phase solubility. The hydrophilic–lipophilic balance value (HLB) is used to represent the 
surfactant molecule percentage of hydrophilic functional groups. At higher HLB (>8), i.e. 
more hydrophilic surfactant, the mixture tends to form an O/W/O system, and vice versa, 
when HLB <6, W/O/W emulsions take place. A common environmentally friendly sur-
factant found in the literature is sorbitan monooleate, Span® 80, (HLB = 4.3)  [40]. 
Nevertheless, under certain conditions, Span 80 have been reported to permit water trans-
port, causing swelling, and being susceptible to hydrolysis reactions  [66]. Besides 
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contributing to the emulsion drop formation and its stability, surfactants influence the 
membrane–solute interactions. Better extraction efficiency can be observed at lower sur-
factant concentrations. The improvement is maintained as far as it is kept at a minimum 
concentration, above which point the extraction performance suddenly drops due to the 
membrane instability  [29]. Furthermore, surfactant agents may act as a carrier as well, 
forming complexes with the solute. Separations of similar components require careful sys-
tem optimization. In multicomponent systems, such as fermentation broths, membrane 
selectivity becomes a paramount factor. For instance, the proper surfactant agent choice 
has shown to be determinant on the selective separation of acetic acid from succinic acid 
in an aqueous solution [67].

The extraction performance depends on the specific mechanisms resulting from the sol-
ute– membrane interaction. This effect is particularly evident in dissociable solutes, where 
adjusting the solution pH, the molecular acid form, i.e. dissociated, undissociated, mono-  
or di- anionic forms, can be controlled. Pratiwi et al. [17] compared the extraction of suc-
cinic acid with an IL- based SLM and PIM. For the first case, the solute permeability 
improves at a feed pH of 6.5, coincident with the fermentation broth pH range [68]. At such 
pH, the dissociated form of the acid reacts by an ion- exchange mechanism with the LM and 
diffuses as an IL- solute complex. On the other hand, for the PIM tests, better permeability 
was found at pH lower than the acid dissociation constant (pKa) of succinic acid, suggest-
ing less membrane- succinic anion interactions, and the solute was extracted by simple 
transport mechanisms (see Figure 8.7a). The same dependence was observed in an amino 
acid extraction study, where authors found an increase in the extraction efficiency directly 
proportional to the stripping phase pH and inversely proportional to feed acidity. Results 
identify pH as one of the most important variables in the extraction operation [27].

8.3   Sustainable Separations with Liquid Membranes

LM technology has proved to be a sustainable separation method at a laboratory scale, 
which could potentially replace commercial LLX systems for several applications. As 
observed in Figure 8.9, throughout the last decades, there has been a sustained increase in 
LM research.
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This section presents a comprehensive recompilation of recent studies published on the 
topic, focusing on liquid stream separations. In the last decade, good progress has been 
made on LM technology for the recovery of value- added substances. Organic LMs have 
been extensively studied for the recovery of organic compounds from aqueous solutions in 
the biorefinery industry. ELMs have been successfully used for the recovery of metal ions, 
such as copper, lithium, bismuth, cadmium, silver, vanadium, palladium, and high- value 
RE elements. LMs have also proved useful for wastewater remediation. For instance, 
removal of pullulans such as by- product organic compounds, pharmaceutic residues, 
lignin from pulping waste, heavy metals, and nuclear radioactive waste have been accom-
plished. Extracted solutes reported in the last 10 years using LMs are discussed in detail in 
this review.

For more specific details on LMs and their applications, readers are referred to the text-
book by Kislik et al. [6] where LM model derivations and their progress in separation pro-
cesses are discussed, and chapters of other books regarding LM basic concepts  [56, 64], 
industrial developments [7, 11], and novel IL- based membranes [16, 69]. Likewise, litera-
ture offers LM chapters dedicated to specific applications, such as pharmaceutical and bio-
technology  [9], GS  [70, 71], radioactive waste and metal separation  [72], organic acids 
recovery [17], and dyes removal [73].

8.3.1  Recovery of Biomolecules in Biorefinery

Biorefineries are an emerging industry conceived for the conversion of biomass into a 
range of valuable bio- based compounds as alternatives to conventional commodities such 
as polymers, organic acids, alcohols, composites, surfactants, paintings and coatings, lubri-
cants; binders; plasticizers; and solvents. It is well known that the production of biomole-
cules by fermentation routes often presents challenges in the downstream purification 
stages. Fermentation broths contain mainly water and a small concentration of valuable 
biomolecules, which often involves very high energy consumption for their extraction. For 
instance, nonvolatile organic acids, high- value building blocks for a wide variety of indus-
trial sectors  [74], require separation processes such as precipitation or liquid extraction 
using volatile organic compounds (VOCs). Moreover, throughout the bio- organic acid pro-
duction process, the separation cost can represent more than two- thirds of the total pro-
duction cost [75, 76]. In order to overcome the high energy requirement and the use of toxic 
compounds, LMs have been extensively investigated. They have been successful in the 
extraction of organic acids exploiting the properties of novel solvents such as ILs [17]. In 
this section, recent research on LM application for bio- based organic acids and other essen-
tial biomolecules is presented and summarized in Table 8.2.

Lactic acid is one of the smallest organic acids and a high- value building block used for 
chemical, food, cosmetic, textile, biomedical, and bioplastic industries. It can be produced 
from renewable sources, such as biomass and food wastes and a range of separation tech-
nologies have been thoroughly researched for its extraction [84]. The extraction of lactic 
acid by ELM was studied using a membrane composed of TOA as a carrier diluted in 
n- heptane and a solution of sodium carbonate as a stripping phase [77]. The membrane 
interchanged the lactate–amine complex with carbonate–amine complex from one phase 
to another in a couple- counter- facilitated transport regimen (see Figure 8.7e). The authors 
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evaluated the effect of Na2CO3 concentration, phase ratios (strip–to–membrane and feed–
to–emulsion), and contact time into the lactic acid pertraction (extraction from feed to 
membrane), and recovery (extraction from membrane to strip) efficiencies. The study 
determined an optimal operation zone where pertraction efficiency is above 95% and the 

Table 8.2  Summary of recent liquid membrane studies for the recovery of compounds 
in biorefinery.

Solute Membrane Results Ref.

Lactic acid TOA in n- heptane ELM 95% extraction and 80% 
stripping efficiencies

[77]

Aliquat 336 in sunflower 
oil ELM

99% extraction efficiency [29]

Aliquat 336 in rice oil ELM 96% extraction efficiency [31]

Aliquat 336 in rice oil ELM 95% extraction efficiency [32]

TOA in dodecanol and 
dodecane TFLM

27% in productivity increase [48, 78]

Succinic acid TOA or Amberlite LA- 2 in 
kerosene ELM

98% extraction efficiency [79]

Palm oil ELM Complete recovery [34]

Levulinic acid TBP in imidazolium- based 
ILs BLM

99% extraction and 95% 
stripping

[18]

Benzoic acid Isooctane or dodecane BLM Diffusive transport model [80]

Gibberellic acid Aliquat 336 in n- heptane 
ELM

Recovery of 88% for model 
solution and for broths 68% 
for real solution with a 
concentration factor of 2.2

[81]

Acetic acid C9232, TOA or Amberlite 
LA- 2 in kerosene ELM

>92% extraction efficiency [67]

TBP in ([C4min][Tf2N], 
[C4min][PF6], [C6min][Tf2N], 
and [C6min][ PF6]) BLM

92% extraction and 81% 
stripping efficiencies

[19]

TBA in oleyl alcohol BLM >75% extraction efficiency [82]

Formic acid TBA in oleyl alcohol BLM >57% extraction efficiency [82]

Propionic acid TBA in oleyl alcohol BLM >75% extraction efficiency [82]

Butyric acid TBA in oleyl alcohol BLM >75% extraction efficiency [82]

Ethanol n- Hexane ELM 95% extraction efficiency [83]

ABE Gelled [C4min][PF6] in PTFE 
hollow fibers–supported 
liquid membrane (HF- SLM)

Trans- membrane fluxes and 
selectivity

[25]

Penicillin G HFRLM Concentration factor of 4.4 [57]

Catechin (±C) TBP in vegetable- based 
solvent BLM

70% extraction and 40% 
stripping efficiencies

[30]

Furfural DES- based in polymeric SLM Permeability > 3.3·10−4 m/s [26]

Hydroxymethylfurfural DES- based in polymeric SLM Permeability > 0.2·10−4 m/s [26]
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recovery efficiencies over 80%. Vegetable diluents were also studied for the recovery of 
lactic acid with green ELMs. Under optimal operation conditions, ELMs based on sun-
flower oil [29] and rice oil [31, 32], using Aliquat 336 as a carrier, proved to reach as high 
lactic acid recovery values as those obtained in petrochemical- derived solvents- based 
ELM. As a way to improve extraction yields of lactic acid from fermentation broths, Pérez 
et al.  [48, 78] proposed a novel LM configuration (TFLM shown in Figure 8.4a) using a 
membrane composed of dodecanol and dodecane as diluent plus TOA as the carrier, and 
sodium carbonate solution as the stripping phase. Feed and stripping droplets were injected 
into the membrane phase, which improved the phase internal agitation due to the turbu-
lent flow created inside the droplets as well as in the LM within them. Lactic acid removal 
was done in situ to minimize acidification, thus increasing the fermentation yield. The 
hybrid fermentation–extractor operation reached a lactic acid productivity 27% greater 
than that obtained in a conventional fermenter.

Succinic acid is used as a starting material in the production of a wide range of commodi-
ties, including 1–4- butanediol, γ- butyrolactone, tetrahydrofuran, and bio- based polymers 
such as butylene succinic acid. It can be obtained through the fermentation of sugars (e.g. 
lactose, xylose, arabinose, and cellobiose) from various biomass sources such as whey, cane 
molasses, straw, corn fiber, crop stalk, wheat, and duckweed [68]. Succinic acid extraction 
yields up to 98% were obtained using TOA or Amberlite® LA- 2 (a secondary amine) as 
extracting agents, in kerosene- based ELM [79]. Succinic acid recovery in multiples cycle 
was assessed using palm oil- based ELM, reaching a complete recovery in the first cycle, 
dropping to 62% in the second cycle, and lastly, to 43% in the third cycle [34].

Levulinic acid is widely used as a starting material for solvents, biofuels, chemical inter-
mediates, resins, and other products. It can be produced using monosaccharides, HMF, 
furfural, polysaccharides or starch, and lignocellulosic biomass as raw materials  [85]. 
Hydrophobic ILs ([C4min][Tf2N], [C4min][PF6], [C6min][Tf2N], and [C6min][PF6]) were 
studied for the extraction of levulinic acid using a BLM with TBP and NaOH solution as 
carrier and stripping phase, respectively [18]. Since the ILs employed are denser than the 
aqueous feed and stripping solutions, the extractions were carried out into a U- tube 
arrangement. The effect of several operational variables was investigated, although all 
tested imidazolium- based ILs exhibited similar extraction and stripping efficiencies of up 
to 99 and 95%, respectively.

Similarly, LMs have been proposed for the recovery of large carboxyl acids. Koter and 
Szczepański [80] developed a diffusive transport model for aqueous benzoic acid, a food 
preservative, and precursor of several high- value chemicals, through isooctane or dodecane- 
based BLM. Considering molecular dissociation and dimerization effects, the authors 
achieved a successful prediction of the acid concentration profile as a function of time for 
all three phases. The carrier- surfactant composition of ELMs containing n- heptane, Aliquat 
336, and Span 80 was optimized to maximize the recovery from fermentation broths of gib-
berellic acid, a vegetable growth promoter  [81]. The optimization conditions for model 
solutions resulted in a recovery of 88% and for broths 68% with a concentration factor of 2.2.

Moreover, LMs can be used for the separation of volatile compounds. In carboxylic acid 
fermentation processes, for instance, acetic acid is a common by- product which leads to 
product inhibition. C9232- based ELMs showed good performance and high selective acetic 
acid separation over succinic acid fermentation broth  [67]. ILs ([C4min][Tf2N], [C4min]
[PF6], [C6min][Tf2N], and [C6min][PF6]) were studied in BLM for acetic acid removal from 
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aqueous solution using TBP and NaOH solution as the carrier and stripping medium, 
respectively [19]. As a result, extraction and stripping efficiencies of 92 and 81%, respec-
tively, were obtained. In this work, it was found a significant effect of carrier and stripping 
concentrations on the efficiencies, while the initial feed concentration was not relevant 
under the operational range. Several other volatile carboxylic acids have been recovered via 
BLMs from aqueous solutions. Mixtures of oleyl alcohol and tributylamine (TBA) were 
successfully used for the extraction of acetic, propionic, and butyric acids, with yields over 
75%, and yields above 57% for the extraction of formic acid [82]. An n- hexane- based ELM 
was used for ethanol extraction from aqueous matrices [83]. The work studied the effect of 
different salt concentrations in the stripping phase and found a drastic reduction in ethanol 
extraction when salts were present, which was attributed to ions and water cotransport due 
to osmotic pressure.

LMs have also been used for liquid–gas separations in PV mode. Bio- butanol is a sustain-
able fuel that is produced via the fermentation of biomass. The resulting broth is an aque-
ous mixture of acetone, butanol, and ethanol (ABE) that is typically separated via 
conventional distillation, although research is now geared toward the use of PV mem-
branes, including LMs  [86]. Hydrophobic HF- SLMs based on PTFE filled with [C4min]
[PF6] were prepared and tested for the recovery of butanol from ABE mixtures in aqueous 
solutions  [25]. To improve the solvent retention in the pores, the IL was gelled with 
12- hydroxystearic acid, and the authors compared the performance of the SLM in sweep 
gas PV mode to a membrane evaporation process, using the PTFE HF membrane without 
IL. Results showed a slight increase in butanol selectivity over the other organic com-
pounds for the SLM with the main mass transfer resistance being the solute diffusion inside 
the membrane.

Penicillin G is a natural antibiotic and precursor of other semisynthetic ones. Although 
its recovery from fermentation broths has been industrialized for massive production, gaps 
remain to improve efficiency and avoid product losses. In this context, the feasibility to 
recover Penicillin G utilizing HFRLM in a cascade process was studied [57]. In this work, 
hydrophobic PP- based HF supports were filled with di- n- octylamine in iso- octanol and 
kerosene, and a K2CO3 aqueous solution was selected as the stripping phase. The proposed 
arrangement reached a concentration in the stripping phase of up to 4.4 times higher than 
that of the feed.

The development of novel green solvents opens an avenue to improve LM technology for 
sustainable separations  [87]. In this regard, BLMs containing vegetable- based solvents 
(sunflower, soybean, and coconut oil) were compared to analogous conventional 
petrochemical- derived solvents (iso- octane, n- decane, and n- heptane) for the extraction of 
catechin, a natural substance retrieved from tea leaves with pharmacological applications, 
from an aqueous solution [30]. The selected carrier was TBP, and better extraction perfor-
mance was obtained when using the bio- based solvents; the BLM with sunflower oil 
extracted around 70% of catechin and the recovery to the stripping phase was up to 40%.

Alongside ILs, SLM impregnated with DESs have been tested. DESs share many of the 
features that positioned ILs as promising alternative solvents for several industrial pro-
cesses. While ILs are composed of a pair of cation–anion, DESs are formed by hydrogen 
bond donor (HBD) and acceptor (HBA) compounds [88]. Recovery of bio- based furfural 
and hydroxymethylfurfural from model aqueous solutions, starting raw materials in the 
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production of bioplastic monomers, were studied with different polymeric SLMs  [26]. 
Several DESs, based on decanoic acid and thymol as the HBD- component and tetraocty-
lammonium bromide, thymol, menthol, and lidocaine as the HBA- component, were used 
as the membrane phases. In such work, authors found larger furfural permeability than 
hydroxymethylfurfural, attributed to the solute hydrophobicity difference. Moreover, the 
study showed that bigger pores and lower viscosity improve the permeability but increased 
solvent losses, pointing out the extraction method limitations besides the importance of its 
proper optimization.

8.3.2  Amino Acid Recovery

Amino acids are the fundamental constituents of proteins. Their primary exponents are 
L- cysteine, L- histidine, L- isoleucine, L- leucine, L- lysine, L- methionine, L- phenylalanine, 
L- threonine, L- tryptophan, and L- valine. They have an important place in the chemical 
industry, and proof of this is their rising sustained commercialization, projected to surpass 
$35 billons in the coming years [89]. They are used as a starting material for the synthesis 
of chiral- active ingredients and bioplastics, as well as food, agricultural, and pharmaceuti-
cal products’ manufacturing. Sustainable amino acid production is mainly carried out by 
aerobic microbial conversion, attaining growing interest in their synthesis from renewable 
feedstock, such as lipids, cellulose, hemicellulose, lignin, and chitin. Table 8.3 collects the 
studies developed for amino acid recovery with LMs.

Proteins and amino acids are complex molecules, which are susceptible to be denatured 
by organic solvents [92]. To avoid compounds’ denaturalization, biocompatible solvents, 
such as hydrophobic ILs, have been proposed for amino acid extraction  [93]. Likewise, 
DESs have shown high biocompatibility. Several polymeric porous supports were impreg-
nated with quaternary ammonium salt- based DESs for amino acid recovery from aqueous 
solutions  [27]. Among other common amino acids, the best extraction yield (86%) was 
achieved for tryptophan, followed by glycine and DL- aspartic acid with yields for both 
greater than 60%. The optimal SLM, in terms of solute flux, was found for mixed cellulose 
support impregnated with DESs composed of choline chloride and p- toluene sulfonic acid, 
at a molar ratio of 1:2. This membrane was reused in extraction cycles up to seven times, 
with an extraction efficiency drop of less than 20%. The observed decrease was attributed to 
solvent losses due to membrane instability. L- cysteine extraction from a KCl solution was 

Table 8.3  Summary of recent liquid membrane studies for the recovery of amino acids.

Solute Membrane Results Ref.

L- tryptophan Quaternary ammonium salt- based DESs in 
polymeric SLM

86% extraction 
efficiency

[27]

L- cysteine Dicyclohexyl- 18- crown- 6 in toluene ELM >96% extraction 
efficiency

[90]

L- phenylalanine Paraffin, sulfonated kerosene, D2EHPA ELM >94% extraction 
efficiency

[91]
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achieved using a dicyclohexyl- 18- crown- 6 in toluene [90]. The observed transport mecha-
nism was based on the extraction agent and the potassium ion complexation, which acted 
as the actual carrier for amino acid extraction. Furthermore, the proposed ELM gave a high 
L- cysteine selectivity over other amino acids. Through a backpropagation neural network 
combined with a genetic algorithm, the extracting of L- phenylalanine using ELM was suc-
cessfully simulated in real- time  [91]. Training the simulation with experimental data, 
the  authors found the optimal operational conditions. An extraction efficiency greater 
than 94% was reached with an ELM composed of paraffin, sulfonated kerosene, D2EHPA, 
and Span 80.

As with bio- based products, the downstream separation in the amino acid production is 
a critical stage due to their complexity and energy consumption. Moreover, amino acid 
production requires a specific chiral orientation. Therefore, the selective separation of 
amino acid enantiomers from racemic mixtures becomes one of the key concerns. 
Enantioseparation achieved through LMs has been reported to be comparable to tradi-
tional techniques, such as chiral chromatography and diastereoisomeric crystallization. In 
this regard, high enantioselectivity of amino acid was reported for HF- SLM containing 
specific chiral carriers, such as N- 3,5- dinitrobenzoyl- L- alanine octyl ester, copper(II) 
N- dodecyl- L- hydroxyproline, and quinidine or quinine derivatives  [10]. Selective extrac-
tion of stereoisomers can also be improved by a previous enzymatic reaction, which con-
verts the target enantiomer into a complex transportable by the LM.

8.3.3  Environmental and Wastewater Treatment

Water streams from industrial processes contaminated with organic compounds are a 
growing hazard to population health and aquatic ecosystems. Their treatment is of para-
mount concern, prompting stricter government regulations. Luckily, many of these pollut-
ants can be removed to meet the discharge requirements while valuable chemicals are 
recovered. Studies on wastewater remediation with LMs are compiled in Table 8.4.

Phenolic compounds are commonly generated as waste in several industries; however, 
they are extendedly used as raw material for chemical derivatives’ production. Thus, there 
is substantial research toward the development of sustainable extraction processes. 
Treatment of olive oil plant wastewater for the removal of phenol and two of its derivatives, 
tyrosol, and p-coumaric acid, was carried out with an ELM, with a recovery of up to 
97–99% [94]. Several carriers including Hostarex® A327, Alamine® 336, Aliquat 336, and 
Cyanex® 923 were tested in isoparaffinic hydrocarbon. The effect of adding iso- decanol as 
a membrane modifier was also studied showing an enhancement in the extraction effi-
ciency. Removal of p-nitrophenol (starting compound for several pesticides) and aniline 
(pharmaceutical and dye waste) was studied using organic solvent- based ELM  [65]. 
Operational variables and membrane composition, such as diluent type, n- hexane, 
n- heptane, and kerosene, and surfactant (Span 80) concentration were optimized. The 
work showed a nearly complete p-nitrophenol and aniline removal.

In order to reduce the organic solvent requirement in the ELM conformation, the use of 
vegetable oils was proposed. The effect of the diluent composition ratio, palm oil–kerosene 
mixture, on the phenol removal efficiency was studied [35]. With a considerable solvent 
decrease, a palm oil- to- kerosene ratio of 70:30 showed good emulsion stability. Under 
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optimal conditions, phenol extraction using the pure diluents reached 97 and 82% for kero-
sene and palm oil, respectively, while at 70:30 diluent composition ratio, the removal was 
nearly 83%. Since no carrier was used, the phenol transport was achieved by simple diffu-
sion through the membrane, reacting with an NaOH solution that constituted the stripping 
phase (see Figure 8.7b). This suggests that the membrane viscosity, related to the solute 
diffusivity by Eq. (8.4), is the main factor in the membrane performance.

IL- based LMs have also been investigated for the removal of phenol. Hydrophobic 
imidazolium- ILs ([C4min][Tf2N], [C4min][PF6], and [C4min][FAP]) were used for the 
preparation of BLM for phenol removal from aqueous effluents [20]. Maximum extraction 

Table 8.4  Summary of recent liquid membrane studies for wastewater treatment.

Solute Membrane Results Ref.

Phenol, tyrosol, 
and p- coumaric 
acid

Hostarex A327, Alamine 336, 
Aliquat 336, and Cyanex 923 in 
isoparaffinic hydrocarbon ELM

97–99% recovery efficiency [94]

p-Nitrophenol n- Hexane, n- heptane, and 
kerosene ELM

Complete removal [65]

Aniline n- Hexane, n- heptane, and 
kerosene ELM

Complete removal [65]

Phenol Palm oil:kerosene ELM 83% extraction efficiency [35]

([C4min][Tf2N], [C4min][PF6], and 
[C4min][FAP]) BLM

96% extraction and 98% 
stripping efficiencies

[20]

[C4min][PF6] BLM 99% removal [21]

Phenol and 
chlorophenol 
compounds

[C4min][PF6] + TBP kerosene ELM >99% phenol removal >90% 
chlorophenol removal

[22]

Bisphenol A ILs supported in PVDF SLM 44% of solute permeation 
within 24 hours

[23]

n- Heptane in PP HF- SLM 96% extraction efficiency [95]

Diclofenac Tetrabutylammonium bromide 
dichloromethane in ELM

99% removal [96]

Ibuprofen TOA in Parleam 4 ELM Complete removal [97]

Tetracycline TBP and Fe2O3 nanoparticles in 
n- heptane PELM

97% removal [98]

(S)- amlodipine O,O’- dibenzoyl- (2S,3S)- tartaric acid 
diluted in organic solvents in PP 
HF- SLM

78% extraction and 75% 
recovery efficiencies. 
Enantiomeric excess of 58%

[99]

Ethylparaben TOA in n- heptane ELM 90% removal [100]

Propylparaben TOPO in hexane ELM Complete removal [101]

Kraft lignin Aliquat 336 in kerosene and 
2- ethyl- 1- hexanol ELM

98% recovery efficiency [102]

Lignosulfonate TOA in dichloroethane in Nylon 6,6 
SLM

50% removal [103]
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and stripping efficiencies of 96 and 98%, respectively, were obtained. This work also com-
pared the performance of LMs containing [C4min][Tf2N] with analogs made of conven-
tional organic solvents such as dichloromethane. Due to the low viscosity of the organic 
solvent, higher phenol diffusivity values were expected. However, similar extraction and 
stripping efficiencies were obtained for both types of solvents. It is worth noting that ILs 
can be considered for the preparation of facilitated- transport LMs as well. For example, 
phenol migration was studied in [C4min][PF6] in BLMs, where the complex solute- IL was 
formed and was transported across the membrane by hydrogen bonding interactions [21]. 
Likewise, [C4min][PF6] was added to TBP and used as the carrier in the removal of phe-
nolic compounds using kerosene- based ELMs [22]. In comparison to pure TBP carrier, the 
use of the IL mixture improved the emulsion stability as well as the removal efficiency. 
Given the high viscosity of ILs, they are also suitable candidates for the preparation of 
SLMs. A range of ILs supported in a PVDF matrix was tested for the removal of bisphenol 
A, an endocrine disruptor used in plastic production, from aqueous effluents  [23]. Flat 
sheet SLMs of 12 cm2 were tested and reached a maximum of 44% of solute permeation 
within 24 hours, and it was suggested that performance could be improved by phase pH 
control. Moreover, in another work, a maximum bisphenol A extraction of 96% was 
achieved in a 9- hour cycle using an HF- SLM module [95]. The membrane was PP fibers 
impregnated with n- heptane, with a total surface area of 1.4 m2. Although a conventional 
organic solvent was used in the aforementioned study, the results highlight the feasibility 
of scaling up SLM for industrial processes.

Looking at other types of contaminants in water bodies, the presence of prescribed and 
unprescribed drugs, such as painkillers and nonsteroidal anti- inflammatories, is a growing 
field of concern in domestic wastewater treatment plants. Human and animal excretions 
may carry several substances discharged in feces and urine in unchanged form or metabo-
lized into secondary compounds. Nevertheless, due to their toxicity and bioaccumulation, 
the presence of pharmaceutical waste in household and hospital waste effluents means a 
risk to aquatic ecosystems with potential hazards to human health. For instance, around 
15% of the administered anti- inflammatory drug diclofenac is excreted without chemical 
changes [96], while 70% of antibiotics are not metabolized [98]. As an alternative to con-
ventional separation processes, the removal of pharmaceuticals from wastewater has been 
carried out with LMs. In a 6- minute process, over 99% removal of diclofenac ions was 
reached with ELMs [96]. The membrane was composed of tetrabutylammonium bromide, 
Span 80, and dichloromethane as the carrier, surfactant, and diluent, respectively. Similarly, 
almost complete ibuprofen removal was reached using an ELM prepared with organic sol-
vent Parleam® 4 as a diluent, surfactant Abil® EM90, and extracting agent TOA  [97]. 
Another work reported an efficiency of 97% for the removal of tetracycline, an antibiotic 
drug, using nano- fluid emulsion [98]. The PELM was composed of Fe2O3 nanoparticles in 
n- heptane and stabilized with oleic acid, and TBP was used as the extracting agent. The 
work compared the PELM performance against the ELM technique and results showed 
that the stability of the membrane was substantially improved by nanoparticle inclusion. 
In the case of racemic mixtures, the separation process must offer a high chiral resolution 
to accomplish the recovery target  [9, 10]. Enantioseparation of (R)-  and (S)- amlodipine 
from pharmaceutical wastewater was studied using PP- based HF- SLM [99]. (S)- amlodipine 
is a high- value compound used to treat hypertension and as an antianginal agent, while 
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(R)- amlodipine is inactive; hence, the process selectivity becomes essential. The membrane 
was prepared with the chiral extractant O,O’- dibenzoyl- (2S,3S)- tartaric acid diluted in 
organic solvents. For the release of (S)- amlodipine into the stripping solution, b- cyclodextrin 
was added. The process attained a maximum extraction and stripping efficiency of 78 and 
75%, respectively, and reached an (S)- amlodipine enantiomeric excess of 58%.

Other dangerous pollutants from plants and urban wastewater have been found in water 
bodies, becoming a major environmental hazard. Alkyl esters of p- hydroxybenzoic acid, 
better known as paraben compounds, are used as preservatives in cosmetics, pharmaceu-
tics, and food products. However, they are also known as endocrine- disrupting chemicals 
and related to other health issues. Therefore, ELMs have also been proposed for the removal 
of parabens from aqueous solutions. In a comprehensive emulsion characterization study, 
90% of ethylparaben was removed using an n- heptane- based ELM, with TOA as the car-
rier [100]. Similarly, trioctylphosphine oxide (TOPO) in hexane was used for complete pro-
pylparaben removal from aqueous solutions [101].

Pulp and paper industries generate millions of metric tons of lignin waste annually. 
Beyond its enormous impact on the ecosystems, lignin offers the opportunity to be used as 
a renewable feedstock in the production of high- value compounds. Recovery of up to 98% 
of kraft lignin from pulping wastewater was reported using Aliquat 336 as the carrier in a 
kerosene- based ELM and 2- ethyl- 1- hexanol as a modifier [102]. Moreover, the treatment 
proved to be as feasible in actual pulp wastewater as the model solution.

8.3.4  Metal Ion Recovery and Heavy Metal Removal

Metal- contaminated wastewaters are commonly found in industrial processes as well as in 
natural reservoirs, where groundwater sources can be heavily polluted. Although some 
metals such as lithium, iron, gold, and bismuth have low toxicity, other heavy metal ele-
ments are an undeniable health threat due to their bioaccumulation, toxicity, and carcino-
genic effects. Their removal in contaminated waters for human consumption and prior to 
the discharge of wastewater industrial streams is thus necessary. Copper, silver, vanadium, 
and palladium are among the highly toxic heavy metals. Yet, arsenic, cadmium, chromium, 
lead, and mercury are major hazards to both humans and the environment. It is important 
to note that the development of separation technologies of metal solutions has hoarded a 
great interest for not only environmental and health reasons but also economic reasons 
since some metal ion solutions have great added value potential. Nowadays, their extrac-
tion is carried by physicochemical treatments, such as solvent extraction, absorption, pre-
cipitation, membrane filtration, and electrocoagulation. And, alternatively, biosorption, 
phytoremediation, and sulfate reducing are other biological remediation techniques [104]. 
Likewise, LM technology has been investigated for this purpose, as Table 8.5 summarizes.

Organic solvent- based BLMs, with carbon tetrachloride, chloroform, and dichlorometh-
ane, were studied for mercury removal [105]. In this work, extraction and recovery kinetic 
parameters of Hg (II) using calix[4]arene thioalkyl derivative carriers were determinate. 
An SLM, composed of TOA in dichloroethane supported in Nylon 6,6, was studied for mer-
cury (II) removal [103]. Under optimal conditions, the membrane showed a removal effi-
ciency of 81–88%. In the same work, the SLM was tested for mercury removal from a 
complex mixture. The model solution, containing mercury chloride and sodium 
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Table 8.5  Summary of recent liquid membrane studies for the removal of heavy metals 
and recovery of metal ions.

Solute Membrane Results Ref.

Mercury Calix[4]arene thioalkyl derivative in 
CCl4, CHCl3, and CH2Cl2 BLM

Extraction and recovery kinetic 
parameters

[105]

TOA in dichloroethane in  
Nylon 6,6 SLM

81–88% removal [103]

Aliquat 336 in toluene PP HF- SLM Nearly complete removal [106]

TOA in coconut oil supported in 
PVDF SLM

95% removal [28]

Lithium TBP in [Tf2N]- based ILs supported 
in PVDF SLM

Permeability of 1.2·10−6 m/s [107]

Copper and 
lithium

Cyanex 272 diluted in kerosene 
HF- SLM and SLM

Cu(II) over Li(I) separation 
factor of 18 and 178 for HF- SLM 
and SLM, respectively

[108]

Copper D2EHPA in kerosene HFRLM 60% removal [58]

Acorga M5640 in aliphatic diluent 
PEHFSD LM

96–97% removal [61]

LIX 984N in kerosene ELM >99% removal [109]

D2EHPA in waste vegetable oil CLM 96% removal [37]

Bismuth D2EHPA in n- pentanol ELM Complete removal [110]

Rhodium Polyisobutylene and TOA in 
kerosene ELM

46% removal [111]

Silver Cyanex 302 in paraffinic and 
naphthenic hydrocarbon- diluent 
ELM

95–99% extraction efficiency [112]

Vanadium D2EHPA in paraffin ELM 91% recovery efficiency [113]

Platinum [P88812][Cl] IL in PVDF- co- 
hexafluoropropyle and 
2- nitrophenyloctyl ether PIM

96% recovery efficiency [52]

Palladium [P88812][Cl] IL in PVDF- co- 
hexafluoropropyle and 
2- nitrophenyloctyl ether PIM

96% recovery efficiency [52]

Cyanex 302 in kerosene ELM 97% recovery efficiency [114]

Arsenic Aliquat 336 and 2- ethyl hexanol in 
kerosene ELM

78 and 88% removal, 
respectively

[115]

Chromium Aliquat 336 in kerosene and decanol 
ELM, spray column

Volumetric mass transfer 
coefficient of 0.036–0.074/s

[50]

TOMAC in [C4min][Tf2N] and 
kerosene ELM

97% removal [24]

Lead Fe2O3 magnetic particles and 
D2EHPA in kerosene PELM

97% removal [116]

Cadmium Aliquat 336 in corn oil ELM >98% removal [33]



8.3  Sustainable Separations  ith Liquid Membranes 325

lignosulfonate, emulated wastewater from pulp and paper industries. The extraction effi-
ciency was 53 and 50% for mercury and lignosulfonate, respectively, which demonstrated 
the need for testing real mixtures. Treatment of petroleum- produced water using a PP- 
based HF- SLM impregnated with Aliquat 336 in toluene showed a nearly complete mer-
cury extraction [106].

Since the IL trioctyl(dodecyl) phosphonium chloride, [P88812][Cl], has shown high 
platinum- group metal extraction, their ions recovery with a reduced amount of [P88812][Cl] 
polymerized as PIM was proposed as a greener alternative [52]. The membrane was pre-
pared with the polymer PVDF- co- hexafluoropropyle and 2- nitrophenyloctyl ether as the 
plasticizer. In a two- stage sequential transport cycle, the authors aimed to the selective 
separation of an aqueous mixture of platinum, palladium, and rhodium. For each sequence, 
a proper stripping solution was used to enhance the permeation of a single metal, each fol-
lowing a specific transport mechanism. The optimum stripping solutions were 0.1  M 
NaClO4 in 1 M HCl and 0.1 M KSCN in 1 M HCl for platinum and palladium, respectively, 
and the experiments reached 96% of recovery efficiency for Pt(IV) in the first transport and 
96% of Pd(II) in the second. In neither of both sequences Rd(III) was transported. The high 
selectivity attained by tuning the stripping solution highlights the versatility of LM tech-
nology to be tailored in order to efficaciously perform the extraction process.

The recovery of lithium ions from complex aqueous mixtures was studied using SLMs 
impregnated with TBP in ILs [107]. Several [Tf2N]- based ILs were tested supporting them 
in PVDF matrices varying the support thickness and pore size. Faster Li(II) permeation 
than Mg(II), one of the main impurities in lithium brines, was observed. Likewise, the 
study tested the lithium permeation in the presence of Co(II) and Ni(II), by- products 
obtained from recycle lithium- ion batteries, also showing good selectivity, but reducing the 
Li(II) permeation coefficient. In a comparative study, separation of copper and lithium ions 
was carried out using an HF- SLM via nondispersive solvent extraction and compared with 
the use of the membranes in flat sheet configuration and also against the use of a dispersive 
solvent extraction process [108]. LMs in this work were composed of Cyanex 272 diluted in 
kerosene, and although results showed similar performance for the three methods, the 
authors outstripped the advantages that HF membranes offer when scaling up the process. 
Other HF- based configurations have also been used for the extraction of copper. HFRLMs 
(see Figure 8.4d) containing D2EHPA in kerosene were used to remove copper from sulfate 
solutions [58]. A complete model to describe the mass transfer coefficients and flux rate, 
which fit the experimental data, was reported. Similarly, a PEHFSD arrangement (see 
Figure 8.4e) was proposed for this system [61]; the copper mass transfer coefficients and 
the effect of having Fe and Zn ions were studied. Comparing the extraction performance, 
the authors obtained a Cu removal efficiency of 96–97% for PEHFSD versus 91–97% for an 
equivalent ELM. Besides the lower overall extraction yields, ELMs showed poor copper/
iron selectivity, attributed to swelling issues.

Nonetheless, other works have reported effective metal recovery throughout ELMs. A 
kerosene- based ELM obtained more than 99% of copper removal using LIX® 984N as the 
carrier [109]. Bismuth extraction from nitric solutions was achieved using an ELM based 
on D2EHPA in n- pentanol and biodegradable surfactant Triton® X- 100  [110]. Emulsion 
membranes containing polyisobutylene, TOA, and Span 80 in kerosene were used to reduce 
the toxicity of rhodium- contaminated wastewater [111]. Using an ELM based on Cyanex 
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302 in paraffinic and naphthenic hydrocarbon diluent, silver extractions of 95–99% were 
obtained within 15 minutes of treatment  [112]. ELM composed of D2EHPA in paraffin 
reached 91% of vanadium recovery from a stone coal leaching solution [113]. High palla-
dium recovery from electroplating wastewater was attained using a Cyanex 302 in kerosene 
ELM [114]. The membrane also showed good Pd over Cr selectivity. Kerosene- based ELMs 
were used for arsenic (V) removal, with Aliquat 336 and 2- ethyl hexanol as carriers, obtain-
ing a maximum removal of 78 and 88%, respectively [115].

Other LMs have been proposed as well for the removal of highly toxic heavy metals from 
wastewater. In order to improve the ELM dispersibility in chromium (VI) removal, a spray 
column (see Figure 8.4b) was modified to include a rotator that produced centrifugal accelera-
tion [50]. The work showed that the addition of the rotor resulted in an approximately ten 
times higher mass transfer coefficient for chromium using an emulsion conformed of Aliquat 
336 in kerosene and decanol. To improve membrane stability, a stabilizer compound can also 
be included to avoid globule breakage. In a chromium removal study, IL [C4min][Tf2N] was 
added to a kerosene membrane also containing extracting agent tri- n- octylmethylammonium 
chloride (TOMAC) [24]. Despite the slight reduction in the extraction efficiency, high stability 
was obtained with 3% (w/w) of the IL, reaching 97% of Cr removal. In another work, α- Fe2O3 
magnetic particles were used as co- stabilizer in a PELM composed of D2EHPA in kerosene, 
resulting in 97% lead removal, and a significant increase in membrane stability [116].

Aiming to develop more sustainable metal extraction LM technologies, sustainable 
green- based LMs have been proposed. A waste- vegetable oil membrane was used for cop-
per recovery in a CLM configuration with D2EHPA as the carrier and reached 96% of Cu 
removal [37]. The work compared the effect of replacing the diluent with fresh- vegetable 
oil or kerosene, and separation performance followed the trend kerosene > fresh oil > 
waste oil, which was attributed to an improved ion diffusivity due to the reduction in dilu-
ent viscosity. More than 98% of cadmium removal was obtained with a corn oil- based ELM 
which contained extracting agent Aliquat 336 and surfactant Span 80 [33]. Using palm oil 
as the diluent in an ELM, 97–99% of chromium (Vl) removal was reached with TOMAC as 
the carrier [36]. Vegetable oils can be used in SLM configurations as well. A PVDF support 
was impregnated with TOA in coconut oil for mercury removal  [28]. The membrane 
showed great performance, in terms of extraction efficiency and stability, with only slight 
improvements when the carrier was added, from 91% with no carrier to 95% at a carrier 
concentration of 4% (v/v). The vegetable- based membrane exhibited similar performance 
to SLMs with organic solvents, such as dichloroethane or n- heptane, which highlights the 
sustainability of LM technology as an extraction alternative.

Further applications of ELMs based on organic solvents, such as kerosene or n- heptane, 
and their operational effects on the removal of heavy metals (copper, nickel, chromium, 
cobalt, zinc, silver, lead, mercury, cadmium, gold, molybdenum, platinum, and palladium) 
have been reviewed by Ahmad et al. [117].

8.3.5  Nuclear Waste Treatment

Nuclear waste treatment is another field of application of LM technology. Nuclear waste is 
produced at resource extraction, nuclear facilities, and power plants, as well as in nuclear 
fuel conversion, fabrication, and reprocessing of spent fuel. It can contain: (i) actinides, the 
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main source of fissile fuels uranium and plutonium, (ii) americium, (iii) lanthanides such 
as cerium, a radioactive poison, which hinders the waste transmutation into short- lived 
radionuclides, (iv) isotopes of molybdenum- 99 (99Mo), used in medical imaging proce-
dures, cesium- 137 (137Cs), an irradiation source, cobalt- 60 (60Co), widely used for steriliza-
tion, radiography, and density measurements, and strontium- 90 (90Sr), administered for 
cancer radiotherapy. The traditional technique to recover plutonium and uranium from 
used nuclear fuels is the PUREX (plutonium uranium reduction extraction) process [118]. 
It is based on dissolving the spent fuel in nitric acid and separation by LLX using a mixture 
of 20–30% (v/v) of TBP diluted in an organic paraffinic hydrocarbon solvent. The process 
results in two high- purity uranium and plutonium nitric solutions, which can be further 
converted into metal oxides, along with solid wastes and a remaining radiative stream, clas-
sified into high, intermediated, and low- level waste, that are derivate to further treatments. 
Several LM systems have been proposed for radioactive waste remediation. Table 8.6 pre-
sents a summary of the works discussed in this section.

Ambashta and Sillanpää  [120] published a review on liquid nuclear waste treatment 
using membrane technology, where advances on the use of RO, MF, MD, and PV tech-
niques are discussed for low- level waste decontamination. However, these methods are 
unable to treat high- level waste due to their acid nature which compromises the stability of 
the polymer- based membranes. Several NF membranes have been studied for cobalt spe-
cies removal. Colloidal solutions of 239Pu, 240Pu, and 214Am were pretreated by seeded UF 
and flocculation MF, where a suspension solution was formed by “seed particles” that 
absorbed the solutes or flocculated them to increase its size, respectively. Inorganic mem-
branes, such as ceramic and zeolite- based, are an alternative to polymer- based membranes 
as they can be operated under a wide pH range. A zeolite NaA membrane in RO mode 
showed complete rejection of Cs+, Sr+2, and MoO4

−2 from low- concentration solutions.
As an alternative to membrane filtration processes, the above review also presents the 

LMs as an emergent approach to radioactive waste remediation. BLM using D2EHPA as 
the carrier was applied to 90Sr extraction from an alkaline solution to an acid stripping 
phase, where it was precipitated as SrSO4. An Aliquat 336- based ELM was used for 99Mo 
removal. PIMs composed of plasticized cellulose triacetate and different crown ethers or 
TBP as the carrier and SLM composed by calix(4)- bis- 2,3- naphtho- crown- 6 dissolved in 
2- nitrophenyl octyl ether and dodecane in a PTFE support showed effective 137Cs transport. 
Remediation of model low- level waste containing cerium was studied using SLMs. The 
membrane phases were composed of octyl (phenyl)- N,N- diisobutyl carbamoyl methyl 
phosphine oxide, and TBP as carriers, dissolved in dodecane. Cellulose triacetate plasticized- 
PIM using octyl- (phenyl)–N,N- diisobutyl carbamoyl methyl phosphine oxide (CMPO) or 
N,N,N- tetraoctyl- 3- oxapentane diamine carriers in 2- nitrophenyl n- octyl ether shows effi-
cient Ce+3 transport. TBP in dodecane- based BLM had reached 90% of cerium transport 
after its electro- oxidation to Ce+4. HF- SLMs were developed using mixtures of CMPO in 
dodecane and TBP in kerosene for the removal of neodymium and uranium, respectively, 
from nitric acid solutions.

ELMs for waste uranium extraction have been studied since the 1980s. TBP used as a car-
rier has been shown to improve the distribution ratio on benzoyl acetone and dibenzoyl 
methane membranes [119]. The use of TOPO carriers leads to a uranium extraction above 
90%, and Aliquat 336- based membranes surpass conventional process efficiency, reaching 
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Table 8.6  Summary of recent liquid membrane studies for nuclear waste treatment.

Solute Membrane Results Ref.

Uranium 2- Thenoyltrifluoroacetone in kerosene ELM >99% removal [119]

TBP in kerosene PE HF- SLM 67% extraction and 40% 
recovery efficiencies

[120]

Alamine 336 in heavy paraffin ELM Concentration factor of 6.9 [121]

D2EHPA and cellulose triacetate PIM Nearly complete extraction [121]

D2EHPA, TBP, Cyanex 272, Alamine 336, 
and Aliquat 336 in polyvinylchloride PIM

Nearly complete extraction 
with D2EHPA carrier

[121]

TBP in paraffin hydrocarbon PEHFSD LM >84% recovery efficiency [121]

Plutonium TBP in dodecane PP HF- SLM >80% extraction efficiency [121]

Americium Cyanex 301 in cellulose triacetate- TBP PIM Unirradiated and irradiated 
(194.4 kGy) permeability 
greater than 5.1·10−4 and 
1.1·10−4 m/s, respectively

[121]

2- Ethylhexyl phosphonic acid mono- 2- 
ethylhexyl ester in dodecane ELM

93% extraction efficiency [121]

Yttrium Two- stage PTFE SLMs using 2- ethyl hexyl 
phosphoric acid- mono- 2- ethyl hexyl ester 
and CMPO in dodecane, respectively

95% removal [121]

Strontium D2EHPA BLM 98% removal [120]

Molybdenum Aliquat 336- based ELM 85% removal [120]

Cesium Crown ethers or TBP in calix(4)- bis- 2,3- 
naphtho- crown- 6, 2- nitrophenyl octyl ether 
and dodecane supported in cellulose 
triacetate- PTFE PIM

Permeability of 8.5·10−5 cm/s [120]

TBP and octyl (phenyl)- N,N- diisobutyl 
carbamoyl methyl phosphine oxide in 
dodecane supported in PP SLM

>99% removal [120]

CMPO or N,N,N,- tetraoctyl- 3- oxapentane 
diamine in 2- nitrophenyl n- octyl ether 
supported in cellulose triacetate- PIM

Permeation rates [120]

TBP in dodecane BLM 90% removal [120]

Cobalt dicabollide on phenyl 
trifluoromethyl sulphone in PTFE SLM

>95% extraction efficiency [121]

TBP or crown ether carriers in cellulose 
triacetate PIM

Permeability of 0.2·10−5–
8.1·10−5 cm/s

[121]

Neodymium CMPO in dodecane PVDF SLM 95% extraction efficiency [120]

CMPO, N,N- dihexyl octanamide, and 
N,N,N’,N’- tetraoctyl diglycolamide 
paraffinic hydrocarbon PP HF- SLM

Nearly complete extraction [121]
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a complete uranium extraction. In a recent study, hexavalent uranium extraction from 
aqueous acid solutions using kerosene- based ELM was evaluated. The membrane included 
2- thenoyltrifluoroacetone as the carrier and surfactant Span 80, and an HCl solution was 
used as the stripping phase. Under optimal conditions, the authors were able to quickly 
extract the uranyl ions, within 1  minute, which was explained by the pH differences 
between the feed and stripping phases.

Likewise, another comprehensive review of nuclear waste remediation with LMs was 
published by Rathore et al. [121]. For instance, high selective uranyl ion permeation was 
reported using an Alamine 336- based ELM. The study found a uranium (VI) concentration 
factor of 6.9, with remarkable selectivity removal from the leach liquor containing Fe+3, 
Mg+2, Ca+2, and Mn. Americium (III) transport with Cyanex 301 in a cellulose triacetate- 
based PIM was researched using TBP as the plasticizer. In a Stripping phase reaction- 
facilitated transport regime (see Figure 8.7b), alpha- hydroxy iso- butyric acid was added as 
a stripping extracting agent to drive the Am+3 back extraction. Several radionuclides could 
be removed from PUREX waste employing ELM with 2- ethylhexyl phosphonic acid 
mono- 2- ethylhexyl ester as the carrier in dodecane. More than 93% of the Am(III), Ce(III), 
Nb(III), and Zr(IV) were extracted from the feed waste stream. In a two- stage process, 
SLMs using 2- ethyl hexyl phosphoric acid- mono- 2- ethyl hexyl ester and CMPO for the first 
and second stages, respectively, 95% of Yttrium- 90 (90Y) removal has been archived. The 
system also has been able to retain 90Sr, a common second impurity, between the stage 
membranes, giving a high- purity final product. Cesium (I) removal from nitric acid solu-
tions by cobalt dicabollide in phenyl trifluoromethyl sulphone and PTFE as the support, 
showing a strong permeability dependence with the feed phase acidity and carrier concen-
tration. To ensure SLM stability in high- level waste treatments for selective Cs extraction, 
PIMs have been studied. Likewise, PIM- based on di- tert- butylbenzo- 18- crown- 6, TBP, and 
cellulose triacetate as the plasticizer was effectively used for Cs transport from acidic solu-
tions. PIMs were used for uranium removal as well. Through the addition of different plas-
ticizers and scintillants to a D2EHPA and cellulose triacetate PIM, high uranium extraction 
from nitrate solutions was achieved. Several carriers, such as D2EHPA, TBP, Cyanex 272, 
Alamine 336, and Aliquat 336, were tested for dioxouranium (II) extraction from acidic 
sulfate solutions with polyvinylchloride- based PIM. The study showed D2EHPA as the best 
extracting agent, through an intricate complexation kinetic. Each UO2

+2 ion is bonded to 
two carrier molecules and two carrier conjugated bases. HF- SLM had also been used for the 
removal of trivalent lanthanides and actinide from nitric solutions using CMPO, N,N- 
dihexyl octanamide, and N,N,N’,N’- tetraoctyl diglycolamide as carriers in paraffinic hydro-
carbon. Lastly, plutonium (IV) and uranium (IV) removal have been achieved by 
PEHFSD- based membranes and TBP as the extracting agent.

8.3.6  Rare- Earth Recovery

REs are a group of elements that comprises scandium, yttrium, and lanthanides. They are 
used in the production of technological devices, electronic components, rechargeable bat-
teries’ manufacturing, as well as on metallurgy, medical, optical, magnets, and catalysis 
chemistry applications. REs are commonly purified by solvent extraction techniques, such 
as cation or anion exchangers, solvation–chelating extractants, and synergistic solvent 
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extraction [122]. Nonetheless, LMs have been investigated as an alternative to the highly 
complex solvent extraction processes needed for RE recovery. Recent studies on the RE 
extraction with LMs are presented in Table 8.7.

The production of phosphoric acid by a wet process often carries lanthanide oxides from 
the phosphate ore. ELMs were used to compare the extraction efficiency of RE oxides: 
La2O3, Ce2O3, Y2O3, and Nd2O3, from a model HNO3 solution [66]. The emulsions were 
composed of sulfonated kerosene and polyisocrotyl succinimide as the diluent and sur-
factant, respectively, and an H3PO4 solution was used for the stripping phase. In this work, 
different carriers: D2EHPA, (RO)2P(O)OPh- COOH, and (RO)2P(O)OPh, were tested, and 
results showed a feed phase acidic dependence of the extraction yield; increasing the pH 
significantly improved the RE oxides’ recovery, (RO)2P(O)OPh- COOH being the carrier 
with the best performance (83%), attributed to its carboxyl group. The observed trend 
agreed with previous works, where at greater pH solutions, more RE complexes are formed 
at the feed- globule interface, enhancing the mass transfer [124, 126]. Likewise, extraction 
and stripping yields of 99% and 79%, respectively, were achieved for gadolinium (III) recov-
ery, which is typically used as a contrast in medical procedures and the production of 
alloys, using an ELM of D2EHPA in kerosene [123]. Recovery of dysprosium (III), mainly 
used in permanent magnets’ manufacturing, was also studied with D2EHPA in kerosene- 
based ELMs with a stripping efficiency above 99%  [124]. Likewise, a Cyanex 572  in 

Table 8.7  Summary of recent liquid membrane studies for the recovery of RE elements.

Solute Membrane Results Ref.

RE oxides (RO)2P(O)OPh- COOH in 
sulfonated kerosene ELM

83% recovery efficiency [66]

Primary amine N1923 in sec- 
Caprylic alcohol and kerosene 
BOLM

RE over Al separation factor of 45 [51]

Gadolinium D2EHPA in kerosene ELM 99% extraction and 79% stripping 
efficiencies

[123]

Dysprosium D2EHPA in kerosene ELM >99% recovery efficiency [124]

Cyanex 572 in kerosene ELM 99% recovery efficiency [125]

2- Ethyl hexyl phosphoric 
acid- mono- 2- ethyl hexyl ester in 
kerosene PEHFSD LM

96% extraction efficiency [63]

Yttrium D2EHPA in kerosene PEHFSD LM 99% extraction and 98% recovery 
efficiencies

[62]

RE radioactive 
nuclides

Bis(2- ethylhexyl) hydrogen 
phosphate- decal supported in 
PTFE SLM

Permeation of 95% cerium, 95% 
promethium, 80% gadolinium, 
and 10% ytterbium

[120]

Samarium D2EHPA in cyclohexane ELM Permeation rates [120]

Neodymium Thenoyltrifluoroacetone and 
TOPO in cyclohexane ELM

Permeation rates [120]
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kerosene- based ELM shows an extraction efficiency of 99% with a high Dy (III) selectivity 
with respect to Nd (III) [125]. BOLM composed of primary amine N1923 in sec- Caprylic 
alcohol and kerosene has been proposed as an environmentally friendly alternative to the 
RE separation from aluminum oxide impurity in leaching solutions [51]. The process gives 
a highly RE to Al selectivity, reaching a separation coefficient of 45.

Successful dysprosium (III) extraction from acidic solution was also carried out using a 
PEHFSD (see Figure 8.4e), a variation of HF- SLM to improve the SLM stability [63]. The 
system resembled a tube and shell exchanger, where the feed phase was pumped into the 
fibers, while the stripping phase with LM droplets remained in the shell. The composition 
of the LM was 2- ethyl hexyl phosphoric acid- mono- 2- ethyl hexyl ester dissolved in kero-
sene, and within 170 minutes, the authors reached a transport efficiency of 96%. The recov-
ery of yttrium (III) from mixed oxide ores was also achieved using PEHFSDs in facilitated 
transport mode, using D2EHPA (carrier) in kerosene [62]. The authors reached an extrac-
tion yield of 99% and a stripping recovery of 98%, which represents a substantial improve-
ment with respect to HF- SLM systems.

During nuclear waste treatments, several lanthanide radioisotopes are removed as a part 
of the remediation process. Separation of RE radioactive nuclides in acidic solution using 
a PTFE- based SLM impregnated with bis(2- ethylhexyl) hydrogen phosphate- decalin 
showed a selective preference for light RE elements  [120]. The mixture composed of 
cerium, promethium, gadolinium, and ytterbium in a 0.5 N HCl solution reached a per-
meation of 95%, 95%, 80%, and 10% for each element, respectively, while no transport was 
observed for other components. In another work, ELMs composed of cyclohexane and 
Span 80 were studied for RE recovery from nitrate solutions using HNO3 as a stripping 
phase. The carriers used for the recovery of samarium (III) and neodymium (III) were 
D2EHPA and a mixture of thenoyltrifluoroacetone and TOPO, respectively.

8.4   Conclusions

Since liquid membranes were first proposed, advances in the field have geared toward 
improving their scope and suitability as a sustainable alternative to traditional solvent 
extraction and membrane filtration. Liquid membranes have been successfully applied at 
laboratory scale in the recovery of compounds in biorefinery, amino acids, metal ions, and 
RE elements, as well as for the removal of heavy metals, and wastewater, and nuclear waste 
treatment. Throughout this chapter, recent advances in liquid membranes’ research and 
their fundamental basis have been overviewed. Different liquid membrane configurations 
have been discussed highlighting their pros and cons. For example, despite their low flux, 
bulk liquid membranes have proved to be useful to determine membrane performance in 
terms of extraction kinetics and transport coefficients. ELMs are broadly studied due to the 
likelihood of being implemented at an industrial scale. However, most studies mainly focus 
on statistical models of effects contribution and significance due to the larger operational 
variables involved in this arrangement. Finally, a third category which involves the use of 
porous supports, i.e. SLMs, can improve the separation performance of bulk and ELMs, 
minimizing the solvent requirements while avoiding contamination into the feed and strip-
ping phases due to membrane leakage. Furthermore, other novel membrane arrangements, 
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often based on these three main configurations, can help overcome specific limitations, 
and the most relevant ones have been presented in this chapter.

It is important to note that several aspects of liquid membranes related to their potential 
as commercial technology remain a challenge. Based on the results found in the literature, 
future work should focus on improving the mass transfer resistance, membrane stability, 
and solvent- process compatibility. Moreover, there is a clear need to adopt standard termi-
nology to allow proper evaluation and comparison. Great efforts on process design and 
integration are also required to understand the feasibility of the new technology for each 
particular separation. Liquid membranes have been widely presented as an eco- friendly 
alternative, stressing their environmental applications. Nevertheless, some of the reported 
membranes discussed in this chapter still use less environmentally friendly compounds 
where waste membrane management is poorly discussed. Variable optimization, opera-
tional costs, and membrane lifecycle should be evaluated by both, simulation and pilot- 
scale experiments.

The possibility of replacing toxic conventional solvents with greener alternatives such as 
novel ILs or vegetable- based oils is promising, allowing an enhancement in the sustainabil-
ity and efficiency of the process. In the near future, industrial applications ranging from 
the recovery of high- value components to high- risk waste remediation will undoubtedly 
benefit from current research on liquid membrane technology as a sustainable alternative 
to conventional processes.
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9.1  Introduction

The emergence of alternative fuels can mitigate various environmental issues arising from 
the large- scale burning of fossil fuels. Biomass may be an alternative eco- friendly source 
that can be transformed into fuels and other valuable chemicals through bio/chemical and/
or thermochemical processes [1]. Alternative sources of clean energy need to be explored 
in the present scenario to reduce the overdependence on conventional fast dwindling 
sources of petroleum fuels and for a meaningful reduction in emission of greenhouse gas 
(GHG). Several renewable resources as feedstocks have been utilized for the production of 
biofuels that may be categorized as the first- , second- , third- , and fourth- generation of bio-
fuels based upon the nature of feedstocks. For example, the first- generation biofuels are 
produced from edible oil (viz. sunflower, soybean, rice bran, coconut, and safflower oil in 
biodiesel production) and edible or ready- to- use carbon sources (viz. sugarcane juice, corn, 
sweet sorghum, beetroot, fruits, wheat, and barley for bioethanol production). 
Lignocellulosic biomass such as lignin, cellulose, hemicellulose, and nonedible plant oil 
(karanja seed, jatropha, rubber tree, salmon, jojoba, and tobacco seed) are categorized as 
the feedstocks used for the production of the second- generation biofuels. In the case of the 
third-  and fourth- generation biofuels, microalgal biomass and genetically modified micro-
organisms like microalgae, yeast, fungi, and cyanobacteria with improved growth rate, bet-
ter oil content, and lower structural complexity are used as feedstocks  [2]. The 
fourth- generation biofuels are still in the initial stage of an application having high- risk 
potential for the environment as well as human health [3]. The first- generation biofuels are 
derived from agricultural and forestry residues which need an adequate amount of water, 
fertilizer, and a large area of cropland. Such feedstocks may directly and/or indirectly com-
pete with food security to human beings. There is a necessity to give more attention to the 
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development of advanced technologies and devices for efficient and effective utilization of 
nonconsumable parts of plant sources such as plant residues, wheat straw, rice straw, and 
corn stover, sugarcane bagasse, beet bagasse for producing EtOH, and nonedible plant oil 
for biodiesel.

Besides EtOH, another important transportation fuel is biodiesel which may be a good 
substitute for petroleum diesel due to the same calorific value while being cleaner in 
terms of sulfur content and better in other burning and flow characteristics like flash 
point, lubricity, cetane number, and ease of handling [4]. Feedstocks from animal fats 
and plant oil contain saturated and unsaturated fatty acids which are converted into 
fatty acid alkyl esters through transesterification processes [5]. A molar ratio of 3:1 or 
more of alcohol with triglycerides is required for transesterification reaction in presence 
of suitable catalysts. After completion of the reaction, the product esters, being of low 
viscosity (due to lower molecular weight), are bestowed in the upper region during grav-
ity settling. For economical production of biodiesel, selection of cheap and potential 
feedstocks such as nonedible plant oil, algal oil, and waste animal fats/oil is of utmost 
importance, being a major cost component in biodiesel production [6]. The cost may be 
lowered by immobilizing the catalysts for long and repeated use, better resistance to 
thermal and solvent exposure (especially for biocatalysts) and easy separation. Different 
support materials like carbonaceous support, graphene oxide (GO), silica- based carri-
ers, and synthetic polymers are very useful for immobilizing catalysts [7]. MeOH is used 
widely as the alcohol source due to better yield and efficient removal of unreacted part 
of MeOH after transesterification reaction. Bio- EtOH, fuels derived from renewable 
resources for eco- friendly production of biodiesel  [8], may be a good substitute for 
petroleum- based fuel.

Conventionally, centrifugation, filtration, decantation, gravity settling, sedimentation, 
and distillation are used to separate biodiesel from the reaction mixture [2]. The crude 
biodiesel may undergo wet and/or dry washing for the removal of impurities like free 
glycerol, catalysts, unreacted alcohol, and oil. Wet washing is the most commonly used 
process for the removal of impurities. However, the process generates a huge quantity of 
wastewater in addition to an increase in the cost and time of purification  [9]. For dry 
washing, magnesol powder (cellulose- based Mg- silicate powder) and ion exchange are 
normally applied for the downstream purification (DSP) of crude biodiesel. However, the 
high cost and unknown chemistry of dry washing make the process unattractive [2]. For 
EtOH purification by a conventional process like distillation, problems emanating from 
issues of high energy consumption and azeotropism affect the final product purification 
and economic viability of the process [10, 11]. Approximately, 40% of the total energy is 
consumed in dehydration of EtOH due to the formation of water- EtOH azeotrope during 
the refining process.

A viable alternative to the costly and energy- intensive conventional unit operations is 
membrane- based separation technology, which, being compact and modular in design, is 
more efficient, energy- saving as well as flexible [12]. Many of the limitations of the tradi-
tional processes may be overcome through the adoption of such membrane- integrated 
technologies which are not only more economical but also sustainable from an environ-
mental point of view.
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9.2   Novel Approaches for Biomass Selection, Pretreatment, 
and Utilization

The use of edible oil as a biofuel ingredient is not a wise option in developing countries 
where this puts additional strain on the food sources [13]. Animal fats are difficult to pro-
cess and are mostly consumed in skincare products because of their long shelf- life. 
However, oils from nonedible plant sources like Pongamia pinnata (karanja), Croton mega-
locarpus, Jatropha curcas (physic nut), Hevea brasiliensis (rubber seed), Madhuca indica 
(mahua), Ricinus communis (castor), etc., can be used as feedstocks. Moreover, these plants 
are easily grown in relatively harsh climatic conditions as well as in areas that are unsuit-
able for the cultivation of edible food crops. Globally, 350 plant varieties have been identi-
fied with oil- bearing seeds as the potential sources of feedstocks may be converted into 
biodiesel [14]. Feedstocks that can be produced on a large scale from a low cost of cultiva-
tion are naturally desired in this context [13]. The high viscosity of oil is due to the high 
content of glycerides (mono- , di- , and tri- ). Alcohol is used to convert these glycerides into 
alkyl esters by transesterification reaction to convert oil into a diesel- like property  [2]. 
Pretreatment of feedstocks (plant oils) is used to remove the free fatty acid (FFA) content 
as well as traces of water. The water content in oil causes hydrolysis of triglycerides into 
FFAs and causes saponification during transesterification using base catalysts [13].

The purity, as well as yield of biodiesel, depends on the FFAs’ content of the selected oil 
which should be preferably low (<0.5%). For higher content of FFAs in oil, acid esterifica-
tion followed by base catalyst transesterification must be done to neutralize the effect of 
FFAs [15]. Oils from feedstocks like sunflower, rapeseed, soybean, and mustard contain 
unsaturated fatty acids which produce biodiesel of good cold flow properties. However, 
biodiesel produced from highly unsaturated fatty acids may not be stable for longer peri-
ods, whereas, in reverse, highly saturated fatty acids containing oil would not be suitable 
for cold climate [16]. Thus, for the production of a better quality of biodiesel like its stabil-
ity as well as better flow characteristics at low temperature (20 °C) could be possible by 
proper mixing of unsaturated fatty acids in the oil, oil fractionation, and by mixing of some 
additives in alkyl esters. The algal oil is obtained from microalgal biomass which requires 
less arable land and having no impact on either human food or animal fodder supply chain, 
removing any chances of food crisis. Microalgae could be grown in the environment that 
are not suitable to other crops such as brackish water or nonarable wasteland  [12]. 
Microalgal biomass usually contains 20–50% of algal oils on dry weight biomass but could 
be enhanced more with genetic modification or selection of appropriate algal species [17]. 
The algal oil, being a high degree of saturation, remains in its neutral nature, but commer-
cial production of biofuels from microalgae faces several hurdles like mass cultivation, low 
yields, adaptation to growing in waste effluents, separation, dying, and oil separation. 
These hurdles could be overcome by biotechnological approaches either by isolation of 
high- yielding and robust strain or genetic modification for obtaining the desired strain [13].

Selecting appropriate techniques during the extraction of oil from plant sources is a key 
step for the production of biodiesel. Different types of physical- chemical and enzymatic 
pretreatment methods such as steam distillation, mechanical extraction, solvent extraction, 
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and enzymatic extraction are applied. In steam distillation, the oil- containing plant material 
is charged in the distillation apparatus and exposed to steam after maceration. The steam 
passes through the pores of the raw material and takes the oil contained in it, which can be 
later collected after evaporating the vapor  [18]. This method has advantages like lesser 
chances of oil degradation as the temperature hardly exceeds 100 °C and amount and treat-
ment duration can be efficiently controlled. However, few limitations are associated like raw 
materials should be evenly distributed, homogeneous in size, strongly packed to sustain the 
pressure created by the steam, and high initial capital cost making the process unattractive.

The mechanical method of extraction of oil involves a manual ram press or an engine- 
driven press which could enable extraction of 60–65% of crude oil. The crude oil needs 
further treatment like filtration and degumming to produce pure oil. Cooking raw seeds 
before mechanical press would increase the oil yield up to 89% after the first press and 91% 
after the second press [19]. Another method is solvent extraction which involves chemical 
leaching and soxhlet extraction. In chemical leaching, a liquid reagent is used to extract the 
oil from the raw material which could be affected by the particle size, nature of extracting 
reagent used, temperature, and rate of agitation of biomass along with solvent [19]. The 
small particle size of raw materials, as well as the low viscous reagent, facilitates a larger 
interfacial area between the raw material and the solvent and free circulation of the rea-
gent. Agitation speed and temperature play a crucial role in increasing the diffusion rate 
(thus increasing the transferral of oil through and from the raw material) and solubility of 
the oil, respectively [13]. The Soxhlet extractor is laboratory equipment invented by Franz 
von Soxhlet which is used for the extraction of oil from raw material. A small quantity of 
solvent is mixed in a large quantity of the desired compound which is suspended into the 
reflux solvent to extract the oil. The coffee oil has been extracted using a Soxhlet extractor 
from spent coffee grounds [20]. However, due to the longer operation process (up to several 
hours to days) under high temperature, the distillation flask is heated for a higher period 
which may result in degradation of the solvent.

The enzymatic oil extraction procedure is proved to be promising as well as eco- friendly. 
In the absence of any volatile organic compounds, utilization of these methods permits 
recovery of the oil under ambient conditions. However, high cost, longer incubation period, 
and requirement post- treatment such as de- emulsification, affinity, and perfusion chroma-
tography during DSP make the process costly [21].

Other recent innovative techniques used for the recovery of oil from biomass include 
supercritical fluid extraction, microwave- assisted extraction (MAE), and ultrasound- assisted 
extraction. The MAE method which is regulated by the principle of ionic conduction and 
dipole rotation has been implemented successfully [22]. The MAE process is blessed with a 
high rate and yield of extraction using a lesser amount of solvent, with low CO2 emissions 
and low consumption of energy as compared to the conventional processes [23]. Few limita-
tions are associated with MAE, like the presence of solid materials that hinder heat and 
mass transfer. The process is also affected by volatile or nonpolar substances.

In ultrasonic- assisted extraction (UAE), oil- containing biomass is submerged with a polar 
solvent (water) or nonpolar solvent (alcohol or other solvents) and then treated with ultra-
sonic vibrations [24]. The ultrasonic vibration of 18 kHz to 118 MHz has been introduced in 
the target source to irradiate as well as create acoustic pressure. This leads to the formation 
of cavitation bubbles whose size is increased with the number of acoustic cycles and finally 
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collapse into smaller bubbles to enhance the overall chemical reactivity. This enables UAE 
to release the oil from the source material (like seeds, flowers, leaves, etc.) when mixed with 
a solvent [25]. The pros and cons associated with UAE like a low initial investment and fast 
oil extraction but the requirement of large solvent volume and the deleterious effects on the 
chemical nature of oil by ultrasound wave may limit the applications.

9.3   Traditional Routes for the Production 
of Biofuels (Biodiesel)

Edible and nonedible plant oil with different fatty acid profiles may be potential ingredi-
ents in biodiesel production. In addition to the edible and nonedible oils, new sources like 
microalgae (viz. Spirulina platensis and Chlorella protothecoides), animal fats, fish oils, beef 
tallow, poultry fats, and waste cooking oils have also been investigated over the recent years 
for biodiesel production. The chemical nature, fatty acid contents, technical aspects in the 
pretreatment of these oils, molar ratio, types, and amount of catalysts have been investi-
gated in the context of biofuel production [26]. The operating conditions like temperature 
(50–60  °C), the molar ratio of alcohol- to- oil (6–12:1), transesterification reaction time 
(2 hours), and concentration of catalysts (1%  w/w) are suggested as optimum values in 
biodiesel production [27]. The technical challenges in biodiesel production lie in control-
ling these parameters like quality of feedstock (molecular weight, fatty acid profiles, and 
unsaturated FFA structure), types of catalysts (homogeneous or heterogeneous) and alco-
hol (C1, C2, or higher alcohol) that have strong influences on the quality as well as the yield 
of biodiesel [28]. In the commercial production of biodiesel, edible oil is used as a feedstock 
that has the potential to produce 95% of the total biodiesel worldwide and these edible oils 
include rapeseed oil (80%), sunflower oil (12%), palm oil (1%), and other edible oils 
(2%) [28]. However, nonedible oil should be used as future feedstock subject to the availa-
bility and chemical nature suitable to biodiesel production.

9.3.1  Selection of Catalysts for Biodiesel Production

Homogeneous and/or heterogeneous catalysts like acids, bases, and enzymes have been 
used for the transesterification of triglycerides during biodiesel production  [29]. The 
homogeneous alkaline catalysts such as Na/K hydroxide or Na/K acetate are cheap, easily 
available, and the most efficient [29]. In industry, Na/K hydroxides are the most widely 
used catalysts due to their low price but Na- acetate has been reported as the most active 
catalyst among other homogeneous catalysts yielding >98% of biodiesel in a short time of 
30 minutes. However, for oil, containing ≥3% of FFAs, transesterification reaction should 
be conducted under anhydrous conditions to avoid soap formation as water may react 
with oils and fats to form FFAs which later form soap in presence of sodium. Low- quality 
oil or feedstocks containing a high amount of FFAs and water can be converted into bio-
diesel by acid- based esterification and transesterification simultaneously. The major 
drawback in homogeneous catalysis lies in recovery and reuse. Besides, such processes are 
not eco- friendly as a huge amount of wastewater is generated during the DSP of the final 
product, i.e. alkyl esters [30].
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To easily recover and reuse the catalysts, solid catalysts like CaO, MgO, ZrO2, and Raney- Ni 
and catalyst- supported (viz. biomass- derived carbonaceous support) solid  material have 
been used for transesterification reaction [31, 32]. Solid catalysts have shown better stability 
in acid–base medium, high water tolerance, nontoxic in nature, and simple product recov-
ery as well as ease of separation, regeneration, and reuse as these are neither dissolved nor 
consumed [33]. Moreover, the catalytic activity of the solid catalysts could also be enhanced 
by increasing their surface area. For example, the nano- form of the CaO was found very 
effective in the transesterification reaction. Being cheap, easily available, simple, and safe to 
use, the nano- CaO catalyst has been used as neat, doped, loaded CaO, as well as waste CaO 
to get high- yielding and economical biodiesel [34]. Few limitations like the requirement of 
the high molar ratio of alcohol- to- oil, high catalyst dose, high temperature, and leaching 
effect are associated with heterogeneous solid catalysts, though these have high yield [35].

An alternative route needs to be searched for, which should be operated at ambient tem-
perature with improved yield and purity, and generate minimum wastewater. The enzy-
matic catalysts can be operated in mild conditions with no side reaction, easy DSP, low 
waste generation, and less energy requirement without any pretreatment of feedstocks that 
ensures better yield, purity, and economic product [36]. Thus, the enzymatic route of trans-
esterification leads to a high quality of biodiesel in the absence of saponification and resist-
ance to FFAs, making it a suitable candidate for a wide variety of oils even if higher FFA 
content [1]. One of the most widely used eco- friendly biocatalysts employed in transesteri-
fication reaction is lipase which is a hydrophobic protein that acts on the glyceride lipids at 
the interface of water and oil, leading to high conversion to alkyl ester [37]. Despite several 
advantages, enzymes are hardly competitive with chemical ones in the industrial scale of 
application due to high cost, stability factors in harsh solvent as well as high temperature, 
and the difficulty of enzyme recovery [38]. However, entrapment or immobilization of free 
enzyme into suitable support materials or matrix has shown better stability against the 
exposure of thermal and harsh chemical conditions, easily separable, and reduced opera-
tional cost due to prolonged operation [39]. Various types of support materials like carbo-
naceous supports, silica- based supports, GO, and synthetic polymers have been used as 
carriers for enzymes during the transesterification reaction [1, 7]. Novel magnetic respon-
sive nanoparticle support materials like poly(styrene- methacrylic acid) microspheres [40], 
ionic liquid (IL)- functionalized magnetic silica [41], and Fe3O4- poly (glycidyl methacrylate- 
co- methacrylic acid) [42] have been used recently for covalent entrapment as well as easy 
recovery of biocatalysts under external magnetic field. Lipase immobilized in silica aerogel 
had yielded 93% of biodiesel and repeatedly used up to 10 cycles with a minimum loss of 
11% in the yield [43]. However, magnetic nanoparticles due to strong dipole–dipole interac-
tion undergo aggregation and the large surface energy could hamper the catalytic activity 
of an enzyme [44]. Recently, GO has been successfully utilized as a support material for 
various biologically active agents like biocatalysts, biosensors, and as a drug delivery agent, 
which appears to be cheap and attractive [45].

9.3.2  Green Solvent/Catalysts

Another eco- friendly and sustainable alternative to the chemical catalysts is the use of 
green solvents like deep eutectic solvents (DESs) and ILs which have a very high potential 
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as extracting solvents, cosolvents, and catalysts with high chances of reuse and recycling as 
reported in recent studies. During most of the chemical reactions, excessive use of solvents 
is required for proper mixing of the reactants, and extraction and washing of the products. 
Thus, green solvents are very useful as well as emerging solvents due to being less corrosive 
that can stabilize the catalysts, enhance catalytic activity as well as improve productivity 
and easy separation of product in comparison to replace the conventional solvents and 
catalysts. However, most of the widely used ILs have petroleum sources as well as are per-
sistent in nature due to high aqueous solubility and poor biodegradables like imidazolium 
and pyridinium salts which have shown a toxic effect on microorganisms, vertebrates, and 
invertebrates when disposed of untreated. Due to low vapor pressure, ILs have lesser 
chances of air pollution as compared to most of the volatile chemical catalysts but they may 
increase the water pollution. Moreover, the high cost of ILs, complex synthesis methods, 
and persistent nature influence its recyclability. Thus, toxicity, long- term stability, and non-
biodegradability have been evaluated from the life cycle assessment which limits the wide 
applications at industrial scale [46].

Another green solvent of similar physiochemical properties that of ILs is DESs which 
have a less toxic effect and are eco- friendly. DES is composed of a mixture of hydrogen 
bond acceptor (HBA) compounds like choline chloride, and a hydrogen bond donor (HBD) 
such as urea, glycerol, and carboxylic acids. The mixture of two solid compounds of HBD 
and HBA results in a liquid mixture whose freezing point is much lower than that of indi-
vidual mixing compounds due to the eutectic effect. DESs are much cheaper, eco- friendly, 
biodegradable, do not produce toxic compounds and are formed from readily accessible 
compounds. The properties of DESs depend upon the ratio of HBD and HBA salts as well 
as their chemical nature, which are formed by hydrogen bonding, van der Waals forces, and 
electrostatic interaction. Being polar, the poor ionic conductivity has been shown by DESs 
due to viscosity. Cholorometallate anions are also known as ILs such as Al2Cl7

−. However, 
these are cheap and more eco- friendly than the Lewis acid ILs that are composed of imida-
zole cation. Different ratios of choline chloride and ZnCl2 have attracted many applications 
like an electrolytic deposition, regiospecific Fischer indole reaction and Diels–Alder reac-
tion due to being easy to prepare and accessible, easy to handle, having stable moisture, and 
relatively cheap [47]. Low viscous DESs are preferred to act as a catalyst during transesteri-
fication reaction. For example, soybean oil and MeOH were used for biodiesel production 
using DESs formed by choline chloride- to- zinc chloride ratio of 1:2 as a Lewis acid cata-
lyst [47]. Initially, Lewis acid catalysts were dissolved in MeOH using a magnetic stirrer at 
70 °C, then feedstock (soyabean oil) was added slowly. Increasing the amount of ZnCl2 in 
Lewis acid catalysts enhanced the biodiesel yield, but increasing the amount of choline 
chloride hardly affects the yield. Besides, increasing the molar ratio of MeOH:oil (up to 16), 
the biodiesel content rapidly increased due to a change in the reaction equilibrium in the 
forward direction and better catalytic activity of choline chloride:2ZnCl2 in high 
MeOH. Two- step transesterification has also been used like solubilization of oil and alco-
hol in DESs followed by catalysis by CaO to give the enhancement in the yield of esters 
from 87.3 to 95%  [48]. DESs from renewable resources like choline chloride, urea, and 
glycerol along with enzymes (lipase and Novozyme 35) have been used to achieve a sus-
tainable and eco- friendly yield of esters up to 99% purity in a two- step transesterification 
reaction [49].
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9.3.3  Conventional Reactors Used for Biodiesel Production

Different reactors have been used for transesterification reaction such as plug flow reac-
tor  [50], continuous stirred tank reactor (CSTR)  [51], fixed- bed reactor  [52], helical 
 reactor  [53], transport riser reactor  [54], and oscillatory flow reactor  [33]. Behzadi and 
Farid [55] have used a gas–liquid reactor with the provision of the spray of heated oil in the 
chamber of a reactor filled with vapors of MeOH for transesterification reaction in pres-
ence of Na- methoxide as a catalyst. Recently, some microreactors have been reported [56] 
with improved performance in terms of better heat and mass transfer, better mixing due to 
short diffusion distance with large area per unit volume, resulting in higher yield. Batch 
reactors have shown several limitations for commercial- scale production due to the high- 
cost tedious mode of operation. These limitations of conventional batch reactors have led 
to the application of plug- flow reactors, CSTRs, and fixed- bed reactors to carry out the 
transesterification reaction. Still, there is scope for an increase in efficiency, conversion 
rate, mass transfer, and yield through the development of novel systems and/or modifica-
tions of the existing reactors. For example, the temperature almost equivalent to the boiling 
point of alcohol (MeOH) has been used in CSTRs or plug flow reactors along with high 
shearing mixing to avoid the mass transfer limitations in industrial applications. Similarly, 
immobilized enzyme- assisted transesterification of waste cooking oil in a packed- bed 
micro- flow (porous channel) tubular reactor was designed for the cost- effective production 
of biodiesel [57]. However, these limitations can be largely overcome by the application of 
membrane- based systems that can overcome the difficulties of the conventional systems 
such as immiscibility of alcohol to oil as well as reversibility [58].

9.3.4 Supercritical Methanol/Ethanol- Based Transesterification

Several novel approaches have been attempted to develop alternative processes for  biodiesel 
production by reducing the number of unit operations to overcome the key challenges of 
suboptimal net energy ratio. Supercritical transesterification (SCT) is one such process in 
which reactants are put under supercritical conditions for biodiesel production through 
direct or non- catalytic transesterification [59, 60]. Recently, SCT has become the method of 
choice due to several advantages like microalgal feedstock with high moisture content, 
takes less reaction time than the conventional process, catalyst- free process, high yield, and 
easy DSP [59]. The moisture- containing biomass like microalgal biomass could be easily 
transesterified using the SCT method. Thus, SCT is simple as well as advantageous which 
attributes eco- friendly process, no need for acid or base catalysts, moisture- containing 
feedstocks, the high conversion rate in a short time with no post- treatment. Different pro-
cess conditions like temperature (257 °C), time (32 minutes), MeOH:dry weight of microal-
gae ratio (8 mL/g), and moisture content (39%) were optimized toward a high yield of 
biodiesel of 99.32% [61]. Microwave- treated dried microalgal species Chlamydomonas sp. 
JSC4 was converted 100% to biodiesel using direct SCT [62]. In another research, fatty acid 
methyl ester (FAME) yield of 96.9% using lipid content of 52% (w/w), the water content in 
biomass of 5.57 mL, and MeOH- loading rate of 115 mL/g have been used  [59]. Hegel 
et al. [60] got a higher yield of 15.9 wt.% of biodiesel with respect to dried microalgal bio-
mass using a temperature of 305 °C in a short reaction time of 40 minutes.
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9.4   Traditional Downstream Purification (DSP) of Biodiesel

9.4.1  Dry Wasing and Wet Washing

Approximately, 60–80% of the total production cost is contributed in DSP of the biodiesel to sat-
isfy the international standards (viz. EN 14214 and ASTM D6751). Dry washing and wet washing 
are used during conventional purification of the biodiesel to remove the impurities like residual 
oil, alcohol, glycerides, soap, etc., from the alkyl ester mixture [57]. During wet washing, hot 
water (~80 °C) is used 2–3 times to separate the impurities from the crude biodiesel mixture. 
However, separation of alcohol (EtOH/MeOH) cannot be possible during wet washing due to 
the higher miscibility of alcohol with water. The residual alcohol could be removed convention-
ally by a high energy- consuming distillation process, whereas final esters are separated from 
soap by dry adsorbent [58]. A large amount of water, i.e. 3 L of water is consumed for the partial 
purification of 1 kg of biodiesel for the removal of catalysts and soap till neutrality [58]. Organic 
solvents from petroleum sources like ether, n- hexane, and tetrahydrofuran have also been used 
for purification as well as dehydration of biodiesel during wet washing.

In dry washing, absorbents like Mg- silicate, Al- silicate, and other metal oxides are used 
in place of water. However, to make the process cost- effective, recovery and reuse of spent 
adsorbent should be optimized. Few commercial absorbents such as Magnesol, Amberlite 
BD10DRY, Purolite PD206, and silica have been popularly used as dry washing agents for 
the large- scale production of biodiesels [58]. For quick and one- step recovery of biodiesel, 
a commercial adsorbent like silica (Trysil 3000) is used which has the adsorbing capacity of 
235% of its weight when operated under 0.2 bar of vacuum pressure and temperature range 
of 65–90 °C [63]. Silica adsorbed non- selectively the impurities like 100% MeOH, water, 
and glycerine, FFAs, under optimized conditions of 1.1 w/w% of silica, the operating pres-
sure of 0.2 bar, and temperature of 90 °C in 45 minutes [63]. However, a few challenges and 
issues like high cost, complex process, and generation of wastewater remain a major 
 concern for scale- up at industrial scale.

9.4.2 Natural Adsorbents

Natural adsorbents like rice husk ash (RHA), sugarcane bagasse, waste biomass (cellulose 
fibers), starch, etc., have been investigated for DSP of biodiesel as reported in the litera-
ture [63, 64]. RHA contains mesopores and macropores along with a high quantity of silica 
which enables it to be a good adsorbent. For example, only 4% of RHA could remove more 
than 95% of impurities from the alkyl ester mixture [63]. Further, naturally obtained cel-
lulose and starch from different sources like corn, potato, cassava, and rice were also used 
for DSP of biodiesel at ambient temperature in 10 minutes only [64]. However, recycling, 
reuse, and disposal of natural adsorbents remain a problem.

In a recent study, pressurized CO2 was used for water as well as solvent- free washing of 
alkyl ester mixture to remove the impurities. When CO2 of 20–50 mass% with the pressure 
of 6–12 bar at temperature 25–50 °C injected in the reaction cell containing the product 
(alkyl esters), residual alcohol, catalysts, glycerol and triglycerides, two distinct phases are 
separated due to liquid–liquid equilibrium. The lighter or upper phase of alkyl esters is 
 collected by opening the one- way valve with a relatively very low concentration of 
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impurities [65]. It is used as the water- free washing of crude biodiesel mixture without any 
use of a solvent. Here, pressure and concentration of CO2 play a minor role, whereas tem-
perature (ambient) is the most affected in the separation of impurities during biodiesel 
purification. It is a successful as well as an environmentally efficient purification process, 
which would generate the least of effluents and waste. It acts as a dry nonpolar solvent 
which could separate the polar impurities like residual MeOH and glycerol from the reac-
tion mixture. However, industrial application of supercritical fluids needs further research 
such as process simulations and economic analysis, and knowledge of thermodynamic and 
transport properties of the reactants in presence of CO2 flow.

9.4.3  Ion- Exchange Resin

Another method of the dry purification reaction mixture can be done by salt precipitation 
and ion- exchange resins. Ferrero et al. [66] have used ion- exchange resin of 6 w/w% and/or 
0.1 μm ceramic membranes along with precipitation with sodium carbonate. In this pro-
cess, the catalyst Ca was precipitated out as CaCO3, whereas sodium soap was separated by 
either filtration or adsorption by resin.

The international standard of quality of biodiesel is given in Table 9.1 [67].

9.5   Membrane- Based Technologies 
for Biodiesel Production

The capacity of the unit process, cost of feedstocks, and DSP are the most vital factors for 
the economical production of biodiesel at a large scale in an era of emaciated profit margin. 
As the DSP of biodiesel has shared most of the production cost, so this section needs to be 

Table 9.1  The properties of biodiesel as international standards 
as suggested by ASTM (Biodiesel Standard D 6751) (adapted from 67).

Properties ASTM limits

Flash point (°C) 130 minimum

Water and sediment (%, volume) 0.05

Specific gravity at 25 °C 0.875–0.9 (15 °C)

Kinematic viscosity (mm2/s) at 60 °C 5–6

Acid number (mg KOH/g) 0.5

Cetane number 47 min

Calorific value (MJ/kg) 37.27

Sulfated ash (%, mass) 0.02

Sulfur (%, mass) 0.0015

Carbon residue (%, mass) 0.05

Free glycerine (%, mass) 0.02

Total glycerine (%, mass) 0.24
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explored more to find out the economic as well as the eco- friendly process. This is where 
the membrane system stepped in for the development of economically viable and 
 eco- friendly process technology for the DSP of biodiesel. The comparative study of the 
membrane- based system with conventional one has been mentioned in Table 9.2.

9.5.1 Membrane- Based Operation

The membrane- based separation process may be pressure- driven, osmotic pressure- driven, 
and temperature gradient- driven. The membrane- based processes are used for the separa-
tion, purification, and concentration of the desired product from the reaction mixture. The 
operation of the membrane- based process may be continuous, batch, semicontinuous, 
cross- flow, dead- end types  [68]. The high degree of product purity, eco- friendly nature, 
operation in ambient conditions, modular design, and compact plant are few attractive 
features of the membrane- based system. Being selective, it acts as a barrier to control the 

Table 9.2  Advantages of membrane- based DSP during biodiesel production in comparison  
to traditional processes (adapted from [2]).

Parameters Membrane- integrated system Traditional process

Commercial capability

Size of the plant Compact and occupies less space Bigger in size and occupies 
large space

Operational viability Modular and highly flexible Fixed and less flexible

Duration of research to 
market

It takes less time to implement It takes more time to 
implement

Responsive process Highly responsive Less responsive

Process

Nature of product Gets high purity of the product Chances of impurity in the 
finally purified product

Rates of operation Relatively fast Slow process

Process safety Safety is high Relatively less safe

Product properties Enhanced Not so improved

Continuous processing Yes, possible Not possible every time

Processing condition Broader Not like that, limited

Environment

Energy consumption Less energy consumption Highly energy- extensive process

Waste generation Relatively low solid or liquid 
waste generation

A considerable amount of waste 
generated

Scope of recycling Unused/residual substrates 
recycle back for further use

Not possible

Blockade of landscape Relatively less blockade High blockade

Overall process Faster, safer, greener, and highly 
sustainable process

Slow and unsustainable process
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transport of molecules/solutes (liquid, gas, or vapor) based on membrane permeability [69]. 
Membranes are categorized based on – (i) pore size- like microfiltration (MF), ultrafiltra-
tion (UF), nanofiltration (NF), and reverse osmosis (RO); (ii) based on types of materials 
used for fabrication like hydrophobic and hydrophilic membranes. The membranes may be 
polymeric or ceramic (based on the materials); packing elements are of  different geometry 
like flat tubular, hollow- fiber, multi- tubular capillaries, or spiral wounds [70]. The pore size 
ranges from 50 nm to 5 μm for MF membranes and 2 to 50 nm for UF membranes. The 
operating pressure ranges from 1 to 3 bars for MF membranes and 4 to 8 bars for UF mem-
branes. The separation of solute by MF and UF is based on the sieving mechanism, i.e. 
size- exclusion and molecular weight cutoff (MWCO) [71]. It means that the solutes or mol-
ecules of higher size or molecular weight than that of pore size or MWCO value of mem-
brane are rejected, whereas lower ones are permeated [72]. The smaller solutes, molecules, 
or ions are separated by NF and RO which have the pore size <1 nm and operated at a 
higher pressure range of 10–40 bar with the working principle of the Donnan effect [73]. 
The Donnan effect is the electrostatic interaction among the charged ions present in the 
feed solution with the polyelectrolytes present in the surface of the membrane [74, 75]. 
Different fabricating materials such as polyacrylonitrile (PAN), polyvinylidene difluoride 
(PVDF), polyethersulfone (PES), polytetrafluoroethylene (PTFE), polyethylene terephtha-
late (PET), polyethersulfone polyvinyl- pyrrolidone (PES- PVP), polypropylene (PP), and 
polyvinyl chloride (PVC) are used as the functional layer over the surface of the base 
 material of nonwoven polyester [76]. The ceramic membranes are  fabricated by zirconia, 
alumina, and silica with porous support layers such as ceramic- ceramic, i.e. Al2O3 or ZrO2, 
and metal- ceramic like TiO2 and Zr- O2- TiO2.

9.5.2 Novel Membrane Reactor

The membrane separation technology can be applied for upstream and downstream sepa-
ration and purification during the transesterification reaction. It can perform a dual role, 
i.e. transesterification of triglycerides in presence of alcohol and catalysts as well as DSP of 
alkyl esters from impurities present in the reaction mixture without any use of water, acids, 
solvents, and absorbent/adsorbent. The reaction could take place efficiently in a membrane 
reactor as it reduces the contact time between reactants and catalysts and simultaneously 
adds the reactants for transesterification reaction. Also, it avoids the equilibrium by con-
tinuous separation product which results in maximum yield/conversion of triglycerides. 
Moreover, plug- flow membrane reactors are very useful for reversible or general reactions 
for better yield and productivity with higher selectivity, environmental benign process, and 
reduced waste generation [77]. The challenges of the immiscibility of canola oil in MeOH 
were overcome by the use of a membrane reactor as reported by Dubé et al. [78]. A two- 
phase membrane reactor of 300 mL capacity was used for transesterification reaction as 
well as product separation to move the reaction in the forward direction to get more yield. 
A carbon membrane of 1.2 m of the length of a tube- like structure having internal and 
external diameters of 6 to 8 mm and pore size of 0.05 μm with the total surface area of 
2.2 × 10−2 m2 was used as a vessel for transesterification reaction between oil and MeOH 
(1:2) as shown in Figure  9.1  [78]. The two- phase system of the carbon membrane tube 
which was resistant to acid–base medium permeated the product (fatty acid methyl esters) 
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successfully inhibiting the transfer of unreacted oil, glycerol, etc. However, sometimes 
 permeation of highly hydrophobic molecules is becoming difficult in the two- phase bar-
rier, thereby limiting biodiesel production [78]. The ceramic membrane of the honeycomb 
structure was also used as a membrane reactor using a monolithic catalyst (like KF/ca- 
Mg- Al) concentration of 1.5 w/w% and feed velocity of 4.8 mL/min at 67 °C to achieve a 
94.9% conversion rate in 3 hours of reaction time [79]. Higher resilience toward solvents, 
harsh pH conditions, and high temperature are few advantages of ceramic membranes 
over polymeric membranes due to macroporous support of alumina, titania, and zirconia.

9.5.3  Membrane Systems Used in DSP of Biodiesel

9.5.3.1 Hollow Fiber Membrane Extraction
The hollow fiber membrane module has been characterized as a compact device with a 
high surface area per unit volume for efficient separation and effectiveness compared with 
conventional DSP of biodiesel. With the modular design, a hollow fiber membrane enables 
better purity of alkyl esters without any post- treatment like emulsification and density dif-
ferences  [78]. Hollow fiber membrane- based refining of biodiesel was reported by He 
et al. [80] using polysulphone membrane to get 99% of pure biodiesel in comparison to 97% 
through the conventional system without any loss of alkyl esters. In a novel refining method 
of biodiesel, the hollow fiber membrane was immersed in a reactor initially filled with pure 
water at 20 °C and, subsequently, biodiesel was pumped through cartridge at a flow rate of 
0.5 mL/min and 0.1 MPa pressure followed by dehydration by Na2SO4 to get highly pure 
biodiesel as shown in Figure 9.2 [80].

Membrane contractors with the facility of liquid–liquid extraction toward the purification 
of biodiesel up to 99.6% as reported by Atadashi et al. [81] by eliminating the number of 
traditional distillation steps. As illustrated in Figure 9.3 [82], the crude biodiesel as feed and 
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Figure 9.1  Schematic diagram of two- phase membrane reactor [78].
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water as an extractant is pumped to the membrane module of rectangular shape concur-
rently at the desired pressure difference in between the membrane module. The retentates 
of both phases are recycled back to their respective tanks/reservoirs. Here the membrane 
such as hydrophobic membrane (PTFE) is fixed over the stainless steel spacer to avoid any 
flow obstruction due to pressure. The membrane- based liquid–liquid extraction has the 
upper hand in comparison to the conventional one. However, membrane  fouling, high mass 
transfer- resistance, and short life span of the membrane are few limitations [83].
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Figure 9.3  Experimental set- up of rectangular configuration membrane cell in which feed and 
extractant are flowing in cocurrent mode of operation [82].
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Figure 9.2  Schematic diagram of the experimental set- up of hollow fiber membrane extraction 
using polysulfone membrane [80].
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9.5.3.2  Ceramic and Polymeric Membranes
For the refining of biodiesel, the ceramic membranes have been found quite stable and 
durable due to better chemical, mechanical, and thermal resistances. The ceramic mem-
brane made up of Al2O3/TiO2 material of pore size 0.2 μm in multichannel tubular shape 
was used to purify the crude biodiesel in cross- flow module meeting specifications of 
ASTMD and EN as illustrated in Figure 9.4 [81]. Atadashi et al. [81] optimized the flow 
rate, temperature, and operating pressure using a tool from design expert software, i.e. 
response surface methodology. The maximum flux of 9.08 kg/m2·hour and 98.3% of glyc-
erol rejection was achieved under the optimized conditions of 2 bar transmembrane pres-
sure, 150 L/min cross- flow rate at 40 °C temperature. In another study, tubular ceramic UF 
membrane made up of Al2O3/TiO2 of average pore size of 0.05 μm and 20 kDa used for 
glycerol separation has also been investigated for glycerol separation from the reaction mix-
ture [84]. The UF ceramic membrane enables better retention of impurities due to the for-
mation of dispersed phase between oil and methanol in the highly acidic condition under 
stable fluxes at a high flow rate.

Polymeric MF membranes fabricated by cellulose ester with pore sizes 0.22 and 0.3 μm 
as well as UF membrane of 10 and 30 kDa of MWCO (GE Osmonics, USA) with a disc- 
shaped diameter of 45 mm were investigated for the purification of crude biodiesel [85]. 
The UF membrane of 10 kDa MWCO was found most suitable to reduce the glycerol level 
below 0.02% by adding 0.2 mass% water in the crude biodiesel by applying 1 bar pressure 
using N2 gas cylinder as shown in Figure 9.5 [85]. However, the flux was declined seriously 
within 5 minutes due to the dead- end mode of operation. In another report, a hydrophobic 
UF membrane, resistant to solvent, was used for the separation of by- product glycerol and 
EtOH [86]. It was observed that the UF membrane made up of PVDF material could reject 
67% of glycerol, whereas polysulfone- based UF could reject only 48% after adding 0.5% v/v 
of water at 30 °C and transmembrane pressure of 5 bar while yielding flux of 9.5 L/m2·hour. 
The PVDF material was found more resistant toward solvents and temperature during DSP 
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Figure 9.4  Schematic diagram of a multichannel tubular type ceramic membrane- based 
separation unit for purification of crude biodiesel [81].
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of biodiesel. Commercial UF membrane made up of PAN with 100 kDa MWCO could be 
able to reject 63–70% of glycerol when circulating the pretreated feed (MeOH- free crude 
biodiesel but added 0.02 mass% water) and the flux declined from 13 to 7 L/m2·hour within 
3 hours [87].

9.5.3.3  Multi- Staged Membrane System for DSP of Crude Biodiesel: Membrane 
Distillation (MD) Followed by UF
To get a pure and economically viable product amidst tough global competition, a para-
digm shift is now imminent which can be done by selecting membrane- based emerging 
technologies. To get the pure biodiesel of international standards, the impurities such as 
residual alcohol, free as well as bound glycerol (TG, DG, and MG), catalysts and water 
should be removed up to the permissible limit. If these impurities remain in the biodiesel 
above the permissible limit, it may affect the engine performance due to lower flash point, 
increased viscosity, and oxidation stability, and form ice crystals and damage the rubber 
seal, and gaskets [88]. One of the major impurities is glycerol. If it presents > 0.02% in bio-
diesel, then it may create problems during storage and decantation due to gum- like depos-
its around the injector tips and valve heads. These impurities can be separated by 
membrane- based separation technology which can successfully replace the conventional 
production plant into a compact, modular, energy- saving, and flexible system [1]. Different 
forms of the membrane- like cross- flow membrane module, membrane contractor, mem-
brane adsorption, MD, and PV can be used at different stages in production as well as DSP 
of biodiesel.

In a novel approach, membrane systems have been used to separate the alcohol and glyc-
erol to match the international standards such as alcohol 0.2% and free glycerol 0.02%. 
Traditionally, wet washing (water) and distillation processes are used to separate glycerol 
and alcohol, respectively. However, waste- effluent generation and a huge amount of energy 
consumption make the process environmentally polluting as well as costly, which is 
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equivalent to half of the total production cost. However, recovery and reuse of residual 
alcohol as well as by- product glycerol during the production of alkyl esters make the overall 
process eco- friendly and cost- effective. MD/PV may be used to recover the MeOH/EtOH at 
a temperature much below their boiling points, i.e. 50–60 °C. On the other hand, glycerol 
purification by membrane depends upon the presence of water as well as glycerol in the 
feed solution. The presence of residual EtOH/MeOH in the crude biodiesel has adversely 
affected the UF membrane system to separate the free glycerol as the residual alcohol and 
glycerol are mutually soluble and permeate through the UF membrane. Moreover, the 
addition of a small amount of water in the feed solution forms large particles with the glyc-
erol which later dispersed from alkyl esters and rejected during UF separation. This indi-
cates that the separation of glycerol could not be possible in presence of alcohol as the 
glycerol- alcohol- dispersed phase could not be feasible but solubilizes the glycerol in bio-
diesel [87]. Thus, two- steps membrane- based system, i.e., recovery of residual alcohol by 
MD followed by glycerol separation by UF membrane could be an economical feasible 
downstream purification of biodiesel. The application of different hydrophobic membranes 
(PTFE/PET, PP, and PTFE/PP) in solar- driven membrane distillation (MD) and UF of PES 
have been applied for stepwise DSP of crude biodiesel. The novel system could separate 
~77% glycerol and recover the EtOH which left the final concentration of EtOH and glyc-
erol of permissible limit of international standards [1].

9.6   Conclusion

In the recent past, several improvements in the production and DSP of biodiesel have 
taken place. A wide variety of feedstocks, pretreatment options, and avenues of oil extrac-
tion with a high yield of oil are emerging with the progress of time. The green catalysts 
such as ILs, DESs, or biocatalysts can now replace the chemical types for the eco- friendly 
production of biodiesel. This is now apparent that the membrane- based separation unit 
integrated with a conventional reactor has the potential to bring about extensive process 
intensification (PI) in biodiesel production. The logical sequence of operations coupled 
with proper selection of membrane as well as a module (cross- flow mode) may result in a 
sustainable system for continuous production and purification of biofuel. The membrane 
system can ensure an environmentally benign production regime in terms of operational 
flexibility, compactness, energy consumption, and space intensity. Thus, green catalyst- 
assisted transesterification of nonedible oil and, finally, DSP using MD followed by UF 
can yield the target alkyl esters at a relatively lower cost and with a reduced environmen-
tal footprint.

Abbreviations

CSTR Continuous stirred tank reactor
DESs Deep eutectic solvents
DSP Downstream purification
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FFA Free fatty acids
GO Graphene oxide
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
ILs Ionic liquids
MAE Microwave- assisted extraction
MWCO Molecular weight cutoff
PAN Polyacrylonitrile
PES Polyethersulfone
PES- PVP Polyethersulfone polyvinyl- pyrrolidone
PET Polyethylene terephthalate
PP Polypropylene
PTFE Polytetrafluoroethylene
PVC Polyvinyl chloride
PVDF Polyvinylidene difluoride
RHA Rice husk ash
SCT Supercritical transesterification
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10.1  Introduction

Sustainable energy and water supply are critical for mankind survival. Especially in 
 emerging countries, most of which are experiencing a constant population increase, 
 producing drinking water at an affordable cost has become a priority. On a worldwide 
scale, chemical separations account for 10% of the global energy consumption, which 
 corresponds to 7.5 GJ per person annually [1, 2]. The global energy consumption could be 
alleviated by introducing more energy- efficient separation processes, among which gas and 
liquid membrane- based separations are attracting special attention [1].

Since the 1960s, materials science advancement has been leading the development of 
polymeric and inorganic membranes exhibiting high throughput (i.e. permeability) and 
high separation efficiency (i.e. selectivity). Among membrane- based separations, ultrafil-
tration and microfiltration are exploited to remove large solutes such as macromolecules, 
oligomers, and micro- organisms; therefore, they require porous membranes  [3–5]. 
Molecular transport through these porous membranes is described in terms of the pore 
flow models, such as the Poiseuille equation [3–5]. In contrast, forward osmosis, reverse 
osmosis, nanofiltration, and gas separation are used to separate small molecules or ions, 
Hence, they require dense membrane materials, that is, membranes that do not exhibit 
permanent pores  [2, 6]. Small molecule transport in dense membranes is described in 
terms of the solution- diffusion mechanism, according to which permeating species dis-
solve in the upstream membrane face, diffuse through the membrane thickness down a 
chemical potential gradient, and, finally, desorb from the downstream membrane face [6]. 
In 1991, Robeson warned the community about the existence of a selectivity- permeability 
trade- off, which limits the performance of dense polymeric gas separation membranes to 
below an upper bound [7]. Evidence for a rejection- permeance trade- off was reported also 
for water purification membranes by Park et al. [8] in 2011.

The selectivity- permeability trade- off ignited research efforts to create advanced materi-
als by incorporating principles and methods from complementary areas [9–11]. In the past 
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two decades, colloid and interface science has become the cornerstone in achieving assem-
bled functional structures, such as plasmonics, metamaterials, artificial muscles, as well as 
membranes, using a bottom- top approach [12–20]. This assembly route, which requires the 
encoding of the information about the desirable final structure into the building blocks, 
has been extremely successful, due to the remarkable boom in particle synthesis and sur-
face modification  [21–24]. The emergence of novel nanoparticles and colloidal building 
blocks with well- controlled size, shape, and surface properties has enabled the engineering 
of unique interaction potentials, that yield a desirable ordered structure [25, 26]. Targeted 
use of colloid and interface science principles allows the fabrication of membrane materi-
als exhibiting well- defined morphology and properties, to simultaneously achieve high 
permeability and selectivity. This approach has been used to fabricate advanced materials 
for gas separation and water purification exhibiting Janus features at the macroscale. A 
material is defined as Janus when it exhibits a two- faced chemically anisotropic structure. 
For example, materials exhibiting hydrophilic features on one face and hydrophobic fea-
tures on the other one fall in this category. The “Janus” feature, first reported by Casagrande 
et al. [27] and then highlighted by the Nobel Laureate Pierre- Gilles de Gennes in 1991 [28], 
has impacted several fields, including tunable stability in emulsions, foams, and polymer 
blends [15, 29–33], bottom- top assembly of novel functional structures using Janus colloi-
dal building blocks  [34, 35], active nanomotors  [36–40], biological imaging, and sens-
ing [41, 42] and drug delivery [43, 44], just to name a few. Since 2000, this concept has been 
successfully incorporated in the membrane field, starting from water purification and then 
rapidly spreading into other membrane applications. In this chapter, we review the state of 
the art of water purification Janus membranes and provide an outlook on future develop-
ments in gas separation applications. We believe that the use of Janus leitmotif at the 
nanoscale will provide exciting opportunities to engineer functional materials for 
 membrane applications.

10.2  The Nexus Between Membrane Materials Science 
and Interfacial Science

The membrane area- to- volume ratio, a, spans from 102 to 104 m2/m3 [45]. For example, in 
the plate- and- frame configuration, typically used in microfiltration, a is about 100–400 m2/
m3, while in the hollow fiber configuration, which is used in gas separation, it can reach 
30,000 m2/m3 [45]. In some applications, such as ultra-  and micro- filtration, the presence of 
permanent pores helps enhance the area- to- volume ratio. For these reasons, principles of 
interfacial science can be conveniently exploited to tune membrane transport properties, 
performance, and lifetime. For example, research has shown that membrane surface prop-
erties, including membrane- impurity affinity, roughness, and electrostatic properties 
impact the fouling behavior; therefore, surface modification has been successfully exploited 
to improve the fouling resistance [46, 47]. Despite some recent groundbreaking advances in 
colloid science and anisotropic materials, and the tremendous potential that the Janus 
character, i.e. anisotropy in surface properties, can offer to the field of membrane science, 
the Janus materials leitmotif has not been fully exploited to design membranes for large- 
scale separations. Principles of interfacial science not only help address issues related to 
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membrane fouling and lifetime, but also offer a unique opportunity to overcome the per-
meability (permeance)/selectivity (rejection) trade- off, in order to achieve superior separa-
tion performance. These prospective opportunities will be discussed in this review.

10.3  Janus Membrane Materials

10.3.1 Water Purification: State- of- the- Art Opportunities and Challenges

Currently, based on the membrane pore size, membrane- based water separation is 
 categorized into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 
osmosis (RO). As shown in Figure  10.1, the size of the solute to be removed and the 
 membrane pore size decrease in the order MF > UF > NF > RO. Small molecule and ion 
transport through these membranes occurs by pore flow in MF and UF, and by solution- 
diffusion in RO. The role of the two mechanisms in NF is still a subject of debate [45], even 
though, as shown recently by Bye and Galizia, the solution- diffusion mechanism is 
 sufficient to describe mass transfer in NF membranes [48].

Membranes for water purification exhibit a fouling propensity, which is caused by for-
eign compounds accumulated on the external membrane surface (i.e. external fouling) or 
inside the pores (i.e. internal fouling). Fouling introduces additional resistance to mass 
transfer, which, in turn, reduces the water flux  [49]. Surface science plays a key role in 
determining the factors impacting membrane fouling propensity, which is affected by the 
membrane surface properties, including membrane- fouling agent affinity, roughness, and 
electrostatic properties [49]. To impart fouling resistance, the membrane surface contact-
ing the feed can be chemically modified with a variety of hydrophilic species, yielding a 
two- faced chemically anisotropic structure also known as Janus membrane. Since 2000, 
the concept of Janus materials has been successfully exploited to modify the surface of 
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Figure 10.1 Water purification membranes vs. pore size: MF, UF, NF, and RO.
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water purification membranes, with the scope of enhancing their lifetime or tune their 
selective transport properties.

Petroleum refining produces large volumes of wastewater that contain residual oil and 
refining byproducts. Each barrel of refined oil generates 3–10 barrels of wastewater [50].

10.3.1.1 Theoretical Background
For liquid separations in general, membrane surface wettability is a crucial factor. Based on 
the surface hydrophilicity, that is, the affinity between water and the membrane surface, 
membranes are classified as hydrophilic and hydrophobic. Other terms, including lyo-
philic/lyophobic and oleophilic/oleophobic are still commonly used in the literature to 
describe the wettability of solid surfaces with a certain liquid. For example, a lyophilic 
surface exhibits a good affinity for the liquid wetting the surface, whereas a lyophobic sur-
face exhibits a poor affinity. Hydrophilicity and hydrophobicity of a surface can be experi-
mentally assessed by measuring the three- phase contact angle of a water droplet on the 
surface. Generally, a surface is defined as “philic” to a certain liquid when the three- phase 
contact angle is less than 90°, and “phobic” when it is above 90°. Based on the contact angle 
value, θ, a surface can be classified as hydrophilic/oleophobic (θw < 90° and θo > 90°), 
hydrophobic/oleophilic (θw > 90° and θo < 90°), hydrophilic/oleophilic (θw < 90° and 
θo < 90°), and hydrophobic/oleophobic (θw > 90° and θo > 90°), where the subscripts w and 
o stand for water and organic liquid, respectively [51]. Hydrophilic/oleophilic and hydro-
phobic/oleophobic membranes are often indicated as omniphilic and omniphobic, respec-
tively. Some examples of these surfaces are given in Figure 10.2a [52].

The contact angle can be measured experimentally, or calculated theoretically. For an 
ideal flat surface (Figure 10.2b), liquid contact angle on a surface in air, θ, is calculated from 

the Young’s equation: cos SV SL

LV
, where γSV, γSL, and γLV are the surface tensions 

between the solid surface and air, solid surface and liquid, and liquid and air, 
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Figure 10.2 (a) Surfaces with various wettability, adapted from ref. [52] with permission of MRS 
Communications; (b) schematic diagrams of water droplets on a flat surface and a rough surface 
(under Wenzel and Cassie–Baxter hypotheses); breakthrough pressure for water penetrating 
through (c) hydrophilic and (d) hydrophobic membranes.
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respectively [53]. This contact angle is only determined by the affinity between the solid 
surface material and the liquid; therefore, it is referred to as an ideal or intrinsic contact 
angle. However, ideal flat surfaces are rare, and real surfaces are rough or exhibit some 
curvature. Wenzel modified this equation for the apparent contact angle (θ′) on a rough 
surface: cosθ′ = r cos θ (r is the measure of surface roughness) [54]. For ideal cases, where 
r = 1, θ′ is equivalent to the intrinsic contact angle. For rough surfaces, r is larger than 1, 
thereby the apparent contact angle is larger than the intrinsic contact angle when θ > 90°, 
or smaller than the intrinsic contact angle when θ < 90°. Hence, the surface wettability can 
be tuned by engineering surface roughness, for both “philic” or “phobic” cases, which 
means that the surface wettability can be tuned by engineering surface roughness. However, 
Wenzel’s equation only works if the contact between the liquid and the solid surface is 
homogeneous, that is, if no air bubbles are trapped between the liquid and the surface. 
Cassie and Baxter generalized the Wenzel model to liquid- air- solid surfaces. In the latter 
case, the apparent contact angle is calculated by: cosθ′ = f cos θ + f − 1, where f is the area 
fraction of liquid directly contacting the surface [55]. Since f is always smaller or equal to 1, 
when considering Cassie–Baxter surfaces, the apparent contact angle is always greater 
than the intrinsic contact angle. It is worth mentioning that Cassie–Baxter equation is 
often used when considering “phobic” liquid surface pairs, and especially for superlyopho-
bic surfaces (θ′ > 150° [56, 57]).

In MF and UF applications, where porous membranes are used, external pressure may be 
needed for the liquid to penetrate the membrane pores. The minimum external pressure 
required, with respect to the atmospheric one, for the liquid to penetrate through a mem-

brane pore is defined as the breakthrough, or intrusion pressure: ∆ P
rp

2 cos , where γ 

is the surface tension, rp represents the membrane average pore radius, and θ is the contact 
angle [58, 59].

When considering liquid water on a hydrophilic membrane surface, the breakthrough 
pressure is negative (θw < 90°). Therefore, the liquid will be pulled into the membrane pores 
(c.f. Figure 10.2c). When water contacts a hydrophobic surface, the breakthrough pressure 
is positive (θw > 90°). If the external pressure is not provided, then water will remain on the 
membrane surface (c.f. Figure 10.2d) [60].

10.3.1.2 Janus Membranes for Oil/Water Separation
Municipal sewage, wastewater produced by the oil and gas industry, and produced water 
contain large quantities of organic compounds, which are potential membrane fouling 
agents [5, 61]. Depending on the source, organic compounds can be petroleum fractions, 
hydrocarbons, and fatty acids. In laboratory experiments, vegetable oils or common sol-
vents are used to mimic the organic phase. The size of these organic droplets spans from 0.1 
to 100 μm, which is comparable to the size of the pores of MF and UF membranes. Mixtures 
containing droplets larger than 20 μm are thermodynamically unstable and will phase sep-
arate, giving rise to two immiscible phases: since, in general, organic liquids are lighter 
than water, the phase separation produces an organic- rich phase on the top and a water- 
rich phase on the bottom [51]. These mixtures can be easily separated using conventional 
technologies, such as flotation [51, 62]. However, since the driving force of sedimentation 
process is proportional to the volume of the dispersed phase droplet (R3) and the density 



10  Janus Membranes for Water Purification and Gas Separation372

difference between the two liquids (∆ρ) [63], this separation technique becomes ineffective 
as the droplet size is reduced and the Brownian motion comes into play. The interplay 

between convection, through gravitational force, and diffusion, by random Brownian 

motion, is captured in the dimensionless Peclet number Pe
B

gR
k T

4
, where Pe ≫ 1 and 

Pe ≪1 indicate the predominance of convention and thermal fluctuations, respectively [64]. 
Therefore, because Pe scales as R4, alternative separation technologies, such as membranes, 
are needed to separate mixtures such as microemulsions (size range 5–50 nm) and nanoe-
mulsions (size range 20–200 nm) [65].

MF and UF membranes separate species via the size sieving mechanism, as the mem-
brane can only reject species whose size exceeds the size of the pores (Figure 10.3a). The 
design strategy adopted for these membranes focuses on achieving surface superwettability 
coupled with small pore size. When considering superhydrophilic membranes facing oil- 
in- water emulsion, fast water penetration with high oil droplet rejection is easily achieved. 
UF and MF membranes are fabricated using cellulose, polyvinyl alcohol (PVA) and polydo-
pamine (PDA), due to their nearly 0° water contact angle. In contrast, for oil- rich feeds (i.e. 
water- in- oil emulsions), superoleophilic materials, like polytetrafluoroethylene (PTFE, 
decane contact angle: 0°  [66]) and polydimethylsiloxane (PDMS, n- hexadecane contact 
angle: 28° [67]) are used.

An alternative separation mechanism, which relies on the coalescence effect, has been 
proposed, even though several molecular details are still controversial. The idea is that 
dispersed droplets near the membrane surface would coalesce to form bigger droplets, 
which eventually demulsify the oil/water emulsion. However, depending on the mem-
brane material properties, different scenarios may arise. In the case of oil- in- water emul-
sions (Figure  10.3b), it is believed that oil droplets preferentially coalesce on oleophilic 
rather than oleophobic surfaces [51, 68]. Therefore, researchers proposed to use oleophilic 
membranes where the demulsification of oily droplets and phase separation occur. Due to 

(a) (b)
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Rejection
Stratified mixture
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Oil-in-water emulsion

Water

Figure 10.3 Schematic diagram of a membrane separating oil- in- water emulsion via (a) size 
sieving and (b) coalescence effect: i) represents an oleophilic membrane and ii) a superoleophobic 
membrane.
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the oleophilic nature of the membrane surface and pores, the oil droplets coalesce and pass 
through the membrane spontaneously, and water should remain on the membrane surface 
since the breakthrough pressure for the continuous water phase is positive. However, when 
considering these oleophilic membranes, the size of the pores may exceed 5 μm. Therefore, 
the breakthrough pressure for water, although positive, is small [69–72]. Hence, by apply-
ing a low transmembrane pressure, such as 0.1–0.5 bar  [69–73], the water phase can be 
pushed through the membrane pores. Therefore, the permeate is a stratified oil- water mix-
ture, which can be separated by traditional technologies [51]. As it can be seen, the oil- 
water separation with this coalescence effect does not rely on the size sieving effect, that is, 
on the membrane pores size. Moreover, to achieve high flux, the pore size can exceed the 
droplet size [74]. Surface modifications to introduce functional groups acting as demulsi-
fiers have been reported as well [75–79].

Coalescence- based separation in surfactant- free oil- in- water emulsions may also be 
achieved with superoleophobic membranes [62, 80, 81]. In this scenario, water preferen-
tially permeates through the membrane and the organic compound accumulates near the 
membrane surface, where its local concentration rapidly increases. Since the interaction 
between organic droplets and a superoleophobic membrane is very weak, oil droplets tend 
to coalesce near the membrane surface. These big aggregates are then rejected by the mem-
brane. However, relevant molecular aspects of this mechanism, such as the role of the size 
sieving effect, remain unknown [74, 82, 83].

For size sieving- based separations, the introduction of surfactants potentially reduces the 
size of the dispersed phase, which makes the separation very challenging. Moreover, sur-
factants can also change the membrane surface wettability, which may trigger faster foul-
ing. For coalescence- based separations, surfactants stabilize dispersed droplets and prevent 
them from merging together on the membrane surface [83]; therefore, a higher transmem-
brane pressure would be needed to achieve a good separation [68].

10.3.1.2.1 Switchable Transport
Conventional membranes behave in either “water removal” (for oil- in- water emulsions) or 
“oil removal” (for water- in- oil emulsions) modes, via both size sieving and coalescence 
effects mechanisms. Recently, membranes with the ability to handle both feeds have been 
successfully fabricated by exploiting the Janus leitmotif  [84]. These Janus membranes 

Water removal

Water

Flip membrance
sides

Oil removal

Figure 10.4 Switchable transport membranes: water- removal vs. oil- removal modes.
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possess a hydrophilic face and a hydrophobic one. When the hydrophilic side faces water- 
rich feeds, the surface will be hydrated and reject oily compounds, by operating in the 
“water removal” mode, and vice versa (Figure 10.4). Therefore, the same membrane can be 
used in different scenarios, for example, to treat feeds exhibiting changing compositions, 
which is extremely convenient from a techno- economic standpoint.

These switchable Janus membranes can be fabricated using different approaches. “A to 
B”- type membranes (c.f. Figure 10.5a) are prepared by modified phase inversion, starting 
from a solution containing both hydrophilic and hydrophobic polymers [85, 86]. For exam-
ple, Li et  al. used a modified phase inversion method to prepare PVDF (polyvinylidene 
fluoride) + PVP- VTES (poly(vinylpyrrolidone- vinyltriethoxysilane)) Janus mem-
branes [85], where PVDF represents the hydrophobic part of the nascent membrane, and 
PVP- VTES represents the hydrophilic part. First, a commercial PET (polyethylene tereph-
thalate) nonwoven fabric was impregnated with glycerol and used as a support to cast a 
solution of PVDF + PVP- VTES in triethyl- phosphate as solvent. After casting the 
PVDF + PVP- VTES solution on the pretreated nonwoven fabric, the nascent composite 
membrane was soaked in water to induce phase inversion, that is, to exchange triethyl- 
phosphate with water. The presence of glycerol greatly slowed down the water migration 
from the nonwoven fabric side into the PVDF + PVP- VTES layer. In contrast, water could 
more easily penetrate the PVDF + PVP- VTES layer from the opposite side. This difference 
in solvent exchange rate causes the redistribution of polymer chains inside the nascent 
membrane. The final result is that the upper side of the active layer is rich in hydrophilic 
PVP- VTES, where a faster water exchange occurred. In contrast, the bottom side of the 
active layer, which contacts the nonwoven fabric directly, is rich in hydrophobic PVDF, 
where the water exchange occurred slowly. Therefore, a Janus membrane with a tunable 
wettability gradient was obtained. This membrane exhibited an underwater oleophobic 
PVP- VTES surface (underwater oil contact angle: 147°) and underoil superhydrophobic 
PVDF surface (underoil water contact angle: 170°). With this asymmetric wettability, 
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Figure 10.5 Janus membranes exhibiting switchable transport. (a) “A to B” configuration; (b) “A on 
B” configuration; (c) Example of “A on B” approach: f- CNT/c- PVA Janus membranes [87].
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PVDF/PVP- VTES membrane can separate both oil- in- water (by PVP- VTES- rich side) and 
water- in- oil (using PVDF- rich surface) emulsions with rejections larger than 97.5%. In 
 contrast, unmodified hydrophobic PVDF membranes can only separate water- in- oil 
emulsions. Despite applicability in a variety of scenarios, the Janus membranes prepared 
by Li et al. exhibited a 33% lower oil flux (water- in- toluene, 1 vol%) and around 2% lower 
water rejection compared to the unmodified PVDF membrane [85].

Equally important, the “A to B” protocol requires a careful selection of the two polymers. 
Indeed, both the hydrophilic and hydrophobic polymers must be  soluble in the same sol-
vent, which limits the number of possible polymer pairs that can be used. In the example 
mentioned above, to obtain a homogeneous hydrophilic plus  hydrophobic polymer solu-
tion without phase separation, the hydrophilic PVP- VTES was pre- polymerized with rela-
tively low molecular weight (e.g. ~ 2200  Dalton) inside the PVDF solution. Moreover, 
accurate control of the thickness and pore size is hard to achieve using the “A to B” 
approach.

An alternative fabrication method, referred to as “A on B,” has also been proposed, which 
is based on the assembly of two separate layers (Figure 10.5b). The main advantage of using 
this approach is the possibility of modifying and engineering each layer individually, in 
terms of their chemical properties, roughness, pore size, and thickness. Depending on the 
top layer composition, vacuum filtration or spin coating can be used to cast a porous layer 
onto existing support [88–90]. Vacuum filtration is commonly used for inorganic fiber-like 
materials, while the spin coating is more suitable for polymers. Pornea et al. deposited a 
layer of hydrophobic fluorinated carbon nanotubes (f- CNT) on a hydrophilic cross- linked 
PVA (c- PVA) nanofibrous membrane via vacuum filtration, as shown in Figure 10.5c [87]. 
The f- CNT layer had a smaller pore size compared to c- PVA layer; therefore, the Janus 
membrane exhibited an enhanced rejection relative to the neat c- PVA membrane. 
Specifically, oil rejection (toluene- in- water, 1:30 v:v) increased from ~ 30% in neat c- PVA to 
~ 99% in f- CNT/c- PVA, while water rejection (water- in- toluene, 1:114 v:v) increased from 
0  in neat c- PVA to 99% in f- CNT/c- PVA. However, during pure water and oil- in- water 
emulsion permeation tests, water flux through the Janus membrane was 15% lower relative 
to the neat hydrophilic c- PVA membrane. In contrast, during water- in- oil emulsion per-
meation tests, the oil flux of Janus membranes was around 8000 L/m2/h/bar, while the 
hydrophilic c- PVA membrane exhibited a negligible oil flux. This result is consistent with 
the analysis of breakthrough pressure in Section 10.3.1.1.

The third strategy to fabricate Janus membranes with anisotropic wettability relies on 
the modification of one or both sides of a pre- existing substrate. In this case, the region 
near the modified surfaces is relatively thin compared to the whole. For example, Ding et al. 
fabricated Janus ceramic membranes via a two- step modification: hydrophobization of a 
pristine hydrophilic Al2O3 membrane via grafting hexadecyltrimethoxysilane, followed by 
the hydrophilization of one surface via O2/N2 plasma treatment. The thickness of the 
hydrophilic region in the Janus ceramic membranes prepared only accounts for 3.5% of 
the whole membrane thickness  [91], while for “A to B” or “A on B” type, it may be 
above 20%.

Commercial fabrics for MF membranes, such as PVDF, PTFE, and cellulose are the 
most common substrates to fabricate polymeric Janus membranes. Surface modification 
with bio- inspired PDA [92, 93] or treatment with O2/N2 plasma [94, 95] is widely used to 
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increase hydrophilicity, while fluorination or silylation is used to achieve hydrophobic 
surfaces [93, 96, 97].

Hydrophobic silica particles decorated with fluorinated or silylated oligomers have been 
used to enhance membrane surface hydrophobicity  [95, 98, 99]. Preparation methods 
include spray coating, grafting, and plasma treatment  [84]. Zuo et al. reported a PVDF- 
based Janus membrane coated with hydrophilic PDA + polyethyleneimine (PEI) on one 
side and hydrophobic silica nanoparticles (SiNPs) on the other side via spray coating [98]. 
After modification, the water contact angles of the hydrophilic and hydrophobic sides in 
air were ~ 10° and 170°, respectively, compared to 131° of the neat PVDF membrane. In 
contrast to “A to B” or “A on B” membranes, emulsion permeation experiments in Janus 
PVDF- PDA- PEI- SiNPs membranes showed that water and toluene flux increases relative to 
neat PVDF. Specifically, the Janus membrane exhibited a water flux of 2060.5 L/m2/h/bar 
(toluene- in- water, 1:250 v:v) and a toluene flux of 1769.0 L/m2/h/bar (water- in- toluene, 
1:250 v:v), respectively. Both values were around 1385 L/m2/h/bar in neat PVDF mem-
branes. The higher flux exhibited by the Janus PVDF membrane results from the superwet-
tability in both surfaces, which reduces the breakthrough pressures [98]. Moreover, it is 
found that water flux first increases and then decreases with increasing PDA + PEI spray-
ing density (that is, the volume of solution spread per unit membrane area). This effect 
results from the interplay between enhanced surface hydrophilicity and narrowed pore 
size. In contrast, silica particles tend to aggregate instead of covering the membrane surface 
homogeneously; therefore, oil flux increases monotonously with increasing silica particles 
spraying density  [62, 100]. Equally important, these Janus PVDF membranes exhibited 
higher rejection for toluene (95.5%) and water droplets (99.1%) compared to neat PVDF 
membranes (88% for toluene and 93.5% for water).

A summary of Janus membranes for oil/water separation is shown in Table 10.1, includ-
ing materials, preparation methods, flux, and separation efficiency.

10.3.1.2.2 Unidirectional Transport
According to the breakthrough pressure (Figure 10.2c), a membrane allows a lyophilic 
liquid (contact angle of the liquid on the solid surface < 90°) to penetrate through, and it 
blocks a lyophobic liquid (contact angle of the liquid on the surface > 90°) in the absence 
of external pressure. Recently, a reverse transport has been achieved using Janus mem-
branes, where a fluid migrates from a lyophobic surface to a lyophilic one  [107]. This 
behavior is referred to as unidirectional transport. For example, for an oil unidirectional 
membrane, oily compounds can only penetrate from the oleophobic side to the oleo-
philic side.

A thin lyophobic top layer is the key factor to realize this unidirectional transport. The 
behavior of a liquid droplet contacting a lyophobic–lyophilic Janus membrane arises from 
the interplay of several forces acting on the liquid along the pore: (i) the gravity force (G), 
which is related to the weight of the droplet, (ii) a repulsive force caused by the lyophobic 
surface of the layer (F1), and (iii) an attractive force between the droplet and the lyophilic 
surface (F2). These three forces are shown in Figure 10.6. F1 and F2 only exist when the 
droplet is in contact with the corresponding layers. The repulsive and attractive forces are 
given by the product of the pore internal surface area, which directly contacts the liquid 
(2πRh, where R and h are the pore radius and the height of the liquid inside the pore, 



Table 10.1 Summary of Janus membrane performance for oil/water separation.

Filtration materials Substrate Preparation method Separation mixture Flux (L/m3 h)
Separation 
efficiency (–) Ref

Form Janus membrane by one- step

PVDF/PDA/PEI – non- solvent induced 
phase separation

O/W mixture (1:1 v:v) W: 4500–5000;
Oil: 3800–7500

– [86]

PVDF/PVP- VTES – Phase separation 
with unidirectional 
segregation

Trichloromethane/W  
(1:99 v:v);
Span 80- stabilized Water/
toluene (1:100 v:v)

O/W: 3835;
W/O: 1700
- 0.09 MPa

O/W: 97.5%;
W/O:
97.6%

[85]

CNT hydrophilic PAN electrospun 
nanofiber membrane (thickness: 
13 μm)

Vacuum filtration Surfactant- stabilized 
chloroform/W (1: 9 v:v) or 
W/ chloroform emulsion 
(1: 99 v:v)

80,000 L/m2hbar 
(O/W); 12,000 
L/m2hbar (W/O)

99.7% (O/W);
>99.2% 
(W/O)

[101]

Assembly of two layers

Electrospun PVDF 
layer

Hydrophilic PNIPAM+ PVDF (3:1) 
electrospun nanofiber membrane

Subsequent 
electrospun

Olive oil/W (1:100 v:v) – > 99.5% [102]

Hydrophobic PS 
membrane

Hydrophilic PAN electrospun 
membrane

Subsequent 
electrospun

SDS- stabilized Hexane/W 
(1:99 v:v)

227–430 – [88]

PFOTS- coated CNT Crosslinked PVA electrospun 
nanofiber mat

Vacuum filtration Surfactant- stabilized O/W 
(1:30 v:v) or W/O (1:114 v:v)

0.09 MPa – [87]

Post- modification

PANI- SiNP PTFE Immersion- spray 
coating

8 W/O emulsions;
4 W/O emulsions;

~ 1300 (O/W);
~ 1100 (W/O)

> 99.7% 
(O/W);
> 99% (W/O)

[99]

(Continued)
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PDA+PEI; silica 
nanoparticles

PVDF fabricated by thermal 
induced phase separation

Spray coating toluene- in- water (1:250 v:v); 
surfactant- stabilized 
water- in- toluene (1:250 v:v)

2060.5 L/m2 h bar 
(O/W); 1769.0 L/
m2 h bar (W/O);
0.2 MPa

94.0% oil 
rejection;
97.0% water 
rejection

[98]

Hydrophobic 
PDA- 
trichlorovinylsilane; 
Hydrophilic PDA

PVDF microfiltration membranes 
(pore size: 0.22 μm)

PDA coating, 
following 
silanization; 
UV- triggered click 
reaction

Immiscible O/W mixture; 
surfactant- stabilized O/W or 
W/O emulsions (1:100 v:v)

500 (O/W); 5000 
(W/O);
MPa

97.5% (O/W);
> 98.5% 
(W/O)

[103]

PFTS- modified SiO2, 
followed O2/N2 
plasma- etching 
treated surface

PVDF unilateral O2/N2 
plasma- etching

surfactant- stabilized O/W or 
W/O emulsions (1:100 v:v)

7200 L/m2 h bar 
(O/W); 9300 L/
m2 h bar (W/O);

99.8% (O/W);
> 99.0% 
(W/O)

[95]

PDA Hydrophobic PTFE/PET 
composite

Immersion 
polymerization and 
tape- peeling

Layered oil/water mixture – – [93]

PS; PDMAEMA CNT network membrane (5 μm) Self- initiated 
photo- grafting and 
polymerization

Surfactant- stabilized O/W 
(1: 30 v:v) or W/O emulsion 
(1: 114 v:v)

4000 – 7000 L/
m2hbar (O/W); 
7000–9000 L/
m2hbar (W/O);
0.09 MPa

- ;
> 99.8% 
(W/O)

[104]

PVDF with 
surface- coated SiO2

PFTS O2/N2 plasma Surfactant- stabilized O/W or 
W/O emulsion (1: 100 v:v)

4500–7200 
(O/W); 6800–
9300 (W/O)

99.8% (O/W);
> 99% (W/O)

[94]

Stearic acid Cellulose Silver mirror 
reaction; Single side 
coating

Surfactant- stabilized 
(0.1 wt.%) O/W or W/O 
(1:50 v:v)

620–685 (O/W); 
295–350 (W/O)

> 96.0 % 
(O/W);
> 95.0 % 
(W/O)

[105]

Filtration materials Substrate Preparation method Separation mixture Flux (L/m3 h)
Separation 
efficiency (–) Ref



– Superhydrophobic ZnO nanorod 
array- coated cellulose membranes

in situ growth 
technology and 
subsequent 
hydrophobic 
modification first 
ZnO layer, while 
hydrothermal for 
MnO2

Surfactant- stabilized O/W 
(4:95.7 v:v) or W/O 
emulsion (4:95.7 v:v)

> 8380 L/m2hbar 
(O/W); 1590 L/
m2hbar (W/O);
0.03 MPa

–;
> 99.8% 
(O/W);
> 99.4% 
(W/O)

[106]

PFTS Homemade hydrophilic TiO2- 
coated PPS microporous 
membrane

Water–oil interfacial 
grafting

Surfactant- free O/W or W/O 
emulsion (1:99 v:v)

590–650 (O/W);
> 920 (W/O)

> 98.0% for 
O/W & W/O

[97]

– Hydrophobic HDTMS modified 
ceramic (2 mm)

O2/N2 plasma 
etching (hydrophilic 
layer is ~ 35 um)

Surfactant- stabilized O/W 
(5:1000 v:v) or W/O 
emulsion (1:1000 or 
5:1000 v:v)

– – [91]

O/W: oil- in- water emulsion; W/O: water- in- oil emulsion; PNIPAM: poly(N- isopropylacrylamide);
PFOTS: trichloro(1H,1H,2H,2H- perfluorooctyl)silane; PEPA: polyethylenepolyamine;
PS: polysulfone; SDS: sodium dodecyl sulfate; PPS: poly(phenylene sulfide);
PFTS: 1H,1H,2H,2H- Perfluorodecyltriethoxysilane;
PDMAEMA: poly(2- (dimethylamino)ethyl methacrylate); HDTMS: hexadecyltrimethoxysilane.
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respectively), times the breakthrough pressure (ΔP). Due to the lyophobic and lyophilic 
natures of these two layers, contact angle θ1 is always greater than 90°, while θ2 is always 
smaller than 90°. When the top layer is lyophobic and thick, the droplet remains on the 
surface since the gravitational body force is not large enough to overcome the repulsive 
surface force F1 (=2πR1h1∆P1 =   − 4πγh1 cos θ) (c.f. Figure 10.6a). As the lyophobic layer 
becomes thin enough (c.f. Figure 10.6b), the droplet can contact the lyophilic layer. Hence, 
the total force ΔF = G + F2 + F1 = G +4πγh2 cos θ2 + 4πγh1 cos θ1 may be positive, which will 
push the droplet penetrating down, or negative, which will hold the droplet on the surface. 
Therefore, decreasing the thickness of the lyophobic layer favors a positive net force, and 
promotes the droplet migration from the lyophobic surface to the lyophilic region. In the 
opposite case, if the top layer is lyophilic, the droplet would spread on the membrane sur-
face (Figure 10.6c). It is worth mentioning that “unidirectional transport” is achieved with-
out an externally applied pressure gradient, and in some studies, antigravity unidirectional 
transport has been reported [108]. Therefore, for this type of Janus membrane, the separa-
tion mechanism relies mainly on the breakthrough forces, which are determined by the 
pore size, wettability, and microstructure of membrane.

As shown above, the thickness of the surface layer is crucial for unidirectional trans-
port. Xu and coworkers investigated the influence of the oleophobic layer thickness 
on apparent contact angle and underwater oil transport  [76, 109]. Only one side of an 
oleophilic polypropylene (PP) MF membrane was coated by oleophobic PDA/PDDA 
(poly(diallyldimethylammonium chloride)). Oil penetration from the oleophobic surface 
became more difficult with increasing the thickness of the PDA- PDDA layer from 0 to 
27.3 μm. When the oleophobic surface layer is only 7.8 μm- thick (surface pore 
size  =  157 nm), an oil droplet (average size ~ 34 nm) can transport through the whole 
membrane within seconds. In contrast, when the oleophobic surface layer is 27.3 μm 
thick, oil transport suddenly stops.

To obtain the thin surfaces required for unidirectional transport, Janus membranes are 
mostly prepared by asymmetric modification  [110]. As the substrates are hydrophobic- 
based, such as commercial PVDF or PTFE MF membranes, the resulting membranes are 
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Figure 10.6 Force analysis of an oil droplet on (a) thick and (b) thin oleophobic/oleophilic, and 
(c) oleophilic/oleophobic Janus membranes. Subscripts 1 and 2 represent the oleophobic layer 
and oleophilic layer, respectively.
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“oil- diode” after hydrophilization. Yang et  al. coated PDA and PEI on one side of the 
hydrophobic PET/PTFE MF membrane (pore size = 0.22 μm) by floating it on a dopamine 
solution [111]. The hydrophilic and hydrophobic surfaces of this Janus membrane were 
pre- wetted by water and petroleum ether, respectively. Then the Janus membrane was 
folded into a small boat with the oleophobic side facing outward and placed on the surface 
of a petroleum ether (dyed red)/water mixture (Figure 10.7). Only petroleum ether pene-
trated the membrane and was collected inside the boat. When the oil- collected boats were 
lifted from the liquid surface, oil leakage was not observed for the Janus membrane, sug-
gesting that the oil cannot transport from the oleophilic to the oleophobic direction. 
Hence, unidirectional oil transport is achieved. Furthermore, a permeation test using 
micrometer- sized SDS (sodium dodecyl sulfate)  stabilized dichloroethane (20 vol%)- in- 
water emulsions was conducted, and only dichloroethane could pass through the mem-
brane, with an oil flux over 1000 L/m2/h. FTIR spectra showed that the permeate was 
SDS- free and water- free.

In contrast, when hydrophilic substrates are chosen, the “water- diode” membranes can 
be fabricated [112–116]. Yang et al. used dopamine- NH2 reaction to selectively decorate 
one side of hydrophilic cotton fabric with hydrophobic octadecylamine [117]. As expected, 
water can only penetrate from the hydrophobic side, but not from the hydrophilic side. This 
Janus fabric was capable to recover small amounts of water (2 vol%) from a water- in- 
petroleum ether emulsion, which was stabilized by a nonionic surfactant Span® 80. The 
water flux was 20.8 L/m2/h with an oil rejection of 99.6%.

10.3.1.2.3 Membrane Fouling
In oil/water separations, fouling causes rapid decay of the membrane performance [118, 
119]. In some UF and MF processes, fouling is so severe that the separation performance 
depends on the degree of fouling instead of the intrinsic membrane properties  [45, 49]. 
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Figure 10.7 Image of oil (petroleum ether, dyed red) collection experiments using (a) Janus 
membrane (water pre- wetted hydrophilic PDA + PEI surface is the outer side and petroleum ether 
pre- wetted PTFE surface is the inner surface) and (b) surface- peeled PET/PTFE membrane. Adapted 
from ref. [111], with permission of the Journal of Membrane Science.
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Generally, fouling can be classified into inorganic- , organic- , and biofouling [46, 49, 118, 119]. 
The latter two may be the prevailing mechanisms in the oil/water separation.

Freeman and coworkers were among the first researchers to address the fouling issue 
in the UF treatment of produced water by using the Janus leitmotif [120, 121]. Specifically, 
they modified the surface of commercial membranes by casting a thin PDA layer, which 
enhanced hydrophilicity. Other similar molecules, such as catechol, are being inspected 
to achieve better control over the surface hydrophilicity and make the modification 
cheaper.

Ding et al. compared the antifouling performance of a surface- modified Janus ceramic 
membrane to the corresponding unmodified hydrophilic Al2O3 membrane [91]. As dis-
cussed above, Janus ceramic membranes were obtained via a two- step modification: 
hydrophobization of the whole membrane via grafting of hexadecyltrimethoxysilane, 
 followed by hydrophilization of one surface via O2/N2 plasma treatment. When dealing 
with oil- in- water emulsion (oil content = 200 ppm), the oil fouled both surfaces of the 
unmodified Al2O3 membrane, causing an 84% water flux decay in 1 hour. In contrast, the 
Janus membrane exhibited a slower water flux decline rate (45% after 1 hour) compared 
to the neat hydrophilic Al2O3 membrane. Despite the initial water permeability of the 
unmodified membrane being twice that of the Janus membrane, after a short operation 
time (15 minutes for hexane- in- water and 2 minutes for soybean oil- in- water), the water 
permeability of the Janus- modified membrane exceeded that of the pristine, unmodified 
membrane. Equally important, the plasma- modified hexadecyltrimethoxysilane surface 
has higher surface energy and less fouling propensity compared to the unmodified 
ceramic membrane.

Membrane biofouling may be caused by bacteria deposition on the surface, followed by 
further growth [119]. To mitigate this issue, which is especially relevant in the treatment of 
drinking water, Lv et  al. incorporated antibacterial silver nanoparticles into a cellulose 
membrane, followed by the hydrophobization of one surface [105]. Both sides of the Janus 
membrane exhibited a good antibacterial activity upon exposure to solutions containing 
S. aureus and E. coli. Moreover, the combination of the hydrophobically modified surface 
and the hydrophilic cellulose + silver nanoparticle bulk region yielded switchable trans-
port properties. Therefore, a Janus membrane with both switchable transport and antibac-
terial properties was achieved for oil/water separation.

10.3.1.2.4  Janus Membrane Lifetime and Other Unsolved Issues
Despite their promising performance in oil/water separation, a few unresolved issues have 
hampered the widespread industrial use of Janus membranes. Above all, their multilayer 
structure provides a non- negligible mass transport resistance, which causes modest 
fluxes [97]. However, the impact of the layered structure, wettability, and morphology gra-
dients on mass transport resistance is not fully understood and would benefit from further 
investigation. The relatively large thickness of Janus membranes also contributes to an 
increase in the mass transfer resistance. Therefore, fabrication protocols need to be opti-
mized to achieve better control over the thickness of single layers. Equally important, com-
patibility issues between different layers have a detrimental effect on the membrane 
lifetime, especially during operation under chemically and thermally challenging environ-
ments, as well as at high pressures.
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The stability of these Janus membranes under repeated working cycles deserves further 
investigation. The stability of some Janus membranes has been evaluated by running cyclic 
permeation tests [76, 87, 122]. For instance, a cycle of 20 oil/water separation tests was run 
using the aforementioned f- CNT/c- PVA membrane. Each cycle, consisting of a dead- end 
permeation test using a fixed amount of emulsions (110–130 mL), was followed by an etha-
nol wash and a 2- hour heating step to remove ethanol [87]. The separation efficiency 
for both water- in- toluene emulsions, using the hydrophobic f- CNT side, and toluene- in- 
water emulsions, using the hydrophilic c- PVA side, was constant after 20 cycles. Both water 
and oil fluxes decay by 10% after 20 cycles, even though this drop was within the experi-
mental uncertainty. It is worth noting that since Janus membranes contain both hydro-
philic and hydrophobic regions, the long- term contact with oil and water might induce 
swelling. This structural issue has been overlooked so far; therefore, its long- time effects 
are fairly unknown.

As mentioned previously, the oily compounds used for laboratory filtration experiments 
are vegetable oils or common organic solvents, such as chloroform and toluene, dispersed 
in water. Unfortunately, these emulsions do not necessarily mimic the complex mixtures 
that membranes have to face in real applications. For example, the viscosity of petroleum 
fractions may be higher than that of the model emulsions presented above, which means 
that a lower flux and more severe fouling could be encountered in real applications com-
pared to laboratory experiments.

Another unsolved issue is the scale- up of Janus membranes for real applications. In prin-
ciple, both spiral- wound and hollow- fiber configurations can be chosen for Janus mem-
branes, depending upon the application and the structure of each layer. However, hollow 
fiber Janus membranes are better suited than spiral wound ones for switchable oil/water 
separation [82, 109].

10.3.1.3 Janus Membranes for Water Desalination
After removing large molecules via MF and UF processes, water purification proceeds 
with desalinization via NF or RO, where small molecules and ions are removed. Other 
processes, such as forward osmosis (FO) and membrane distillation (MD), have received 
some attention in recent years. A comparison among NF, RO, FO, and MD is presented in 
Table 10.2. To the best of our knowledge, the use of Janus leitmotif in RO has not been 
explored so far.

A few studies have reported the use of thin hydrophobic/thick porous hydrophilic Janus 
membranes for FO applications [123–125]. However, all these membranes exhibited unsta-
ble performance. For instance, Zhou et al. designed porous hydrophobic/superhydrophilic 
Janus membranes via coating fluorinated SiO2 on a superhydrophilic modified PVDF sup-
port, which contained 28% wt hydrophilic additive PVP- VTES [123, 124]. In the FO tests, 
the hydrophobic fluorinated SiO2 side- faced the draw solution (e.g. 1 M NaCl), and the 
superhydrophilic PVDF side contacted the feed (i.e. pure water). It was observed that air 
trapped inside the porous hydrophobic layer prevented ion transport from the draw solu-
tion to the feed side, which is known as reverse salt transport. However, these air bubbles 
got replaced by water shortly after the FO test started (2 hours), and thus the reverse salt 
flux doubled, while it should be as low as possible to keep a high driving force for the 
osmotic water flux. Another study used ZIF- 8- coated polysulfone (PS) membranes for 



Table 10.2 Comparison of NF, RO, FO, and MD processes [46, 124, 128–130].

NF RO FO MD

Membrane 
structures

Composite Composite Hydrophilic thin film 
composite membrane

Hydrophobic porous membrane

Representative 
selective materials

Polyamide Cellulose derivatives; 
polyamide, poly(ether 
urea)

Cellulose derivatives; 
Polyamide

PVDF, PTFE

Driving forces Hydraulic pressure 
(10–25 bar) – osmotic 
pressure

Hydraulic pressure 
(15–80 bar) – osmotic 
pressure

Osmotic pressure differences 
between feed solution and 
draw solution (no external 
pressure needed)

Water chemical potential differences 
between hot salty feed and cool permeate

Work pattern Water penetrates from 
salty feed to penetrate 
side

Water penetrates from 
salty feed to penetrate 
side

Water penetrates from the less 
salty side (feed) to the 
concentrated side (draw)

Water in salty feed evaporates on 
membrane surface, and vapor transports 
through pore and then condensates on 
the other membrane surface

Advantages – Mature technology – Mature technology – Energy efficient – Able to deal with high- salinity water;
– Low- grade heat as heat source;

Major issue –  High energy 
consumption

– Fouling

–  High energy 
consumption

– Fouling
–  High retentate 

concentration

– Fouling
–  Internal concentration 

polarization
–  Lack of high performance 

membranes
–  Required further 

purification

– Fouling
– Wetting
– Pore block
– Phase change required more energy

Applications Divalent ions (Ca2+, 
Mg2+), microsolutes 
(MW: 500 – a few 
thousand Da) removal 
with low concentration

Monovalent ions 
(Na+, Cl−) removal

Highly saline water Highly saline water at small- scale sites
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FO [125]. However, the ZIF- 8 layer was unstable upon protracted exposure to water, likely 
because of the hydrolysis and recrystallization into other crystalline structures [126, 127]; 
therefore, both water and salt fluxes were similar to those of the membranes without 
ZIF- 8 layer after 12 hours of continuous FO operation.

10.3.1.3.1 Nanofiltration
As shown in Table 10.2, NF removes divalent ions via a mechanism that includes size siev-
ing and electrostatic repulsive interactions between ions and the membrane surface. The 
selective layer of commercial NF membranes is made out of cross- linked polyamides (PAs) 
fabricated by the amine- acid chloride reaction, according to the procedure first reported by 
Cadotte [131, 132]. This fabrication protocol is also referred to as interfacial polymerization 
(IP) due to the fact that the monomers, namely trimesoyl chloride (TMC) and m- phenylene 
diamine, cannot be dissolved in the same solvent. Therefore, the reaction can only take 
place at the interface between the two solutions. The resulting polymer chains are confined 
into this thin region, which yields an ultrathin layer exhibiting extremely high throughput 
and high ion rejection. In recent years, enormous efforts have been devoted to optimizing 
the reaction conditions and the monomer selection [133, 134].

Research has indicated that incomplete IP reaction results in an excess amine and TMC 
accumulating on the two sides of the cross- linked PA layer, which yields surfaces exhibiting 
opposite electrical charge. Therefore, the resulting PA membrane can be considered as a 
Janus membrane. This uneven electrostatic distribution along the membrane cross- section 
leads to the membrane behaving like a bipolar ion- exchange polymer. Repulsive interac-
tions between the membrane and co- ions take place, which, based on the Donnan exclu-
sion mechanism, are expected to enhance ion rejection relative to traditional PA membranes 
(Figure 10.8). If the top surface is positively charged, positive ions (Mn+) are rejected due to 
the Donnan exclusion, but not negative ions. Small negative ions (Mn−), such as monova-
lent anions, may penetrate the membrane, due to thermodynamic partitioning [135]. When 
these negative ions migrate to the bottom side of PA layers, which is negatively charged, 
they should be rejected again by membranes. However, as shown in Table 10.3, these Janus 
membranes do not exhibit significant higher ion rejections compared to commercial 
membranes.

The incomplete polymerization between TMC and amine generates not only asymmetri-
cally charged interfaces, but also a PA layer exhibiting low cross- linking density. This 

Figure 10.8 Ion rejection mechanism by a Janus polyamide (PA) membrane prepared via 
interfacial polymerization.
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poorly cross- linked PA layer provides lower resistance to water transport, with detrimental 
effects on the size sieving ability. However, the charged layers enhance the repulsive inter-
actions; therefore, the two effects seem to offset each other since, as discussed above, there 
is no detectable rejection change relative to commercial membranes. In contrast, water flux 
in all Janus membranes is up to an order of magnitude higher than in commercial 
membranes.

In addition to polyamide, Kim et al. reported a Janus graphene oxide (JGO)- based NF 
membrane, where just one side of the GO nanosheets was decorated with dodecylamine [140]. 
These membranes displayed almost 100% rejection for three dyes in water: tris(2,2′- 
bipyridyl)dichlororuthenium(II), rhodamine B, and brilliant blue G. Rejection of these 

Table 10.3 Separation performance of Janus NF membranes.

Membrane Test conditions

Pure water 
permeability 
(L/m2/bar/h)

Salt 
rejection (%) Ref.

Polyamide- imide 
hollow fiber

5 bar;
1 mM salt
pH 5.75

4.9 NaCl: 85.6
NaSO4: 60
MgCl2: 92.2
MgSO4:82.2

[136]

PA (PIP + TMC) on 
PVC flat- sheet

25 °C, 3.5 bar;
1000 mg/L salt (500 mg/L 
for NaCl)

8.7 NaCl:57.2
NaSO4: 95.8
MgCl2: 99.2
MgSO4: 99.4
CaCl2: 98.5

[137]

PA (PIP + TMC) on 
PVC hollow fiber, 
reaction at −5 °C

25 °C, 3.5 bar;
1000 mg/L salt (500 mg/L 
for NaCl)

16.5 NaSO4: 93.2
MgCl2: 97.1

[138]

15.2 NaSO4: 94.3
MgCl2: 98.6

PA/CNC- COOH/PES 25 °C, 8 bar; total salt: 
2000 ppm with 
MgCl2:LiCl ratio of 60:1

3.4 Li+: 11.63
Mg2+: 95.59

[139]

Janus GO 25 °C, 61 bar;
10 ppm dye

1.64 × 10−3 100% for Ru, 
RB, and BB

[140]

PA (PEI + CC) on PES 10 bar;
2.0 g/L salt

3.8–10.4 MgCl2: 88–94 [141]

Nadir NP030 
(commercial)

40 bar > 4 NaSO4: 80–95

GE Duracid 
(commercial)

15.5 bar 1.1–2.1 NaCl: 98

GE Duracid 
(commercial)

25 °C,7.58 bar; 2000 ppm 
MgSO4

1.72–1.96 MgSO4: 98 [142]

PVC: poly(vinyl chloride); PIP: piperidine; CC: cyanuric chloride;
CNC- COOH: carboxylated cellulose nanocrystal; Ru: tris(2,2′- bipyridyl)dichlororuthenium(II);
RB: rhodamine B; BB: brilliant blue G
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dyes was 94% in neat GO membrane [140]. Despite the great rejection, water permeance 
through JGO membranes reduced by 95% compared to the neat GO membrane, and it was 
far below that of the commercial membrane’s performance (Table 10.3).

10.3.1.3.2 Membrane Distillation (MD)
In MD, a temperature gradient exists across the porous hydrophobic membrane. The feed 
solution contacts the hot membrane surface, where water evaporates. Following this step, 
water vapor diffuses through the membrane pores toward the cold permeate side, where it 
condenses. Species that cannot vaporize, and that can only be transported through the 
membrane by liquid water via the convection mechanism, such as salts, are rejected. 
Therefore, theoretically, only pure water can be obtained on the permeate side [130, 143–145]. 
The most attractive feature of MD is the ability to extract pure water from brines, which is 
beyond RO’s range (salt concentration < 80 g/kg). Although MD has higher energy con-
sumption than RO or NF, it only requires low- grade or waste heat, which is much cheaper 
than a high- grade source [130]. Hence, MD has an intrinsic advantage for treating brines in 
some small- scale applications, where low- grade heat is available.

To deal with these concentrated brines, which normally contain also organic compounds, 
MD membranes must be designed carefully. Above all, to get high water flux, low mass 
transport resistance and low thermal conductivity inside the membrane are needed, which 
requires the membrane to have high porosity and large hydrophobic pores. Therefore, 
porous MD membranes are generally made out of PVDF (Figure 10.9a). However, several 
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Figure 10.9 Three membranes used in MD. (a) Hydrophobic membrane, (b) Hydrophilic/
hydrophobic membrane, and (c) Omniphobic/hydrophobic membrane.
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major challenges have been observed in MD membranes, including fouling and pore 
 wetting. MD membranes face liquid water on both surfaces, and pores must be free from 
liquid water. If the liquid water occupies the membrane pores, which is referred to as pore 
wetting, ions or any other solute can migrate toward the permeate side via the convection 
mechanism, which detriments the separation efficiency. Therefore, to mitigate the wet-
ting issue, pores must be hydrophobic. In these conditions, however, organic compounds 
present in the feed are likely to create fouling issues by blocking the hydrophobic pores. 
Therefore, the MD membrane surface should be hydrophilic, and the pore surface should 
be hydrophobic. To maintain a high water flux, hydrophilic/hydrophobic Janus mem-
branes have been fabricated (Figure 10.9b) [146, 147]. Despite their high fouling resist-
ance, hydrophilic/hydrophobic Janus MD membranes are prone to pore wetting. More 
recently, to find an optimal balance between fouling and pore wetting, MD membranes 
exhibiting omniphobic surfaces have been considered (Figure 10.9c) [66, 143, 148, 149]. 
These Janus membranes have been fabricated as hollow fiber modules via phase 
inversion [150–155].

10.3.2 Gas Separation

Commercial gas separation membranes are fabricated by casting a nonporous active layer 
on porous support [156–158]; therefore, in principle, they should be considered as Janus 
membranes. However, asymmetric or composite membranes for gas separation exhibit 
Janus features at the macroscale. Conventional mixed matrix membranes (MMMs) com-
prising an inorganic filler embedded into a polymer matrix can also be considered as ani-
sotropic (i.e. Janus) materials.

In the following, we will review the major issues related to conventional MMMs and 
discuss prospective opportunities, such as nanomembranes combining soluble- selective 
fillers with facilitated transport carriers.

10.3.2.1 Conventional Mixed Matrix Membranes
Analogous to water purification membranes, a selectivity- permeability trade- off con-
strains the performance of gas separation membranes to below an upper limit  [159]. 
Selective permeation properties of polymer gas separation membranes are tuned by 
properly tailoring the membrane microstructure. Embedding porous inorganic particles 
in polymer matrices to fabricate MMMs is, in principle, a viable way to overcome the 
upper bound [2, 160, 161]. Since inorganic materials position in the upper- right side of 
the Robeson diagram, the resulting MMMs are expected to exhibit enhanced separation 
performance relative to the neat polymer. However, a major issue concerning the use of 
MMMs is the presence of defects at the polymer–filler interface, which adversely affects 
the selectivity [162, 163]. Several attempts have been made to fabricate MMMs by dis-
persing size- selective fillers, such as zeolites, in glassy and rubbery polymers. In most 
cases, the permeability enhancement was offset by a dramatic loss in selectivity due to 
the formation of interfacial defects. Functionalization of the zeolite surface  [164], as 
well as the use of compatibilizers [165], while helping reduce the formation of nonselec-
tive interfacial defects, cause the zeolite’s pore blockage, which thwarts the beneficial 
role of the filler. The use of metal–organic frameworks (MOFs) helps mitigate the 
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polymer/filler compatibility issue  [166]. Moreover, if the organic linker is properly 
designed, incorporation of MOFs in polymer matrices can potentially enhance both 
diffusion-  and sorption- selectivity. However, the high cost of MOFs makes them still 
commercially unattractive.

Facilitated transport is an alternative strategy to enhance the membrane selectivity via 
the reversible reaction between facilitated transport carriers (i.e. transition metals) and 
target molecules [2]. Facilitated transport membranes have been considered for CO2 sepa-
ration  [167], as well as olefin- paraffin separation  [168]. Although very promising, this 
approach suffers from several limitations, above all the instability of facilitated transport 
carriers, which are rapidly deactivated upon exposure to light and poisoning agents, such 
as H2 and H2S, two common natural gas contaminants. Fillers consisting of organic and 
inorganic compartments (i.e. Janus particles) can potentially achieve favorable polymer–
filler compatibility and improve the membrane performance. However, apart from simple 
surface modification of the inorganic phase, altering the steric configuration of the filler 
can be a viable avenue to endow MMMs with a hierarchical structure and tailored transport 
properties.

10.3.2.2 Janus Nanomembranes for Gas Separation
In this section, we will discuss some recently reported membranes exhibiting Janus fea-
tures at the nanoscale, which, in our opinion, will open a new paradigm for materials 
design in gas separation applications.

The recent study from Zhou et al. is one of the first attempts to exploit the Janus leitmo-
tif in membrane gas separation at the nanoscale [169]. Specifically, Janus nanoparticles 
fabricated by chelating silver ions with dopamine were incorporated in Pebax®, a commer-
cial block copolymer containing rigid polyamide and soft polyether segments, to fabricate 
MMMs for CO2 separation. Dopamine is an organic molecule to which CO2- facilitated 
transport carriers, such as silver ions, can be attached via the chelating reaction. The prod-
uct of this reaction is Janus organic- inorganic nanoparticles, which exhibit much better 
compatibility with the polymer compared to neat silver nanoparticles. Remarkably, the 
incorporation of silver- dopamine Janus nanoparticles (20%  wt) in Pebax® produced an 
80% increase in CO2/CH4 selectivity and CO2 permeability. However, it is not clear how 
silver and dopamine contribute, individually and synergistically, to CO2- selective trans-
port. Equally important, despite their promising performance, these materials might 
not  be competitive from the economic point of view due to the relatively high cost of 
dopamine (6.6$/g).

Recently, Razavi and Galizia fabricated novel Janus nanomembranes for CO2 separation 
by embedding Janus nanoparticles made of silver and Jeffamine in Pebax®. The advantage 
of using Jeffamine instead of dopamine comes from the fact that the former possesses ether 
groups, which makes Jeffamine more CO2- phylic than dopamine. It is well known, indeed, 
that CO2 interacts highly favorably with ether groups, which promotes CO2 sorption in the 
membrane. Another advantage for replacing dopamine with Jeffamine is that the latter is 
more than one order of magnitude cheaper (0.3$/g vs. 6.6$/g). Finally, the length of 
Jeffamine tail (i.e. the concentration of ether groups) can be modulated, which makes the 
CO2- phylicity of these materials highly and easily tailorable. As shown in Figure 10.10, 
MMMs containing Pebax® and 5% wt silver- Jeffamine Janus nanoparticles exhibits a CO2 
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permeability and CO2/CH4 selectivity exceeding by 20 and 6%, respectively, those of neat 
Pebax® membrane at 35 °C and 10 atm.

We believe that the approaches recently proposed by Zhou et al. and Galizia et al. to syn-
thesize molecularly tuned Janus membranes will open the door to exciting opportunities to 
manipulate sorption- selectivity and diffusion- selectivity by embedding Janus- modified 
facilitated transport carriers in polymers. Equally important, other than CO2 separation, 
such materials could also benefit other applications, such as olefin- paraffin separation, 
which is one of the most energy- intensive.

10.4  Conclusions

The fabrication, properties, and performance of Janus membranes for water purification 
and gas separation have been reviewed, and prospective opportunities were outlined. Due 
to their extremely high surface–to–volume ratio, performance and lifetime of membranes 
can be conveniently enhanced by manipulating surface properties, using principles and 
methods of surface science. This approach has been used to engineer porous membranes 
for UF and MF applications, but is still in its infancy in RO, FO, and NF applications, where 
nonporous membranes are used. For example, the Janus leitmotif has been extensively 
exploited to fabricate water purification membranes exhibiting enhanced water flux and 
ion rejection. In more recent years, the Janus approach has also been utilized to fabricate 
smart water purification membranes possessing sophisticated structural features and prop-
erties, such as improved fouling resistance and switchable transport properties.

Conventionally supported gas separation membranes, as well as MMMs, can also be con-
sidered as Janus membranes. However, apart from these structural features, the Janus 
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Figure 10.10 CO2/CH4 separation performance of Janus nanomembranes based on Pebax® and 
Jeffamine- silver Janus nanoparticles. Data was obtained at 10 atm and 35 °C [170].
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leitmotif has been rarely used to tailor the transport properties of gas separation mem-
branes at the nanoscale despite some interesting results reported recently. Therefore, we 
believe this could be an area worth of investigation in the coming years.
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Gergő Dargó
RotaChrom Technologies LLC
Dabas, Hungary

Gaurav G. Dastane
Department of Chemical Engineering
Institute of Chemical Technology
Mumbai, India

Jing Deng
School of Chemical, Biological, and 
Materials Engineering
University of Oklahoma
Norman, OK, USA

Ketan S. Desai
Department of Chemical Engineering
Institute of Chemical Technology
Mumbai, India

Francesco Donsi
Department of Industrial Engineering
University of Salerno
Fisciano, Italy

Eric Falascino
William G. Lowrie Department of 
Chemical and Biomolecular Engineering
The Ohio State University
Columbus, OH, USA

Liang- Shih Fan
William G. Lowrie Department of 
Chemical and Biomolecular  
Engineering
The Ohio State University
Columbus, OH, USA

Michele Galizia
School of Chemical, Biological, and 
Materials Engineering
University of Oklahoma
Norman, OK, USA

María González- Miquel
Department of Chemical Engineering  
and Analytical Sciences
The University of Manchester
Manchester, UK
Departamento de Ingeniería Química 
Industrial y del Medioambiente
ETS Ingenieros Industriales
Universidad Politécnica de Madrid
Madrid, Spain

Patricia Gorgojo
Department of Chemical Engineering  
and Analytical Sciences
The University of Manchester
Manchester, UK
Nanoscience and Materials Institute of 
Aragón (INMA) 
CSIC-Universidad de Zaragoza 
Zaragoza, Spain
Chemical and Environmental Engineering 
Department 
Universidad de Zaragoza 
Zaragoza, Spain

Benjamin S. Hsiao
Department of Chemistry
Stony Brook University
Stony Brook, NY, USA

Xiangyu Huang
Department of Chemistry
Stony Brook University
Stony Brook, NY, USA

0005321177.INDD   10 03-14-2022   11:43:57



ist oof  ootributors xi

Ananda J. Jadhav
Department of Chemical Engineering
Institute of Chemical Technology
Mumbai, India

Anet Režek Jambrak
Faculty of Food Technology and 
Biotechnology
University of Zagreb
Zagreb, Croatia

Muhammad Ahmad Jamil
Mechanical & Construction Engineering 
Department
Northumbria University
Newcastle Upon Tyne, UK

Kalyani Jangam
William G. Lowrie Department of 
Chemical and Biomolecular Engineering
The Ohio State University
Columbus, OH, USA

Anuj Joshi
William G. Lowrie Department of 
Chemical and Biomolecular Engineering
The Ohio State University
Columbus, OH, USA

Shankar B. Kausley
TCS Research
Physical Sciences Research Area
Tata Consultancy Services
Pune, India

Chetsada Khositanon
Department of Chemical Engineering
Burapha University
Muang, Chonburi, Thailand

Árpád Könczöl
RotaChrom Technologies LLC
Dabas, Hungary

Kai Fabian Kruber
Institute of Process Systems Engineering
Hamburg University of Technology
Hamburg, Germany

Ramesh Kumar
Department of Earth Resources & 
Environmental Engineering
Hanyang University
Seoul, Republic of Korea

M. Kumja
Biological and Environmental Science  
and Engineering Division (BESE)
Water Desalination and Reuse 
Center (WDRC)
King Abdullah University of Science  
and Technology (KAUST)
Thuwal, Saudi Arabia

Moonyong Lee
Yeungnam University
Gyeongsan, South Korea

Ki Min Lim
School of Chemical and Energy 
Engineering
Universiti Teknologi Malaysia
Johor Bahru, Malaysia

Pablo López- Porfiri
Department of Chemical Engineering  
and Analytical Sciences
The University of Manchester
Manchester, UK

Ali Abouei Mehrizi
Department of Life Sciences  
Engineering
University of Tehran, Tehran, Iran

Francesco Meneguzzo
Istituto per la Bioeconomia
CNR, Sesto Fiorentino, FI, Italy

0005321177.INDD   11 03-14-2022   11:43:57



ist oof  ootributorsxii

Fateme Mirakhorli
School of Biomedical Engineering
University of Technology Sydney
Sydney, Australia
Climate Change Cluster
University of Technology Sydney
Australia

Pinak Mohapatra
William G. Lowrie Department of 
Chemical and Biomolecular  
Engineering
The Ohio State University
Columbus, OH, USA

Seyed Sepehr Mohseni
Department of Life Sciences  
Engineering
University of Tehran
Tehran, Iran

Rattana Muangrat
Faculty of Agro- Industry
Chiang Mai University
Chiang Mai, Thailand

Trevor Murray
Zaiput Flow Technologies
Waltham, MA, USA

Kim Choon Ng
Biological and Environmental Science  
and Engineering Division (BESE)
Water Desalination and Reuse 
Center (WDRC)
King Abdullah University of Science and 
Technology (KAUST)
Thuwal, Saudi Arabia

Marinela Nutrizio
Faculty of Food Technology and 
Biotechnology
University of Zagreb
Zagreb, Croatia

Lanre M. Oshinowo
Research & Development Center
Saudi Aramco
Dhahran, Saudi Arabia

Parimal Pal
Chemical Engineering Department
National Institute of Technology
Durgapur, India

Mario Pagliaro
Istituto per lo Studio dei Materiali 
Nanostrutturati
CNR, Palermo, Italy

Aniruddha B. Pandit
Department of Chemical Engineering
Institute of Chemical Technology
Mumbai, India

Rajshree A. Patil
Department of Chemical Engineering
Institute of Chemical Technology
Mumbai, India

Yuthana Phimolsiripol
Faculty of Agro- Industry
Chiang Mai University
Chiang Mai, Thailand

Peter J. Ralph
Climate Change Cluster
University of Technology Sydney
Australia

Sepideh Razavi
School of Chemical, Biological, and 
Materials Engineering
University of Oklahoma
Norman, OK, USA

Thomas Rodgers
Department of Chemical Engineering  
and Analytical Science
The University of Manchester
Manchester, UK

0005321177.INDD   12 03-14-2022   11:43:57



ist oof  ootributors xiii

Phisit Seesuriyachan
Faculty of Agro- Industry
Chiang Mai University
Chiang Mai, Thailand

Mateus Lodi Segatto
Department of Chemistry
Federal University of São Carlos
São Paulo, Brazil

Vedant Shah
William G. Lowrie Department of 
Chemical and Biomolecular Engineering
The Ohio State University
Columbus, OH, USA

Muhammad Wakil Shahzad
Mechanical & Construction Engineering 
Department
Northumbria University
Newcastle Upon Tyne, UK

Priyanka R. Sharma
Department of Chemistry
Stony Brook University
Stony Brook, NY, USA

Sunil K. Sharma
Department of Chemistry
Stony Brook University
Stony Brook, NY, USA

Armando J. D. Silvestre
CICECO – Aveiro Institute of Materials
Department of Chemistry
University of Aveiro
Aveiro, Portugal

Mirko Skiborowski
Institute of Process Systems Engineering
Hamburg University of Technology
Hamburg, Germany

Filipe H. B. Sosa
School of Chemical Engineering (FEQ)
University of Campinas (UNICAMP)
Campinas, São Paulo, Brazil
CICECO – Aveiro Institute of Materials
Department of Chemistry
University of Aveiro
Aveiro, Portugal

Aylon Matheus Stahl
Department of Chemistry
Federal University of São Carlos
São Paulo, Brazil

Kai- Jher Tan
Department of Chemical Engineering
Massachusetts Institute of Technology
Cambridge, MA, USA

Thomas Waltermann
Covestro Deutschland AG
Process Technology – Digital Process
Leverkusen, Germany

Majid Ebrahimi Warkiani
School of Biomedical Engineering
University of Technology Sydney
Sydney, Australia
Institute of Molecular Medicine
Sechenov University
Moscow, Russia

Nazlee Faisal Ghazali
School of Chemical and Energy Engineering
Universiti Teknologi Malaysia
Johor Bahru, Malaysia

Nopphon Weeranoppanant
Department of Chemical Engineering
Burapha University
Muang, Chonburi, Thailand
School of Biomolecular Science and 
Engineering (BSE)
Vidyasirimedhi Institute of Science and 
Technology (VISTEC)
Wangchan, Rayong, Thailand

0005321177.INDD   13 03-14-2022   11:43:57



ist oof  ootributorsxiv

Mengying Yang
Department of Chemistry
Stony Brook University
Stony Brook, NY, USA

Doskhan Ybyraiymkul
Biological and Environmental Science and 
Engineering Division (BESE)
Water Desalination and Reuse 
Center (WDRC)
King Abdullah University of Science and 
Technology (KAUST)
Thuwal, Saudi Arabia

Karine Zanotti
Department of Chemistry
Federal University of São Carlos
São Paulo, Brazil

Vânia Gomes Zuin
Department of Chemistry
Federal University of São Carlos
São Paulo, Brazil
Green Chemistry Centre of Excellence
University of York, York, UK
Institute of Sustainable and  
Environmental Chemistry, Leuphana 
University
Lüneburg, Germany

0005321177.INDD   14 03-14-2022   11:43:57



xv

Welcome to the first edition of our book Sustainable Separation Engineering. This is the 
brainchild of our academic and industrial research, as well as our university teachings on 
advanced separations and green engineering. You will find this two- volume book both as 
an engaging and exciting reference guide on the latest materials, techniques, and pro-
cesses related to sustainable separations and as a textbook that builds a solid theoretical 
foundation for sustainable separations. Our main objective is to present an overview of 
the fundamentals underlying the conventional and emerging separation processes, with 
an emphasis on sustainability. Gone are the days when separation engineering was the 
exclusive domain of chemical engineers. Modern sustainable separation engineering is 
highly interdisciplinary, with significant contributions ranging from chemical engineering 
to materials and polymer sciences to renewable energy sciences. Therefore, this book is 
intended for a broad audience to provide a bird’s- eye view of the interplay among these 
disciplinaries to design sustainable solutions. An up- to- date reference index is also 
 provided for easy lookup of the most relevant literature for a more detailed description 
of each topic.

One of the aims of sustainability is to manufacture products in the most environmentally 
benign, economic, and socially beneficial way through the optimization of resource utiliza-
tion and the conservation of materials, energy, and natural resources. The Sustainable 
Development Goals set by the United Nations crafted a blueprint through which a thriving 
and more sustainable future can be achieved for all. These goals target the global chal-
lenges we face, and most of them are directly or indirectly linked to material separations. 
During the manufacturing of products, separation steps are undesired yet unavoidable. 
Owing to the high energy demand and considerable waste produced during separation 
processes, there is a need to develop advanced materials and processes that minimize the 
associated environmental burden. Academic and industrial researchers are making great 
efforts to design greener processes and products. The authors of the 21 chapters in this 
book aimed to develop a holistic view of various types of separations covering microscale 
(chemistry, materials), mesoscale (unit operations), and macroscale (processes). Discussion 
is also extended to the role of sustainable separations in the chemical engineering 
curriculum.
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This book gives a contemporary and inclusive account of the sustainability aspects of 
separation engineering. It will be a useful resource for students of separation engineering 
and experts alike, as well as prospective learners who wish to broaden their horizons and 
discover other topics related to their core discipline.
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11

11.1  Introduction

The ever- rising global water demand is expected to touch 6900 Bm3 in 2030 from mere 
4200 Bm3 in 2015 [1, 2]. The prime contributors to an exponential rise in water demands 
include population growth, industrial expansions, and standard of living [3, 4]. To amelio-
rate this situation, desalination is proven to be the most viable option because ~97% of 
global water is saline and cannot be used without proper treatment [5]. For this, various 
desalination technologies are developed and being used on commercial scales globally 
 augmenting ~95.37 Mm3/day of desalinated water to the freshwater resources [6].

Conventionally, three major desalination processes employed at a large scale are: (i) sea-
water reverse osmosis (SWRO), (ii) multistage flashing (MSF) and (iii) multi- effect desali-
nation (MED). Many other processes are proposed such as membrane distillation (MD) 
[7,  8], forward osmosis (FO)  [9, 10], humidification- dehumidification desalination 
(HDH) [11, 12] and direct- contact spray desalination (DCSEC) [13–15]. The market share 
of major desalination systems is presented in Figure  11.1  [16–18]. Application of these 
processes depends on the size of the plant and feed water quality and accordingly they have 
some limitations. For example, SWRO, even though is famous around the world, has opera-
tional limitations in terms of feed water quality. It is leading in the overall desalination 
market where processes are mostly installed on brackish or river water treatment. In terms 
of seawater desalination, in the Gulf region, the other two desalination processes hold over 
60% market. Frequent occurrences of hazardous algae bloom, red tides, and sea foams are 
the major hindrance of SWRO applications in most of the Gulf regions. Slight variation 
in seawater quality in terms of silt density index is another example of SWRO process com-
plication and it requires large pretreatment systems. Moreover, these plants reject large 
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quantities of chemicals into the sea and affect marine life. On the other hand, thermal 
desalination processes such as MSF and MED are robust and can also handle variation in 
feed water quality without affecting the overall plant operation. These plants are leading in 
the Gulf region; however, they also have limitations in terms of operational temperatures. 
For example, MED processes operate between 40 and 65 °C and MSF 40 and 130 °C.

One major challenge of desalination systems is high energy intensity. The equivalent 
energy consumption of conventional desalination systems to produce a unit volume of 
freshwater ranges between 3.7 and 8 kWh/m3 for RO, 14.45 and 21.35 kWh/m3 for MED, 
and 19.58 and 27.25 kWh/m3 for MSF [19, 20]. These energy inputs are well above (~5–30 
times) the minimum work of separation, i.e. 0.72 kWh/m3 at 35 g/kg and 25 °C with an 
infinitesimal recovery [21, 22]. Therefore, out- of- the- box solutions are required for a quan-
tum jump in the performance of conventional desalination systems.

Adsorption desalination is an emerging desalination method that possesses the merits of 
a low temperature and yet low cost. The adsorption cycle employs the high affinity of adsor-
bent materials (e.g. silica gel) on water molecules as the driving force. It is able to bring 
down the vapor saturation temperature to <5 °C. This substantial decrease in temperature 
allows substantial evaporation effects to be introduced, either in a standalone adsorption 
desalination system or in its hybridization with other desalination cycles  [23, 24]. Some 
other salient features of the adsorption- based desalination systems include higher interstage 
temperature difference, low- grade energy usage, and no significant rotating equipment 
addition, thus reducing maintenance issues, and less corrosion or fouling susceptibility.

This chapter provides a comprehensive overview of the adsorption- based desalination 
systems. A universal adsorption isotherm model is firstly introduced to allow a fundamen-
tal understanding of the adsorption thermodynamics. Then various applications of the 
adsorption cycle are presented, including standalone adsorption desalination cycles (both 
temperature- swing and pressure- swing) and their integration with other water treatment 
systems (multi- effect distillation and evaporative crystallizer). These results will form a 
solid foundation for future application on adsorption- based desalination systems.
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Figure 11.1 Desalination technology market shares [16–18].
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11.2  Adsorption Theory and Modeling

Various adsorbent materials have been known for centuries. However, the scientific work 
on their sorption properties started during the eighteenth century [25, 26]. These adsorbent 
materials are dominated by porous materials including natural adsorbents, e.g. silica, zeo-
lites, and, more recently, metal- organic frameworks (MOFs). Synthesis of porous metal 
oxides and the development of the sol- gel process have revolutionized the field of adsor-
bent science and applications  [27]. The pioneering work of Prof. Barrer in the field of 
porous materials and films has laid down the foundations of the field for various porous 
and dense materials  [28–31]. These adsorbents including polymers as shown by Barrer 
have been known for many years and widely accepted for various applications.

The adsorbent surface is intricate by nature and it comprises many types of interlinking 
pores such as the micro- , meso- , and macropores [32] as shown schematically in Figure 11.2. 
For the modelling of the heterogeneous adsorbent surfaces, it can be estimated by the gath-
ering of several quasi- static homogenous sites where each homogenous patch is assumed to 
have the same pattern of energy levels (ε) that are applicable to monolayer coverage of infin-
itesimal mass uptake θ(ε). Furthermore, each homogeneous patch can be laden with many 
adsorption sites having the same energy level that is associated with the other forms of 
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energy distribution functions of adsorption sites. If there is a higher chance of occurrence of 
an energy site, this indicates that there will be higher localized adsorption uptake. On the 
other hand, this energy distribution function is different for various pores, i.e. micro- , meso- , 
or macropores, and extended to the multilayer development. In order to describe the frac-
tion of the energy distribution or the uptake, a probability factor is introduced which is 
linked to the individual pore size or the multiple layers on the adsorbent surface [33].

If it is assumed that there is quasi- static patch approximation and there is only one mol-
ecule for every energy site of adsorption surface, the localized adsorption uptake for a 
homogeneous area of adsorption surface is given by:
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(11.1)

where nj symbolizes the number of molecules and sj symbolizes the locally available energy 
sites of adsorption. Therefore, the total adsorption uptake for the available energy sites is 
given by:
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 where So and Na symbolize the number of adsorption sites and molecules adsorbed, respec-
tively. The extension of Eq. (11.2) as a summation of all local coverage and their respective 
probability factors, sj/So is given by:
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The distribution function X(ε) of adsorption energy sites is proportional to the probabil-
ity factors, and for the entire adsorption surface, this ratio is equal to unity, i.e.
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By taking the integral of the coverage, the total uptake of the adsorption heterogeneous 
surface with quasi- static patches is given by integral Eq. (11.6).
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Hence, if the distribution function X(ε) of adsorption energy sites and the uptake θ(ε) of 
the adsorption heterogeneous surfaces are known, either by design or measurement of the 
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isotherms, then the total coverage is given by Eq. (11.6). If the simultaneous occurrence of 
adsorption and desorption rates is known, then the rate of total adsorption uptake is 
written as:

 
d

dt
Ra dR

 

Where the adsorption and desorption rates of adsorbate molecules on the adsorbent sur-
face are represented by Ra and Rd, respectively, specified through classical Absolute Rate 
Theory (ART) as [34, 35]:
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When there is an equilibrium, the adsorption and desorption rates come to be equal, 

which means the rate of change of adsorption uptake is zero, d
dt

0. So, by simplifying 

the above equation and letting K K Ka d  and Δε  =  εd − εa  =  ε − hfg, we arrived at the 
Langmuir isotherm equation for the localized adsorption uptake at the homogeneous patch.
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where the condensation approximation is defined by the limit, εc
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So, by replacing the Kp term of Eq. (11.8) into Eq. (11.7), the Langmuir isotherm becomes:
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The adsorption uptake θ(ε) with temperature dependence is given by the above Eq. (11.9), 
which becomes a step function at an extremely low temperature of T → 0. Invoking the 
condensation approximation, we have:
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Therefore, Eq.  (11.6) can be disintegrated into two parts where the first part has zero 
uptake and, thus,
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As depicted by Eq. (11.10), the distribution function of the adsorption energy sites is only 
depending upon the total adsorption uptake. The symmetrical Gaussian function is esti-
mated here to characterize the distribution of the energy sites over the heterogeneous 
adsorption surface. For the fraction of the total uptake between micro-  and macropores, a 
probability factor “α” is incorporated into the energy distribution function that gives a uni-
versal and physically meaningful representation of both single-  and multi- peak energy dis-
tributions on the surfaces, i.e.
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where “εo” denotes the adsorption energy site having a higher probability, which also shows 
the “relative position” of the energy distribution curve. The factor “m” represents the sur-
face heterogeneity of all the energy sites, which is related to the pore size, i.e. micro-  or 
meso- /macropores. It determines the overall spread or the variance of the energy distribu-
tion curve. It is emphasized that the summation of the probability “αi” parameters 
equal to “1.”
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Therefore, the overall adsorption uptake equation is integrated according to the energy 
distribution functions.
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By resolving the integral and permitting εc =  − RT ln Kp:
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Upon generalization, and permitting the adsorption equilibrium constant K ps1 , the 
universal isotherm model is derived with the pressure ratio, p/ps
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where ps symbolizes the saturation pressure for maximum uptake of an adsorbent. For the 
Type- I to Type- V isotherms, the energy distribution functions with two nominal peaks, i.e. 
n = 2, can lead to factors of α1 and α2:
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where α1 + α2 = 1
Similarly, for Type- VI Isotherm, it has four peak energy distribution functions which can 

be integrated into a decomposed form as:
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where α1 + α2 + α3 + α4 = 1. With four energy distribution function (EDF) peaks and when 
integrated over the energy levels (εc to ), it captures the complex thermodynamics of mass 
uptake [36] over the range of the pressure ratio, P/Ps, exerted on the adsorbed phase of 
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adsorbate- adsorbent. Hence, the thermodynamics of an adsorbate on the heterogeneous 
porous adsorbent can be precisely represented by a unified form of Eq. (11.14).

Figure 11.3 compares predicted isotherms with experimental measurements for different 
types of adsorbent- adsorbate pairs. As shown in the figure, the proposed model is able to 
predict all six types of isotherms with high accuracy. In contrast, conventional theories 
(Langmuir  [37], Langmuir- Freundlich [LF]  [38], Tóth  [39], and Dubinin- Astakhov 
[DA] [40] models) can only fit 1–2 types of isotherms. The proposed model enables a more 
in- depth understanding of the adsorption thermodynamics, thus allowing the design and 
optimization of adsorption beds.
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Figure 11.3 Comparison of predicted isotherms with experimental measurements for different 
types of isotherms [33]: (a) Type- I, (b) Type- II, (c) Type- III, (d) Type- IV, (e) Type- V and (f) Type- VI.



11.3 Application of Adsorption in Water Treatment 409

11.3  Application of Adsorption in Water Treatment

Adsorption has broad applications in water treatment. The adsorption cycle can be directly 
used for desalination and water treatment by spraying seawater/wastewater in the evapora-
tor. It can also be integrated with the existing water treatment systems, e.g. MED and crys-
tallizer, to achieve better productivity and energy efficiency.

11.3.1 Temperature- swing Adsorption Desalination Cycle

The adsorption cycle consists of five main components including an evaporator, adsorption- 
desorption reactor beds, a condenser, pumps, and a pretreatment section. The adsorption 
desalination (AD) cycle operates in a batch process and involves two main operations, i.e. 
adsorption- assisted evaporation and desorption- activated condensation. In the former pro-
cess, the vapors produced in the evaporator are adsorbed by a high water vapor affinity 
adsorbent. It is important to mention that the evaporation process is initiated by the heat 
supplied (through the water at 5 to 30 °C) in the evaporator. However, the adsorbent accel-
erates the vapor formation by reducing the evaporator pressure. The adsorption process 
goes on until the adsorbent beds are saturated. In the second process, the saturated adsor-
bent is regenerated by circulating hot water (with a temperature of 55–85 °C) through the 
desorbers. Vapor is separated from the adsorbent when it reaches a high temperature, and 
the released vapors are condensed in a water- cooled condenser as a distillate [23]. Since the 
desorption process is temperature- driven, the cycle is called the temperature- swing adsorp-
tion cycle (TSAD).

Since AD is a batch process, the multi- bed arrangement is used for continuous operation, 
as shown in Figure 11.4a [24]. In this arrangement, two parallel pairs of adsorbent reactor 
beds are employed of which one undergoes adsorption process and the other one desorp-
tion process simultaneously. The switching between the role of beds (for adsorption or 
desorption) is controlled by an automatic controller which governs the flow of hot/cold 
water to the respective bed using valves. The switching between beds is accompanied by an 
intermittent short period known as switching time during which the vapor valves are 
closed and the adsorber bed is preheated whilst the desorber bed is precooled which boosts 
the system performance. Figure 11.4b is a pictorial view of the TSAD pilot plant located at 
King Abdullah University of Science and Technology (KAUST), Saudi Arabia.

Figure 11.5 shows the transient temperature profiles for the adsorber, desorber, evapora-
tor and condenser of the TSAD system. Due to the batchwise operation of the system, the 
temperature profiles are in a cyclical manner. The system reaches a cyclic steady state after 
three half- cycles (1500 seconds). At a steady state, the temperature change is dramatic at 
the beginning of each cycle, and the profiles become steady afterward. This is because the 
adsorbent in the adsorption beds has a low uptake at the beginning, and is able to induce 
dramatic evaporation. Meanwhile, the desorption beds are fully saturated since they were 
under the adsorption process in the previous cycle, and the desorption rate is high. With 
the cycle going on, the adsorption beds slowly get saturated, while uptake in the desorption 
beds becomes lower. As a result, the driving forces for evaporation and condensation 
diminish, leading to a slower change of temperature profiles.
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Figure  11.6 illustrates the water production rate of the TSAD desalination cycle. The 
productivity also shows a cyclic manner. Its value is high at the beginning of each cycle and 
decreases with time due to less driving force for evaporation and condensation. The cycle- 
average production rate is 0.49 L/min, and during the switching period, there is no produc-
tion of freshwater.

Figure 11.7 shows the specific water production under assorted heat source temperatures 
and cycle times. The productivity is higher under a higher heat source temperature. This is 
because a higher heat source temperature leads to more complete desorption, and, there-
fore, provides a larger driving force during the adsorption cycle. For the cycle time, produc-
tivity firstly increases with a longer cycle time, and the trend is reversed after some 
threshold value. The reason can be explained as follows. On the one hand, a longer cycle 
time enables more complete desorption and promotes water evaporation when the cycle 
time is short. However, a longer cycle time results in excessive heating of the beds after 
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desorption is completed, which damps water vapor sorption in the next cycle. The optimal 
cycle time is shorter with higher heat source temperature, as desorption is faster.

11.3.2 Pressure- swing Adsorption Desalination Cycle

The TSAD desalination system described above employs a low- temperature heat source for 
regeneration. In actual applications, heat sources may have higher temperatures. For 
example, exhaust steam from the power plant is >120 °C (2 bar at pressure). If employed 
directly for the TSAD cycle, the high exergy content in the steam is wasted. Under such 
situations, a pressure- swing adsorption cycle (PSAD) is preferable. The PSAD cycle uses 
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the high- pressure steam to drive a thermal vapor compressor (TVC) to generate a low pres-
sure in the desorber, and desorption is driven by pressure difference.

Figure 11.8 shows the schematic diagram of the novel PSAD system. The system consists 
of two AD beds, two ejectors, a boiler, a condenser, an evaporator, a distillate tank, and an 
AD heat- exchanging liquid tank. Similar to the TSAD cycle, a PSAD cycle operates in 
batch- mode. The adsorber adsorbs vapor produced from the evaporator, while the desorber 
is connected to the TVC to undergo desorption. At the exit of the TVC, the mixture of des-
orbed vapor and high- pressure steam is directed to the condenser to be condensed. Heat 
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transfer fluid is circulated between two beds to recover the adsorption heat from the 
adsorber for regeneration in the desorber.

Following the schematic of Figure  11.8, a pilot PSAD plant is commissioned in 
KAUST. The system components, i.e. ejectors, tanks, evaporators, and condensers are made 
of corrosion- resistive stainless steel. Type RD silica gel is used as the adsorbent due to its 
high water uptake and low cost. Evaporator pressure is measured by pressure sensors 
(Yokogawa) with an accuracy of ±0.125 kPa. The vapor temperature in the evaporator is 
measured with a 10 kΩ thermistor (±0.15 °C). Other temperatures are measured with a Pt 
100 resistance thermometer (±0.15 °C).

During operation, the boiler maintains the desired steam pressure. Two electrical pres-
sure regulators, which are installed after the boiler, control inlet pressure to ejectors (pri-
mary steam pressure). Serially connected ejectors are able to achieve up to 1 kPa in a suction 
line with primary steam from 2 to 5 bar. The discharge pressure of the ejector depends on 
primary steam and suction pressure. Discharged steam from ejectors goes to the condenser 
and condensed fresh water accumulates in the distillate tank. When the distillate tank is 
full, excess freshwater is diverted to drain by the pump.

Temperature profiles of adsorbent beds of the PS- AD are illustrated in Figure  11.9. 
Primary steam pressure and suction (desorption) pressure are constant at 5 bar. The tem-
perature of silica gel changes from 19 to 31 °C during adsorption and decreases from 31 to 
19 °C during desorption. The pressure profile of the adsorbent bed of the PS- AD system is 
imaged in Figure  11.10. AD bed pressure was increased from 0.5 to 2.5 kPa during the 
adsorption cycle. The distillate productivity also shows a cyclic manner, as shown in 
Figure 11.11. The average water production rate was around 7.3 L/hr.

The temperature profile of the evaporator of PSAD- TVC is shown in Figure 11.12. The 
seawater supply temperature is fixed at 26 °C, and the outlet temperature is changing from 
22 to 18 °C. The low- temperature can be used in the condenser to reduce the discharge 
pressure, thus increasing the entrainment ratio of the TVC and reduce steam consumption. 
Alternatively, it can be used for cooling purpose.
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The experimental results reveal that the PSAD- TVC system operates stably and produces 
potable water and cooling at the same time. The proposed system can be operated with a 
combined cycle gas turbine (CCGT) plant, where the extracted low- pressure steam can be 
more efficiently used for the production of cooling and water. It has been successfully dem-
onstrated that 2 bar primary steam can regenerate silica gel at less than 1 kPa pressure 
using a properly designed TVC system. The proposed system will not only reduce the foot-
print, but also reduce capital and operating costs due to its robust design and easy operation 
than thermal- driven AD.

11.3.3 Hybrid Multi- effect Distillation and Adsorption Cycle

In addition to standalone operation, the adsorption cycle can also be integrated with exist-
ing desalination systems to achieve better performance. For example, the productivity and 
thermal efficiency of a conventional multi- effect distillation (MED) system is limited by the 
temperature difference between the heat source and the cooling. By integrating MED with 
the adsorption cycle, the vapor pressure in the last MED effect can be significantly reduced, 
thus providing a larger temperature difference for operation.

The conventional MED system consists of a steam generation facility and a number of 
evaporators connected in forward, parallel, or parallel cross- feed flow arrangement as 
shown in Figure 11.13  [43]. In the first arrangement, all the feed is sprayed in the first 
evaporator and the brine of each evaporator serves as a feed of forthcoming evaporators. In 
the second arrangement, the feed is evenly sprayed in all effects. In the third arrangement, 
the feed is sprayed in a parallel manner. However, the brine from each effect is introduced 
in the next effect at the bottom which results in additional vapor production due to flashing 
effects. The vapors produced in each effect serve as steam for the next effect and the vapors 
from the last effect are condensed in an external condenser.

The hybrid MED and adsorption desalination (MEDAD) cycle consists of a MED cycle 
integrated with an AD cycle, as shown in Figure  11.14  [2]. The process starts as the 
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Figure 11.13 The conventional MED system [43].
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preheated feedwater is sprayed through nozzles in the evaporators where it evaporates 
using latent heat of vapors from the previous effect flowing in the tubes of a horizontal tube 
falling film evaporator [44]. The condensate from all effects is collected in a distillate col-
lection tank and the brine in a brine collection tank. The vapors from the last effect of the 
MED system are directed to an AD system where these are adsorbed onto an adsorbent. 
The high affinity of the adsorbent for water significantly reduces the temperature (below 
ambient) in the last effects. Then heat is supplied to desorb the vapors which are then col-
lected as a distillate after condensing in a condenser and augment the MED distillate. The 
auxiliary equipment in the system includes steam jet ejectors to remove non- condensable 
gases for better thermal performance, a pump to maintain feed pressure and flowrate, flow 
meters to monitor the required flowrate, and a vacuum pump to maintain the system oper-
ating pressure.

Based on the above proposed MEDAD hybrid cycle, a pilot experimental setup with a 
nominal distillate capacity of 10 m3/day is fabricated and installed at KAUST as shown in 
Figure 11.15. The system consists of four effect MED system with a heat transfer area of 
~4 m2/effect, integrated with an AD system. The AD system consists of two pairs of silica 
gel beds to adsorb water from the last MED effect, thus reducing the bottom brine tempera-
ture (BBT) to as low as 10 °C. Besides, an evacuated tube solar thermal collector system of 
12 m3 storage capacity and 352 m2 area is attached with the adsorption system to harness 
the solar energy for adsorbent regeneration at the end of each cycle. The detailed process 
and geometric specifications of the pilot MEDAD system are provided in Table 11.1.

The system operates as the preheated feed from the Red Sea is sprayed in the falling film 
evaporators of the MED system after an initial screening. The nozzles are used to maintain 
the film thickness to achieve falling film evaporation. The feed in the first effect is evapo-
rated using heat from the hot water flowing inside tubes coming from a boiler. The vapors 

Figure 11.15 Pilot MEDAD hybrid plant installed at KAUST.
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produced in the first effect are then used to evaporate the next effect and so on. In a stan-
dalone MED operation, the vapors from the last effect are condensed as a distillate in a 
water- cooled condenser which also serves as a preheater in this case. While in the case of 
the MEDAD hybrid arrangement, the vapors are captured by the AD system in which silica 
gel beds undergo adsorption and desorption alternatively. In this case, the water produc-
tion is an aggregate of MED and AD system vapors which is almost twice the standalone 
MED system.

Figure 11.16 shows the temperature trend of the MEDAD cycle. It was observed that the 
top brine temperature in the first effect for the standalone MED system was close to 
45–50 °C which decreased by 1–1.5 °C per effect in the subsequent stages. Therefore, the 
BBT in the last effect was observed as 38–39 °C. This BBT cannot be lower than 35 °C 
because of condenser cooling water temperature constraints, thus limiting the number of 
stages. While a drastic change in these temperatures was observed by switching the system 
to the hybrid MEDAD mode as depicted in the middle section of Figure 11.16. The TBT 
dropped below 40–41 °C with 2–3 °C of interstage temperature differences.

It is also important to notice that in the MEAD arrangement, the last evaporation effect 
operated below the ambient temperature, i.e. 23–24 °C, thus allowing the addition of inter-
mediate stages even at low temperature (50 °C) heat sources. Moreover, the effect of the AD 
cycle on the temperature profile is prominent in the downstream stages and diminishes 
toward the upstream stages. The visible kinks in the temperature profiles of stage 4 are due 
to the batch operation of their main driver, i.e. AD cycle and shrinks in the initial stages 

Table 11.1 Process and geometrical specifications of the pilot MEDAD hybrid system [45].

Parameter Value

Hot water flowrate, m3/h 5

Hot water inlet temperature, °C 25–65

Feedwater flowrate, m3/h 0.4–0.5

Feedwater temperature, °C 30–33

Feedwater salinity, ppm 35,000

Adsorption cycle

The total mass of adsorbent (silica gel), kg 312

The surface area of adsorbent, m2/kg 850

Switching time, adsorption/desorption, s 270/30

MED cycle Steam generator MED stages

Heat transfer area per effect, m2 4 4

Number of effects 1 3

Tube outside diameter, m 0.015 0.019

Tube thickness, m 0.0005 0.0005

Tube length, m 0.635 0.635

Tube arrangement (tubes/row × number of rows) 8 × 14 8 × 14

Evaporator volume, m3 0.650 × 0.520 × 700 0.650 × 0.500 × 700
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due to smooth operation of steam generator which controls the evaporation in these stages. 
Though the AD system is robust and has high system reliability, the possibility of tripping 
the AD system due to any endogenous or exogenous malfunctioning in MEDAD is also 
studied. It is observed that upon shutdown of the AD cycle, the MEDAD system was 
switched to a standalone MED system as shown in the third part of Figure 11.16. The sys-
tem adapts the temperature trend of standalone MED without any prerequisite.

Figure 11.17 shows freshwater production rates at different heat source temperatures. It 
is observed that an increase in the heat source temperature increased water production due 
to higher heat fluxes. Moreover, the integration of the AD cycle with MED boosted the 
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distillate by two to three folds. This surge in water production is because of the AD cycle 
which reduces the stage saturation temperature resulting in a higher thermal gradient. 
Additionally, the high water vapor affinity of Silica Gel drives the hybrid systems from both 
ends (i.e. steam generator and adsorption beds), thus increasing the evaporation rate. 
Meanwhile, it is worth mentioning that the water production in a hybrid system can be 
further increased by incorporating additional evaporation effects due to a higher overall 
operational temperature gap (60–10 °C) compared to conventional MED (60–35 °C).

Figure 11.18 compares the different conventional and novel desalination system oper-
ations in terms of thermodynamic limits (TLs). It can be noticed that the conventional 
systems like SWRO, MED and MSF operate in 10–13% of their TLs. A novel Direct 
Contact Spray Evaporation and Condensation (DCSEC) tested at KAUST operates at 
16% of TL. While the proposed hybrid MEDAD operates at ~20% of TL, thus showing 
superiority over other systems in terms of thermodynamic synergy. However, for sus-
tainable system operation, the targeted TL is ~30% for which more such technological 
breakthroughs are required.

11.3.4 Zero Liquid Discharge Desalination Enhanced by Adsorption

The adsorption phenomenon can also be employed in the zero liquid discharge (ZLD) sys-
tem. It can lower the vapor pressure in the crystallizer, thus promoting the evaporation rate 
and accelerating the crystallization process.

Figure 11.19 shows a typical ZLD system, which consists of a regular desalination unit 
(e.g. MED, MSF, RO, MD, etc.), a brine concentrator and a crystallizer. Seawater is firstly 
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treated in the desalination plant to recover 40–60% of freshwater [48–50]. The remaining 
stream is named the brine, which has a salinity of ~70 g/kg. The brine is concentrated in the 
brine concentrator to further recover freshwater. A brine concentrator can be any of the 
existing evaporative desalination systems, but will require different construction materials 
and operation strategies to handle a higher feed salinity [50]. The stream leaving the brine 
concentrator will have a salinity of >200 g/kg. The further concentrated stream is finally 
directed to the crystallizer to achieve complete separation of salt and water.

Crystallization is the last step of the ZLD process. Figure 11.20 is the schematic of a typi-
cal evaporative crystallizer. Concentrated brine [1] is mixed with recirculation liquid (5b) 
separated from the bottom of the crystallization chamber. The mixture is heated to state [3] 
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Figure 11.19 Schematic of a zero- liquid- discharge desalination system.
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Figure 11.20 Schematic of an evaporative crystallizer.
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and injected into the crystallization chamber that is under vacuum condition. In the crys-
tallization chamber, a portion of the brine flashes off into vapor [6], and the remaining 
stream [4] is supersaturated (i.e. salt concentration exceeds its solubility). Salt precipitation 
takes place at the bottom of the crystallizer. Salt is separated from the salt–liquid mixture, 
while the remaining liquid is mixed with the feed brine for further evaporation and crystal-
lization. The produced vapor is condensed in the condenser using cooling water [10]. The 
above- mentioned crystallization process is schematically depicted in the temperature- 
salinity diagram in Figure 11.21.

To achieve a ZLD status, the flash- off vapor [7] should be equal to the amount of water 
in the feed brine [1], and the crystallization rate (5a) has to be the same as the salt content 
in the feed. For example, for 1 kg/s of brine with a salinity of 250 g/kg, the corresponding 
evaporation and crystallization rates are 0.75 and 0.25 kg/s, respectively. However, there is 
no heat input to the brine inside the crystallization chamber, and the enthalpy contained in 
the brine itself is the only source of evaporation. Due to a high latent heat of vaporization 
with respect to the sensible heat, only a very small portion of brine can evaporate and the 
increase in salt concentration is small. As a result, the brine has to be recirculated at a high 
flowrate to achieve the required evaporation and crystallization rates. Table 11.2 shows the 
states of the brine in the evaporative crystallizer. As can be seen from the table, <3% of the 
brine injected into the crystallizer flashes, and the increase of salinity is only 7 g/kg. In 
order to treat 1 kg/s of feed brine, the required circulation flowrate is 26 kg/s. Such a high 
recirculation flowrate not only makes the system bulky but also consumes a significant 
amount of electricity for pumping.

The key to reducing the recirculation flowrate is to increase the temperature differ-
ence between the feed brine (T3) and the vapor in the chamber (T7). However, the 
temperature of the brine cannot exceed 75 °C due to higher scaling and fouling poten-
tial at higher temperatures, while the vapor temperature is limited by the cooling water 
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Figure 11.21 Evaporative crystallization process in the temperature- solubility diagram.
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temperature (T10). These restrictions limit the temperature difference in the conven-
tional evaporative crystallizer.

With a high affinity of adsorbents to water vapor, adsorption can effectively expand the 
temperature difference by inducing low vapor pressure. Figure 11.22 shows the integration 
of evaporative crystallizer with an adsorption cycle. Vapor [6] produced in the crystalliza-
tion chamber is directed to the adsorption bed to be adsorbed. Then the adsorption bed is 
heated by hot water [16] to separate the vapor from the adsorbent. The vapor [7] separated 

Table 11.2 States of streams for an evaporative crystallizer.

Point State

Flowrate Temperature Salinity

kg/s °C g/kg

1 Feed brine 1.00 40.00 250.00

2 Brine mixture 26.24 48.86 270.61

3 Heated brine 26.24 68.06 270.61

4 Brine slurry 25.49 46.01 277.06

5a Salt crystallizer 0.25 46.13 1000.00

5b Liquid brine 25.24 46.13 271.42

6 Vapor 0.75 40.51 0.00

7 Distillate 0.75 40.51 0.00

8 Heat source 0.74 75.00 0.00

9 Condensate 0.74 75.00 0.00

10 Cooling water inlet 92.17 30.00 35.00

11 Cooling water outlet 92.17 34.73 35.00
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Figure 11.22 Schematic of an evaporative crystallizer integrated with adsorption cycle.
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from the AD bed has a higher temperature and can be condensed using the cooling 
water [11]. Due to the high affinity of adsorbent materials to water molecules, the adsorp-
tion system is able to significantly lower the vapor temperature in the crystallization cham-
ber (T6). Table 11.3 shows the states of the water and vapor streams for an evaporative 
crystallizer integrated with adsorption cycle. It is assumed that the average saturation 
vapor temperature in the crystallizer is 15 °C. Compared with a regular evaporative crystal-
lizer operating at the same heat source and cooling water temperatures, the temperature 
difference between the feed brine and the vapor is almost doubled. As a result, the recircu-
lation flowrate is reduced from 26 to 11 kg/s. Such a lower recirculation flowrate not only 
reduces the pumping power consumption, but also makes the system more compact. The 
potential benefits include a reduction in both initial and operational costs.

Figure 11.23 shows the recirculation flowrate at different saturation vapor temperatures. 
The recirculation flowrate increases exponentially with the increase of saturation vapor 
pressure in the crystallization chamber. Considering a cooling water temperature of 30 °C, 
the saturation vapor temperature in a regular crystallizer is usually >35 °C, and the corre-
sponding recirculation flowrate is above 20 kg/s for 1 kg/s of feed brine. On the other hand, 
the saturation vapor temperature can be reduced to <25 °C by integrating the adsorption 
system, thus lowering the recirculation flowrate to below 13 kg/s. In practical operation, 
the vapor temperature will be determined by several key design and operating parameters, 

Table 11.3 States of streams for an evaporative crystallizer integrated with adsorption cycle.

Point State

Flowrate Temperature Salinity

kg/s °C g/kg

1 Feed brine 1.00 40.00 250.00

2 Brine mixture 11.35 23.41 269.94

3 Heated brine 11.35 73.05 269.94

4 Brine slurry 10.60 20.73 289.04

5a Salt crystallizer 0.25 21.05 1000.00

5b Liquid brine 10.35 21.05 271.87

6 Vapor 0.75 15.07 0.00

7 Regenerated vapor 0.75 37.00 0.00

8 Distillate 0.75 35.00 0.00

9 Heat source 0.71 75.00 0.00

10 Condensate 0.71 75.00 0.00

11 Condenser cooling water inlet 92.17 30.00 40.00

12 Condenser cooling water outlet 92.17 34.73 40.00

13 AD cooling water inlet 92.17 30.00 35.00

14 AD cooling water outlet 92.17 34.73 35.00

15 AD hot water inlet 92.17 85.00 0.00

16 AD hot water outlet 92.17 75.00 0.00
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such as the type of adsorbent used, the heat transfer area, the regeneration temperature, 
and the cycle time.

The recirculation flowrate in a crystallizer is also impacted by the feed salinity. When 
the brine supplied to the crystallizer has a lower salinity, it needs a higher evaporation rate 
and, thus, a higher recirculation flowrate. As can be seen from Figure 11.24, the recircula-
tion flowrate for the regular evaporative crystallizer increases from 25 to 35 kg/s when the 
inlet brine salinity is reduced from 250 to 150 g/kg. The change is less significant for a 
hybrid adsorption- crystallization system, i.e. from 10 to 12 kg/s. In other words, the hybrid 
system allows for a lower brine salinity from the brine concentrator. Such a feature will 
benefit the design and operation of the brine concentrator, as it reduces the potential of 
scaling and fouling.
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11.4  Conclusion

This chapter summarizes the fundamental theory of adsorption and the applications of the 
adsorption phenomenon in the water industry. A universal adsorption isotherm model is 
firstly presented, which is able to describe the adsorption thermodynamics of different 
types of adsorbent- adsorbate pairs, thus providing a powerful tool for the design and opti-
mization of the adsorption process. Afterward, various adsorption systems are introduced. 
The temperature- swing and pressure- swing adsorption cycles are capable of producing 
freshwater and cooling effect simultaneously using a low- grade heat source. When inte-
grated with a multi- effect distillation system, adsorption can significantly lower the vapor 
pressure in the last effect, thus promoting water evaporation and reducing heat consump-
tion. For ZLD desalination, adsorption can be integrated with an evaporative crystallizer to 
enhance evaporation and reduce the recirculation rate, which will lead to lower pumping 
power consumption and smaller component size.

Despite great success at the research level, adsorption systems have great room for fur-
ther improvement, such as enhancement of heat and mass transfer in the adsorption beds, 
development of more advanced adsorbent materials, and optimal integration with other 
processes. With these advances, more energy- efficient and sustainable desalination sys-
tems based on adsorption can be expected in the near future.
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12.1  Introduction

Distillation is one of the oldest and most frequently used purification methods. In its most 
elementary form, a liquid mixture is heated to its saturation temperature and partially 
evaporated, such that the generated vapor is separated and condensed to form a product. 
Application of such a simple batch distillation dates back several thousand years with his-
torical evidence indicating e.g. the preparation of solvents for the extraction of essential 
oils from herbs by the Sumerian around 3500 BC [1]. Today, simple batch distillation is 
primarily used in the laboratory for the recovery or purification of products from experi-
ments in chemical or biochemical engineering. When operated continuously, single- stage 
separation by partial evaporation is also referred to as flash distillation, in which a continu-
ous feed is partially vaporized to give a vapor richer in the more volatile components than 
the remaining liquid. Flash distillation can either be accomplished through lowering the 
pressure of a boiling liquid and exploiting the temperature dependency of the vapor pres-
sure, or by continuously heating a boiling liquid and separating and condensing the pro-
duced vapor. The latter option is illustrated in Figure 12.1 (left), while Figure 12.1 (right) 
illustrates the potential separation of the feed stream with flow rate F and composition xF, 
into the distillate (V, xD), which is the condensed vapor stream, and the residue (L, xB). The 
product compositions depend on the heat duty applied for the partial evaporation (QB), as 
well as the vapor- liquid equilibrium (VLE), which for binary mixtures (A,B) is oftentimes 
expressed on the basis of the relative volatility:
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For closely ideal systems, for which the activity coefficients (γ) are approximately 1, the 
relative volatility depends solely on the pure component vapor pressure. The indicated VLE 
lines in the y,x- diagram in Figure 12.1 furthermore represent the assumption of a constant 
relative volatility.

While simple flash distillation is able to satisfy the product purity at least for one product 
for very wide boiling systems (α > 10), such as e.g. in seawater desalination, it is obviously 
incapable of producing two products with high purity, especially if α → 1. In order to over-
come the limitation of a single equilibrium stage, a cascade of flash drums can be inte-
grated countercurrently, enabling the production of two products with high purity by 
means of a multistage distillation (rectification). Figure 12.2 (top) illustrates such a coun-
tercurrent cascade, which can be divided in a rectifying section above the feed stage and a 
stripping section below the feed stage. It is important to note that high purities of both 
products become feasible, as long as the relative volatility α > 1, while the required number 
of equilibrium stages of course depends on α, as well as the liquid that is recycled on top of 
the column, after the condenser, and the boil- up, which is the vapor created in the reboiler 
at the bottom of the column. Applying the well- known method of McCabe and Thiele [2], 
which has been proposed almost a century ago, the respective stage- profile, which is illus-
trated in Figure 12.2 (botom) can be constructed based on the specification of the desired 
products and the reflux ratio. We assume that the reader is familiar with these basic con-
cepts and refer e.g. to the excellent textbooks of Mersmann et al. [3] and de Haan et al. [4].

It is well known that mass and heat transfer benefit from countercurrent configurations, 
with all kinds of separation processes, such as liquid–liquid extraction, absorption/desorp-
tion, and adsorption all exploiting countercurrent contacting. However, while similar 
countercurrent cascades with recycling have been considered e.g. for multistage membrane 
separations [5], the simplicity of a gravity- driven countercurrent contacting and separation 
of gas/vapor and liquid has made this specific configuration most prominent in distillation. 
In fact, the first continuously working distillation column has been patented by 
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Jean- Baptiste Cellier- Blumenthal more than 200 years ago, with constant improvements 
on all scales  [1]. This also holds true for modeling efforts that most often build on the 
equilibrium- stage model, whose concept has been outlined for the distillation of alcohol 
almost 140 years ago by Sorel, and is nowadays supported by rate- based nonequilibrium 
models, as well as computational fluid dynamics for the development of advanced inter-
nals [6, 7]. Distillation columns are industrially applied at all kinds of conditions, ranging 
from vacuum conditions (100 mbar, sometimes even 10 mbar) to high pressure (~35 bar, 
exceptionally up to 100 bar) [8, 9], and temperatures ranging from cryogenic conditions up 
to 350 °C [10]. While distillation columns in most cases produce a light boiling top and a 
heavy boiling bottoms product, wide- boiling systems may be separated into three products 
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with sufficient purity in a single column, and refinery processes in the petrochemical 
industry have even implemented single towers (crude unit) that produce six different frac-
tions from the crude oil feed. Distillation columns range from small laboratory scale, with 
a diameter of a few cm and variable height, to large- scale towers with a diameter of several 
meters and up to a hundred meters in height. While the crude unit of a refinery plant can 
process around 40.000 m3/day at a diameter of 8–9 m and a height of approximately 
50 m [11], for the special application of a cryogenic separation of isotropic argon with a 
relative volatility of just α = 1.0015, a column of 350 m height, exceeding the Eifel tower, 
has been constructed below ground level in a dismissed coal mine [12]. Given this rich his-
tory and versatility, it is not surprising that distillation is considered both, the most mature 
and most- widely applied separation technology (cf. Figure 12.3 (top)). With approximately 
40.000 distillation columns operated in the United States alone, distillation is estimated to 
account for 90–95% of all industrial fluid separations [13–15].

However, distillation is considered as one of the most energy- intensive separation 
 processes, which accounts for roughly 40% of the total energy consumption in the chemical 
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industry  [18], amounting to approximately 8% of the total energy consumption in the 
United States [17] (cf. Figure 12.3 (bottom)). Since the energy supplied for distillation is 
mostly obtained from fossil fuels, the need to reduce greenhouse gas emissions mandates 
more sustainable solutions, with significantly reduced energy requirements. However, 
besides the environmental impact, improved energy efficiency also provides a huge eco-
nomic incentive for today’s industry, as distillation can make up more than 50% of the 
operating costs of a chemical plant [19]. The apparent exergy loss through take- up of high 
temperature heat in the reboiler and low temperature heat release in the condenser, as well 
as the reported low thermodynamic efficiency of distillation processes in the range of 
5–20% [20, 21] have resulted in an increasing belief that distillation is severely inefficient 
and other processes, especially membrane separations, could save up to 90% of the energy 
used for distillation [17]. While there are of course cases which illustrate that such improve-
ments are feasible, these are so far rare exceptions, which still require a thorough consid-
eration of possible energy integration. In fact, analyzing the thermodynamic efficiency, 
defined as the free energy of unmixing divided by the minimum work and heat necessary 
for simplified ideal processes, Agrawal and Herron [22] illustrate that such low efficiencies 
are primarily related to low concentrated feed streams, while efficiencies can range from 30 
to 80% for feed compositions between 0.15 and 0.75 mol/mol, depending on the relative 
volatility. Based on a similar analysis of ideal alternative separation processes, such as 
 liquid–liquid extraction with a completely selective solvent and membrane processes with 
infinitely selective membranes, Cussler and Dutta [23] conclude that although these pro-
cesses may enable high efficiencies, e.g. up to almost 100% for reverse osmosis, these effi-
ciencies quickly drop to comparable levels of distillation once both products are required 
with high purity, mandating high recoveries. These results are further confirmed by 
Blahusiak et al.  [24, 25], treating the process as a heat engine and finally suggesting to 
improve the efficiency of fluid separation processes by

 ● considering pre- concentration or modification of the separation problem considering 
affinity- based separations such as liquid–liquid extraction, extractive/azeotropic distilla-
tion, or membrane separation in case of low concentrated feed streams.

 ● considering different means for energy integration, such as heat integration, multi- effect 
distillation (MED), heat pumps, thermal coupling (TC), etc.

These efforts can dramatically reduce the energy requirements of distillation- based 
 separations, making them the most efficient options in certain cases, and allowing for 
 tremendous energy savings with respect to thousands of running distillation processes. 
Thus, despite the existing misconceptions about the efficiency and maturity of 
distillation, properly designed distillation- based processes may oftentimes be the 
most sustainable option and one should not judge distillation solely on the heat of 
vaporization [15, 26].

This chapter provides an overview of the most prominent methods for improving the energy 
efficiency of distillation processes, focusing on the process configuration, the choice of oper-
ating conditions, heat and mass integration, as well as the use of mass separating agents. 
While this provides a portfolio of options that can foster significant improvements in the 
energy efficiency of certain separations, it should be noted that for the practical realization 
the specific choice of equipment and internals is also of vital importance. Improved 
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internals for classical distillation columns, such as the different generations of random and 
structured packings, do not only provide advantages in terms of low pressure drop and 
large operating ranges, but also reduced the required height equivalent to a theoretical 
plate (HETP) from approx. 0.5 to 1 m in the recent century to values between 0.05 and 
0.15 m for recently developed high- performance wire gauze packings [1, 27, 28]. Yet, it is 
important to note that the HETP depends not only on the specific packing, but also on the 
physical properties of the chemical system, the operating conditions, and possible maldis-
tribution  [29]. Since distillation is industrially applied at various pressures and variable 
liquid and vapor loads, it is important to determine an appropriate internal based on the 
specific application [8, 9]. Further reduction of the HETP may be realized by performing 
the vapor–liquid contacting in a completely different type of equipment, such as a rotating 
packed bed (RPB), which utilizes the centrifugal force to provide a significantly extended 
operating range and allow for the application of ultrahigh surface area packings, such as 
metal foams (a = 2500 m2/m3), enabling HETP values down to 0.015 m [30]. While origi-
nally developed in the 1980s in the United Kingdom, industrial RPB implementations are 
today primarily found in Asia  [31], whereas they are more frequently applied as stand- 
alone units for absorption and desorption. Cortes Garcia et al. [32] provide an elaborate 
overview of the different types of RPBs as well as a list of benefits and shortcomings that 
allow for a first assessment of this type of technology. Membrane distillation and cyclic 
distillation present further options to implement a separation by means of distillation, with 
certain benefits and limitations [21]. An in- depth analysis of membrane distillation is pro-
vided by Kiss and Kattan Readi [33], while Bildea et al. [34] provide a focused review on 
cyclic distillation columns.

The following sections of this chapter focus on the conceptual design of distillation pro-
cesses, which builds on a thermodynamic analysis of the individual process configurations, 
without further consideration of the specific equipment that is used to implement the pro-
cesses. Thus, even though we refer to distillation columns in the discussion and use illus-
trations of distillation columns, these may be implemented by classical tray or packed 
columns or any other device for vapor–liquid contacting. We start the discussion with sev-
eral options for improving the energy- efficiency of single splits (binary distillation) in 
Section 12.2, followed by further options for multiproduct separations, which are usually 
conducted in a sequence of distillation columns, in Section 12.3. Section 12.4 addresses 
important options for the separation of close- boiling and azeotropic mixtures, which gen-
erally require the combination of distillation with an alternative separation process as well 
as some form of mass- separating agent. We finally close the chapter in Section 12.5 with a 
short summary and some remarks for further consideration.

12.2   Sustainable Distillation for Single Splits

The separation of a feed stream into two products (binary distillation) can be performed in 
a single distillation column. Given classical textbook procedures for the design of a binary 
distillation  [3, 4, 35] and available rigorous models in commercial flowsheet simulation 
software, such as Aspen Plus or CHEMCAD, this task may seem trivial. However, the 
resulting conventional distillation column design is oftentimes far from optimal with 
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respect to energy use and process economics, since a multitude of options can reduce the 
energy requirement significantly  [15]. These options include the use of intermediate 
 heat- exchangers, double and MED, various types of heat pumps, as well as internally heat- 
integrated distillation column (HIDiC). The latter are addressed in Sections 12.2.3–12.2.4. 
While these options should be considered for single splits, additional options become via-
ble in case the individual split is part of a multi-product separation (see Section 12.3).

12.2.1 Pressure Variation

While the complexity of a separation by distillation is directly linked to the VLE, any 
increase in relative volatility can result in a decrease of the energy requirement. Pressure 
variation directly affects the VLE and especially for closely ideal mixtures, for which vapor 
pressure is the controlling factor, the relative volatility usually decreases with increasing 
pressure [9]. Thus, vacuum distillation is a possible option to reduce the energy require-
ment for distillation. For example, the relative volatility of the prominent test system of 
cyclohexane and n- heptane increases from 1.42 to 1.94 (+37%), when considering a pres-
sure decrease from 4.14 bar to 0.17 bar. This results in a possible energy reduction of ~40%, 
while allowing for a gentle separation at 32 °C (top vapor) to 48 °C (bottoms). Thus, vacuum 
distillation can considerably improve energy efficiency. Yet, this option should be carefully 
evaluated since pressure affects multiple physical properties in both phases, including den-
sity, viscosity, diffusivity, and surface tension, thus also affecting mass transfer  [9]. The 
applicable pressure ranges are generally limited by the temperature limits induced by avail-
able utilities and the thermal stability of the processed media. Since overhead vapor tem-
peratures below 30 °C mandate expensive cooling brine, column design usually aims at a 
reflux drum temperature of 40–50 °C [36, 37]. The bottoms temperature has to be below 
that causing thermal degradation and should consider availability and cost of hot utilities. 
Further factors that need to be considered for vacuum distillation are the increase in the 
volumetric vapor flow rates, caused by the decrease in vapor density, as well as the increas-
ing importance of the pressure drop, which can become decisive for distillation at high 
vacuum, mandating expensive equipment, such as thin- film or wiped- wall columns. 
Consequently, the evaluation should not be focused exclusively on energy- efficiency of the 
single unit operation, but consider a case- specific assessment of the various factors, includ-
ing the possible heat integration with other distillation columns (see Section 12.3.1). After 
all, even the relative volatility does not generally increase for vacuum distillation, and as for 
any heuristic rule there are certain exceptions, as e.g. a mixture of water and acetic acid [36].

12.2.2 Multi- Effect Distillation (MED)

Apart from the effect that pressure has on the VLE, the pressure- dependency of the boiling 
temperatures can be exploited in so- called MED, by splitting the separation among differ-
ent columns. These columns are operated at different pressures in order to facilitate a direct 
heat transfer between the top vapor produced in a high- pressure (HP) and the liquid bot-
toms stream of a low- pressure (LP) column, whereas one heat exchanger acts as condenser 
of the HP column and reboiler of the LP column. Even for the simplest case of a double- 
effect distillation with two pressure levels, five alternative configurations can be evaluated, 
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considering either a parallel setup in which both columns perform the same split, or a 
sequential setup, for which the first column (either LP or HP) purifies only one product, 
while processing the concentrated other product in the subsequent column [38]. The sim-
ple column and the five double- effect configurations are illustrated in Figure 12.4.

Properly designed, the double- effect configuration requires approximately 50% less energy. 
However, this energy reduction comes at the cost of an additional column and the increased 
temperature difference (TB(pHP) − TA(pLP)), which limits the reduction of the exergy loss and 
may result in the need for more expensive utilities. Thus, while additional effects can further 
reduce the absolute energy requirements, also these limiting factors increase further. Due to 
the additional investment required and the decreasing potential for energy savings, applica-
tions rarely exceed double- effect configurations for distillation processes [38, 39]. Additionally, 
start- up and control of such heat- integrated systems is considered more complex  [40, 41]. 
While reported industrial applications for multistage distillation are rather limited, with e.g. a 
triple- effect configuration as part of a five- column process for methanol distillation [42], the 
working principle is widely applied in evaporation processes, with 10–16 effects being applied 
in seawater desalination plants [43]. This effectively reduces the thermal energy requirement 
from the heat of evaporation of the water of 2257 MJ/m3 to just 145–230 MJ/m3 (6.5–10%). Yet, 
due to the low recovery of seawater desalination processes (~50%) and highly efficient pres-
sure exchange systems, with net transfer efficiencies of ~97% [44], reverse osmosis plants still 
provide a considerable potential for energy savings, operating at less than 50% of the equiva-
lent electricity  consumption. However, this advantage and the applicability of the membrane 
process diminish quickly with increasing recovery [23].

12.2.3  Heat Pumps

Considering that a distillation column can be conceptualized as a heat engine that trans-
forms the heat duty of the reboiler into separation work performed at the temperature 
level of the condenser [24], heat pumps build on the reversed process and are an effective 
option to improve the energy efficiency of binary distillation. The general concept of a 
heat pump builds on the pressure- dependency of the boiling point and performs an 
upgrade of low- quality heat through the addition of work. Thereby, the heat pump 
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Figure 12.4  Illustration of binary distillation of low boiling component A and heavy boiling 
component B in a simple column (left), as well as five alternative double- effect configurations. 
Source: Modified from [38].
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transfers heat from a low temperature source (TC) to a high temperature heat sink (TH) 
using mechanical work (W), as illustrated in Figure 12.5. The most common example is 
implemented in the refrigerator that is basically present in every household. However, 
heat pumps are also applied in many industrial processes that provide low- quality heat 
sources, as e.g. hot humid air, (waste)water, geothermal or condenser heat, and heat sinks, 
such as dryers or reboilers [45]. Process streams are yet the most relevant heat sources and 
sinks in the chemical process industry, with the top vapor stream of a distillation column 
and the liquid bottoms stream representing an interesting locally confined combination of 
source and sink.

The possible improvement in energy efficiency is regularly characterized for heat pumps 
through the coefficient of performance (COP), which describes the ratio of exploitable heat 
delivered by the heat pump and the required mechanical work. The COP is generally lim-
ited by the COP of an ideal Carnot heat pump cycle (COPrev), which only depends on the 
temperature lift (ΔTlift) from the absolute temperature of the cold source (TC) to the hot 
sink (TH) measured in Kelvin:
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Heat pumps are mostly operated at a COP of around 4–6, leaving future room for improve-
ment, when compared with combined heat and power plants with a COP of about 9 [45]. 
However, already a heat pump with a COP of 4 provides four times the thermal energy that 
is introduced by the mechanical work, by upgrading the low- quality energy of the source 
(TC) to the temperature level of the sink (TH). To provide a brief example, consider a heat source 
providing a saturated vapor stream at TC = 60 ° C and a hot heat sink with a boiling liquid at 

TH  =  120 ° C. The respective reversible Carnot cycle has a COPrev
393

393 333
6 6K

K
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resulting in a reasonable 60% efficiency of a real heat pump with a COP of 4. With this 
COP, the heat pump can upgrade 1 MW of low- temperature heat to about 1.33 MW of high- 
temperature heat, given an extra 0.33 MW of mechanical work. Thus, reducing the energy 
requirement by about 75%.
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Figure 12.5  Concept of a mechanically driven heat pump (left), a vapor- compression cycle 
(middle), and the respective temperature- entropy (T,S) diagram (right).
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Of course, it has to be considered that thermal energy and the electrical energy required 
to drive the compressor are not equivalent. However, with increasing provision of electrical 
energy from renewable sources such as wind and solar, the use of heat pumps does not only 
become more attractive in terms of energy efficiency and economics, but it also provides 
the option to significantly reduce the related greenhouse- gas emissions of thermal separa-
tions by running them on renewable energy [46]. Nevertheless, heat pumps are not free of 
drawbacks: the reliability of the required compressor as rotating equipment and the signifi-
cant investment are still considered as critical aspects. Yet, with an increasing acceptance 
of carbon/energy taxes around the world, the possible energy savings and an operation 
based on renewable energy will further increase interest in the application of heat 
pumps [47].

A variety of different concepts have been proposed for heat pump- assisted distillation. 
Some of the most frequently applied concepts are further described in the following and 
illustrated in Figure  12.6. Yet, the interested reader is referred to the articles of Kiss 
et al. [21, 39] and Jana [47], as well as the text book of Kiss and Ferreira [45] for a more 
elaborate discussion. Kiss et al. [39] furthermore propose a pragmatic selection scheme for 
the different technologies based on the information on the boiling point difference, tem-
perature lift, operating pressure, and relative volatility, building on an extensive literature 
review, which can support the initial selection of promising technologies for closer 
investigation.

The first three concepts illustrated in Figure  12.6 are all based on electrically driven 
vapor recompression, and have first gained increasing interest in the 1950s [47]. In direct 
or mechanical vapor recompression (MVR), the top vapor of the column does not enter a 
condenser, but is directly upgraded as working fluid by the compressor, such that one heat 
exchanger can be saved in addition to the energy which is transferred in the reboiler. 
Showing the lowest complexity in comparison to the alternative heat pump concepts MVR 
is considered as a state- of- the art industrial system for binary distillation [39], and probably 
the most popular type of heat pump [47]. The alternative bottom flashing (BF) configura-
tion shows a similar complexity and represents a viable alternative, in case of light boiling 
products. While both configurations have the advantage that they are operated without an 
additional working fluid, which reduces the necessary temperature lift, the respective 
stream, either the distillate for the MVR or the bottoms product for the BF configuration, 
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Figure 12.6  Selected major concepts for heat pump- assisted distillation: (a) direct or mechanical 
vapor recompression (MVR), (b) bottom flashing (BF) (c) vapor recompression (VC), and (d) thermal 
vapor compression (TVR). Source: Modified from [47].
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has to meet the operational requirements and criteria for safe and economic operation of 
the compressor. These additional constraints pose certain limitations of the applicability of 
the MVR and BF configuration, except possible modification required due to the change in 
utilities.

Vapor compression (VC) is another well- established heat pump concept that is applied 
on industrial scale [21]. In contrast to the MVR and BF concept that represent (semi- )open 
cycles in which the working fluid only passes the heat pump once, an additional working 
fluid is applied in a closed cycle in VC. Thus, the VC configuration requires both heat 
exchangers and while introducing an additional compressor and flash valve, does not 
require any modifications of the simple distillation column. VC is generally favored over 
MVR or BF if the processed media are potentially corrosive or fouling [39]. While the work-
ing fluid needs to satisfy the same operational, environmental, and safety constraints for 
the compressor as in the MVR and BF design, the choice of working fluid represents an 
important additional degree of freedom, and continuous research is aiming at an increased 
eco- efficiency [26]. An industrial example of a VC is the ethylene–ethane separation using 
propylene as working fluid [48]. The lower investment for MVR and BF has to be compen-
sated by an improved COP through an optimal choice of working fluid. Yet, the main draw-
back of all three configurations is the economic penalty related to the large investment for 
the compressor. It should further be noted that in case of a mismatch between the heat duty 
provided by the heat pump and required in the reboiler, an additional auxiliary condenser 
or reboiler might be required. Furthermore, an additional heat exchanger for superheating 
of the top vapor stream may be necessary in order to avoid condensation during compres-
sion, depending on the fluid properties.

By replacing the compressor with a steam ejector, the thermal vapor recompression 
(TVR) represents a modification of MVR that avoids the costly compressor. The steam ejec-
tor exploits the Venturi effect to generate mechanical energy from steam injection into a 
special variable diameter pipe [21]. TVR has been widely implemented in industry, given 
the reduced investment and avoidance of rotating parts. However, the steam ejector itself 
has a relatively low efficiency and as the steam input is mixed with the top vapor to gener-
ate the required pressure, TVR is almost exclusively of interest for systems producing water 
as top product. Absorption heat pumps (AHP), which are probably the oldest type of heat 
pump technology [47], are another type of thermally driven heat pump, which operates in 
a closed cycle, avoiding the mixing constraint of the TVR. AHP considers a thermochemi-
cal conversion, for which a mixed working fluid, either ammonia–water or water–lithium 
bromide, is applied, providing the heat for evaporation of the bottoms product by conden-
sation of one of the components and exothermic absorption in two separate heat exchang-
ers [45]. While the costly compressor is avoided, the AHP configuration is rather complex 
and requires overall five heat exchangers [39].

While the range of applications in which these classical configurations are economically 
attractive is usually limited to a temperature lift of about 30K, innovative heat pump con-
cepts further extend the range of application, such that temperature lifts of 30–100 K are 
feasible, allowing for significant energy savings of up to 80% [45]. Hybrid heat pumps com-
bine the working principles of different concepts. The compression resorption heat pump 
(CRHP) has a similar configuration as the VC, but exploits a two- phase working fluid simi-
lar to the AHP in combination with wet compression for increased energy efficiency and 
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economic performance with temperature lifts up to 124 K [49]. Heat pumps that are based 
on other driving forces are also available and already used in consumer goods. Solid- state 
heat pump technologies, such as magnetic heat pumps, which can be used to attain 
extremely low temperatures, or thermo- acoustic heat pumps, which consist of thermo- 
acoustic devices that use high- amplitude soundwaves to pump heat from one place to 
another, are comparably less efficient than the classical configurations, but score with long 
lifetimes, the absence of moving parts, and avoidance of potentially hazardous working 
fluids [45].

In case the distillation column is considered as stand- alone unit, the use of a heat 
pump is one of the most promising techniques for improved sustainability. Yet, as for 
MED, it is of course important to consider further options for heat integration in case the 
distillation column is part of a multi-product separation (cf. Section 12.3) or part of a 
general process flow sheet with additional heat sources and sinks [21]. For the latter clas-
sical heat integration methods, such as the well- known pinch analysis of Linnhoff 
[50, 51] should always be considered to evaluate alternative options. It needs to be noted 
that all heat pump concepts can also be applied to exchange heat between the reboiler 
and condenser of different columns, or between heat exchangers in the flow sheet with 
the reboiler or condenser of a distillation column. Consequently, the column should 
always be considered as part of the overall process system. However, given the locally 
confined heat integration offered by heat pump- assisted distillation, the above- described 
concepts are of particular interest.

As apparent from Eq. (12.2), the temperature levels at which heat is to be exchanged are 
the determining factors of the ideal Carnot heat pump cycle (COPrev), which represents the 
upper bound for the COP of a real heat pump. Thus, variation of the temperature levels 
presents an immediate option to improve the energy efficiency of heat pump- assisted dis-
tillation. Therefore, a variety of modifications of the classical configurations in Figure 12.6 
have been proposed in the literature, by implementing intermediate heat exchangers for 
the distillation column [47]. This also includes the application of multistage vapor recom-
pression configurations [52]. The subsequent section addresses one of the most prominent 
concepts following this direction.

12.2.4 Heat- Integrated Distillation Columns (HIDiC)

The concept of the HIDiC represents the most radical approach to the idea of intermediate 
heat exchange for a heat pump- assisted distillation, resulting in a combination of internal 
heat integration and MVR. As illustrated in Figure 12.7, the HIDiC concepts breaks with 
the idea of augmenting the conventional distillation column with a heat pump, but rather 
separates rectifying and stripping section, in order to enable a direct heat exchange between 
a HP rectifier and a LP stripper. For this purpose, a compressor raises the pressure of the 
top vapor of the stripping section prior to entering the rectifier, such that the temperature 
lift in the rectifying section allows for heat transfer to the stripping section. Through direct 
heat transfer between both sections, a diabatic operation of the column sections is per-
formed in which the condensing vapor creates an internal reflux in the rectifying section, 
that is returned to the stripper, where the heat of condensation is used to evaporate liquid 
along the column height of the stripper.
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Properly designed, the reboiler duty can be close to zero and only a small external reflux 
is required at the top of the rectifier in order to produce the required distillate purity [53]. 
While the heat pump- assisted distillation columns, as illustrated in Figure 12.6, connect a 
single heat source and sink, the whole rectifying section becomes the heat source in the 
HIDiC concept, while the stripping section acts as a heat sink. In the ideal case that the 
rectifying and stripping section are of equal height, both can be integrated into a single 
column shell (cf. Figure  12.7b), while various modifications and implementations have 
been proposed in case the rectifying and stripping sections are of different size (cf. 
Figure 12.7c–d) [54]. The illustrated gradients in the diameter of the individual column 
sections in Figure  12.7b and d are the result of the continuous heat transfer along the 
height of the column sections. The latter implies a steady decrease of the vapor load in the 
rectification section and a steady increase of the vapor load upward in the stripping section.

Through combination of the diabatic distillation and MVR, a reversible process can be 
approached [55, 56], resulting in possible energy savings of 30–50% in comparison with 
stand- alone MVR [39, 57]. This is a direct result of an increased COP resulting from the 
lower temperature lift, which can be kept low, with gliding temperatures across both col-
umn sections. Several studies report COP values around 10, e.g. for the separation of 
cyclohexane/n- heptane [58] or propane/propylene [55], with methanol/water even reach-
ing a COP of 12.9 [59]. For optimal energy efficiency, the compression ratio should be mini-
mized, which however is linked to a reduced approach temperature and driving force for 
heat transfer that can only be compensated by sufficiently large heat transfer areas. Thus, 
an optimal design seeks a tradeoff between heat transfer area and the compression ratio, 
simultaneously accounting for the specific structure and respective constraints [55].

Particular attention must be given to the distribution of the heat transfer area, which can 
seriously limit the applicability of internal heat exchangers along the height of the col-
umn [47, 55]. The successful implementation of a HIDiC design consequently depends on 
an appropriate hardware that accomplishes both heat and mass transfer at the same time. 
Furthermore, the trade- off between process design economics and process operation should 
be considered carefully for such a tight integration [21]. In order to enable the installation of 
a sufficient heat- transfer area, various configurations, such as multi- tube, multi- shell, or 
plate- type equipment have been proposed, which can either be considered as fractionating 
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Figure 12.7  Illustration of the HIDiC concept: (a) HIDiC with separate stripping and rectifying 
section operated at S1 and S2 > S1, respectively, (b) thermodynamically equivalent ideal integration 
in a single column shell, (c) HIDiC with separate stripping section and rectifier with different sizes, 
and (d) respective multi- diameter HIDiC in a single column shell. Source: Modified from [54].
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heat exchangers (e.g. shell and tube, platefin) or heat- exchanging  distillation columns (e.g. 
concentric columns, parallel columns, and partitioning- wall columns) [21, 54].

While the general concept of the HIDiC has been introduced by Mah et al. [60] in 1977 
and despite the proven potential for further energy improvements, a variety of different 
concepts for the implementation and several pilot- scale implementations, so far no final 
industrial application on plant scale has been reported [58, 61]. While the energy require-
ment of the HIDiC may approach the thermodynamic minimum in certain cases, Shenvi 
et al.  [62] showed that in case the temperatures profiles in both sections do not match, 
MVR with or without an intermediate heat exchanger can outperform the HIDiC. This is 
further supported by several other studies that evaluated the design of HIDiC and simpli-
fied heat pump- assisted distillation columns [63–65]. Even in case an ideal HIDiC is more 
energy- efficient than a simple heat pump- assisted distillation column, a simplified external 
combination of the rectifying and stripping section with few individual heat exchangers 
can provide a simpler and more economic design  [64, 66, 67]. While somewhat similar 
arrangements are applied also in air separation [63], a discrete HIDiC with three interme-
diate heat exchangers, termed Super HIDiC was developed by Toyo Engineering Corp. and 
is continuously operated as a methyl ethyl ketone fractionator in the Chiba Factory of 
Maruzen Petrochemical Co. Ltd in Japan [68–70]. Figure 12.8 provides an illustration of 
the process flow diagram and an image of the commercial plant [69].

As numerous studies have shown that the HIDiC concept can in certain cases provide energy 
savings of up to 70% compared with a conventional distillation column, research and develop-
ment of the practical implementation will continue. For all mechanical heat pumps, the invest-
ment for the compressor represents a major obstacle for a widespread implementation, which, 
however, may change in the future due to increasing energy prices or carbon taxes [47]. Besides 
further improvements on the practical implementation, efficient conceptual design tools will 
be an important asset in order to identify the most simple and effective heat pump- assisted 
distillation configuration, as simple heuristics may not result in the optimal choices [62].
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12.3   Sustainable Multiproduct Distillation Processes

While each individual split for a multiproduct separation can be improved by means of 
MED or heat pump- assisted distillation, as described in Section 12.2, additional options 
become applicable if three or more products are to be separated by means of distillation. 
This includes heat integration between adjacent distillation columns as well as the principle 
of TC and DWCs as the equipment- integrated equivalent. These options can be considered 
as modification of basic configurations, which result from the sequence in which the indi-
vidual products are to be separated. Following the definition of Agrawal [71], all configura-
tions that separate a mixture into np products with np − 1 columns are considered as basic 
configurations. Note, that within this section it is assumed that all products can be sepa-
rated in accordance with their boiling order, which is equivalent to the assumption of a 
zeotropic mixture in case all products are pure components. For azeotropic mixtures, spe-
cial distillation processes are required that either exploit the pressure- sensitivity of the 
azeotropes, the curvature of a distillation boundary, or a mass- separating agent, as further 
discussed in Section 12.4. Please refer to the work of Westerberg et al. [72], Doherty and 
Knapp [73], and Skiborowski et al. [74, 75] for further information on synthesis and design 
of azeotropic distillation processes.

Considering the separation of a zeotropic ternary mixture ABC into the three individual 
products A, B, and C (in order of decreasing volatility), the three possible basic configura-
tions, as well as an additional side- stream column are illustrated in Figure 12.9. The first 
two options (a) and (b) perform a sharp separation of either the light boiling product A 
(direct split) or the heavy boiling product C (indirect split) first, while the intermediate 
boiling product is separated in the subsequent column. The number of possible sharp split 
sequences (sequence of np − 1 binary distillation columns) increases exponentially with the 
number of products and can directly be calculated as [76]
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separation of three individual products: (a) direct and (b) indirect split sequence (both sharp splits), 
(c) sloppy split sequence with prefractionator, and (d) side- stream column.



12 Sustainable Distillation Processes446

Thus, while only the two sharp split sequences illustrated in Figure 12.9 are feasible for a 
ternary separation problem, this number increases to five for a quaternary separation prob-
lem and to 132 for the separation of seven individual products. The number of basic 
sequences can further be increased by consideration of sloppy splits and multi- feed side- 
stream columns, as illustrated in Figure 12.9c. These additional configurations are of spe-
cial interest for the design of thermally coupled DWCs and exploit that the sloppy split in 
the prefractionator is in fact the preferred separation, that is performed at minimum energy 
requirements with both sections being pinched [77]. Given a sufficient volatility difference 
between the individual products, the separation of np products may, however, also be per-
formed in less than np − 1 columns. For the ternary separation, such a side- stream column 
is illustrated in Figure 12.9d, assuming that the intermediate product has a lower boiling 
temperature than the saturated feed stream. Note, that unlike the prefractionator configu-
ration illustrated in Figure 12.9c, the side- stream column may not allow for a sufficient 
purification of all individual products [78, 79]. Nevertheless, as pointed out in Section 12.1, 
the crude unit of a petrochemical plant produces six product streams at once.

The following two sections will introduce the concepts of direct heat integration and TC, 
as well as the equipment integrated dividing wall column (DWC) concept. While these sec-
tions focus on the separation of three or four products, systematic methods for the synthe-
sis of all possible configurations, including all potential DWC configurations for general 
multicomponent mixtures have been presented in the literature [80–82]. In combination 
with shortcut models and global optimization methods, these configurations can be effec-
tively screened to identify the most energy- efficient option [83, 84]. Thus, there is no longer 
a need to rely on simpler heuristics, such as the ease of separation index [85]. However, 
more general heuristics, such as prioritization of the separation of toxic, hazardous, or cor-
rosive components, or thermal sensitivity of the components, should always be considered 
in addition to the energy requirements and costs of the individual process configurations.

12.3.1 Direct Heat Integration

While MED allows for the direct heat integration between columns that perform a binary 
distillation (cf. Section 12.2.3), similar integration between the condenser and reboiler of 
two columns can be performed for a sequence of columns in multi-product distillation 
processes. Of course, the condensation of the top vapor from one distillation column has to 
be performed at a sufficient temperature above the evaporation temperature of the bottoms 
product of the other column. Thus, similar to MED, direct heat integration between adja-
cent columns in a sequence requires the modification of the operating pressure of at least 
one of the columns, in order to generate a sufficient temperature difference for heat inte-
gration. This is exemplarily illustrated in Figure  12.10 for the direct split sequence (cf. 
Figure 12.9a). The Q, T- diagram on the right side of the nonintegrated sequence (left) illus-
trates that operation of the first column requires the provision of a heat duty QB,1 at a tem-
perature TB,1 while a heat duty QC,1 is dissipated at a considerably lower temperature TC,1. 
Since the bottoms product of the first columns represents the feed stream of the second 
column, the condensation temperature of the top product TC,2 and the evaporation tem-
perature of the bottoms product TB,2 are below and above the bottoms temperature of the 
first column (TB,1), when operated at the same pressure. Note that the illustration in 
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Figure 12.10 is simplified with respect to the Q,T- diagram, since at least the intermediate 
bottoms product of the first column will not evaporate at a single temperature, but over a 
temperature range depending on the VLE between the intermediate and heavy product. 
The same applies to the other reboiler and condenser in case the final products are not pure 
components.

Similar to MED, the temperature levels for condensation and evaporation can be shifted 
through modification of the operating pressure, allowing for direct heat integration, once 
the condensation temperature of the top product of the second column is sufficiently raised 
above the bottoms temperature of the first column. In this case, the operating pressure of 
the second column is increased (p2 > p1), such that the condensation temperature of the top 
vapor T T TC B, , min2 1 . The potential heat integration is illustrated in Figure 12.10 (right), 
for which an additional heat exchanger compensates for the difference in heat duties 
( Q Q Q1 2 2 1, , ,C B ). An additional preheater prior to the second column may also be con-
sidered to upgrade the feed to saturation prior to entering the column. Not accounting for 
this preheater, the heat- integrated process requires only provision of the heat duty of the 
second column ( QB,2 ), which, however, has to be provided at an increased temperature 
level ( T TB B, ,2 2 ) that may imply the necessity of a more expensive utility. Instead of rais-
ing the operating pressure of the second column, the first column of the sequence could 
also be operated at a lower operating pressure, which might furthermore be beneficial with 
respect to the VLE (cf. Section 12.2.1), but should consider the respective limits on the util-
ity for operating the condenser. Consequently, all of the previously introduced constraints 
and consequences related to vacuum or HP operation (cf. Section 12.2.1 and 12.2.2) should 
be accounted for, when evaluating the heat- integrated configuration. This also includes the 
possible formation of azeotropes that may render the separation infeasible. The same pos-
sibilities and considerations for direct heat- integration hold for the indirect sequence (cf. 
Figure 12.9b) and can be applied for any adjacent columns in multi-column sequences.

Distillation processes with four or more products may, however, also provide additional 
options for direct heat integration, without the necessity of modifying the operating pres-
sure. Two of these options are further illustrated in Figure 12.11 for the separation of a 
quaternary zeotropic mixture, with components A–D listed from light to heavy boiling. 
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In the first process configuration (left), the feed is initially separated into two fractions of 
the lower and heavier boiling components, which are subsequently separated in the second 
and third column. As the boiling point of component C is always above that of component 
B, direct heat integration can be applied between the second and third column, or both 
columns may be integrated into the basic sequence illustrated in Figure 12.9c. The second 
process configuration illustrated in Figure  12.11 (right) performs two direct splits and 
allows for direct heat integration between the first and the third column, if the ternary 
mixture produced as bottoms product of the first column has a lower boiling point as com-
ponent C, which is produced as top product of the third column. As such, feasibility of this 
configuration depends on the specific mixture and feed composition. However, it is impor-
tant to note that directly heat- integrated configurations like this are in certain cases more 
energy efficient as the fully thermally coupled configurations presented in the subsequent 
section. Refer to the article of Mathew et al. [86] for some specific case studies for quater-
nary and quinary separation problems.

When evaluating the possibility of direct heat integration for distillation processes, the 
evaluation should always go beyond the scope of the individual column sequence and cover 
as much of the surrounding background process as possible. This is best accomplished by an 
integration with classical pinch analysis [50], which nowadays is available as build- in option 
in process simulation software such as Aspen Plus (Aspen Energy Analyzer). Through com-
bination of pinch analysis and conceptual process design methods, such as shortcut meth-
ods [87, 88] or optimization- based design methods [89–91], an optimal integration of the 
distillation process and the background process can be sought. Thus, the required energy for 
a heat- integrated process may be covered by the background process [92] or given a suffi-
cient amount of heat is dissipated at the necessary temperature, even a nonintegrated pro-
cess configuration, such as the direct split sequence in Figure 12.12 may be integrated with 
the background process in such a way that the required heat duties are covered by the back-
ground process and distillation can be operated without the need for any external utilities.

12.3.2  Thermal Coupling and Dividing Wall Columns (DWCs)

While direct heat integration, as presented in Section 12.3.1, is sometimes referred to as TC 
via heat transfer [86], we will only refer to TC in the sense of a combined heat and mass 
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transfer, for which two columns, or adjacent column sections, are connected via vapor and 
liquid transfer streams. Any basic configuration can be converted into a TC configuration 
by exchanging the reboiler or condenser and the one- directional connecting stream with a 
bidirectional vapor and liquid transfer. All possible options for basic configurations, TC 
configurations and possible integration of these in terms of DWCs, as well as modified 
DWC with better controllability through the exchange of the bidirectional vapor and liquid 
transfer by a one- directional liquid- only transfer (LOT) [93], can be synthesized systemati-
cally, by means of an extended matrix method [80–82]. In the following, we will focus on 
the specific TC and DWC configurations for three and four- product separations, as these 
are the only configurations that have been applied in industry so far [94].

12.3.2.1  Three Product Separations
The transformation from a simple sequence to the TC and DWC equivalent is illustrated in 
Figure 12.13 for the sloppy split sequence. The first column acts as a prefractionator that 
separates the light boiler (A) and the heavy boiler (C), while distributing the intermediate 
boiling component (B). The subsequent columns perform the separation of the individual 
binary mixtures. Through optimal distribution of the intermediate boiling product, the pre-
fractionator performs the so- called preferred split  [77], which represents the minimum 
energy separation of the initial ternary mixture. As both subsequent columns produce the 
intermediate boiling product (B) at the adjacent column ends, both columns may be inte-
grated into a side- stream column, resulting in the basic configuration that was illustrated 
in Figure 12.9c.

This configuration can further be converted to the so- called Petlyuk configuration [95], 
by exchanging the reboiler and condenser of the prefractionator by means of the bidirec-
tional vapor and liquid transfer streams. It is termed fully thermally coupled configuration 
and represents the most energy- efficient configuration for a three- product separation, 
among all basic and thermally coupled configurations  [96]. In fact, it requires only the 
necessary energy required for the more difficult binary separation of either the low boiling 
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top product (A|BC) or the heavy boiling bottoms product (A|BC). Thus, the heat duty 
required by the fully thermally coupled configuration can conveniently be identified by 
 so- called Vmin diagrams  [97, 98], which plot the required vapor- to- feed ratio over the 
distillate- to- feed ratio. While these diagrams are mostly generated based on Underwoods 
method [99], it is important to note that this method assumes constant relative volatilities 
and molar overflow and it should be substituted by more rigorous methods if these assump-
tions do not hold [74].

An exemplary Vmin diagram for a three- product separation is illustrated in Figure 12.14. 
The lines in the diagram present the minimum vapor flow rate for different product recov-
eries depending on the D/F ratio in a simple column with an infinite number of stages. The 
vapor flow rate, in this regard, is representative for the minimum energy demand of the 
separation. Depending on the D/F ratio, the products obtained as distillate or bottoms 
streams change and are indicated by the respective visualizations. The peaks in the dia-
gram illustrate the minimum vapor flow rate for the individual sharp splits (A|BC and 
AB|C). The higher peak in the Vmin diagram indicates the more difficult split and corre-
sponds to the minimum energy demand of the fully thermally coupled configuration. For 
the exemplary diagram shown in Figure 12.14, the sharp split AB|C presents the highest 
peak and thus corresponds for this case to the limiting separation within the Petlyuk col-
umn or DWC. Therefore, the additional product splits in a DWC are covered by the excess 
in vapor required for this separation. The results of the Vmin diagram analysis provide an 
excellent basis for the initialization of a rigorous model- based design  [100] and provide 
lower bounds for process optimization [101].

Fully thermally coupled configurations can be generated for any number of products 
(np) in a similar fashion as indicated in Figure 12.13. They generally require np(np − 1) 
column sections and transfer all individual intermediate products [82]. Note that while 
the overall number of basic and TC configurations increases exponentially with np, there 
is only one fully thermally coupled configuration for any number of products. However, 
since it is not exclusively thermodynamically optimal, other simpler configurations with 
a lower number of column sections are usually competitive with the fully thermally 
 coupled configuration, depending on the separation problem. For ternary separations, 
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these simpler TC configurations are the side- rectifier and side- stripper configurations that 
result from TC of the direct and indirect sequence (cf. Figure 12.9).

The fully thermally coupled configuration enables energy savings of 25–45% in compari-
son to the basic sequences [21, 39, 94, 103] while additionally saving two heat exchangers. 
The energy savings result from reduced (re- )mixing effects of internal streams, particularly 
at the feed positions and the upper and lower ends of the columns [104]. The prefractiona-
tor plays a vital role as it enables additional flexibility in shifting the internal composition 
profile and allowing for optimal feed allocation. While the fully thermally coupled configu-
ration is the most energy- efficient configuration among all basic and thermally coupled 
configurations, it is not necessarily the most thermodynamically efficient and the range of 
feed compositions for which it is most favorable for a specific mixture can be quite lim-
ited [105, 106]. This is primarily related to the fact that fully thermally coupled configura-
tions require that heat is transferred at the highest possible temperature, while the top 
product needs to be condensed at the lowest temperature. As the pressure may not be mod-
ified for TC configurations with bidirectional vapor and liquid transfer, the operating win-
dow cannot be reduced in terms of the temperature. As for intermediate heat exchangers, 
the individual heat exchangers of the sloppy split sequence (Figure 12.13a) allow for heat 
transfer at reduced temperature levels and thus either the exploitation of lower quality 
steam as external utility or potentially lower value heat sources of the background process, 
while even if the energy requirement of the Petlyuk configuration (Figure 12.13c) is signifi-
cantly lower, all heat needs to be supplied at the highest temperature level. Therefore, the 
energy requirement should not be the only considered factor, when evaluating alternative 
process configurations. Moreover, the previous quantification as most energy- efficient 
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distillation process explicitly does not account for external heat integration, as indicated in 
the previous section, or heat pumps.

However, besides the energy savings, TC also allows for an implementation as an 
equipment- integrated DWC (cf. Figure 12.13d). Due to reduced costs of materials, piping, 
foundations, and space requirements, the DWC can further reduce capital investment by up 
to 30% [104, 107]. As the DWC is the thermodynamic equivalent of the TC configuration, it 
also allows for the separation of high- purity side products in contrast to simple side- streams 
columns (Figure 12.9d) and is considered as attractive retrofitting option. Despite these ben-
efits, it took almost 40 years from the introduction of the concept in 1949 by Wright [108] 
until the first industrial application of a DWC in 1985  [12] and published reports in 
1987 [109]. The number of applications continuously increased from roughly 25 DWCs in 
2002 [107] to more than 300 applications worldwide reported in 2019 [110]. Various applica-
tions, patents, and industrial implementations are listed by Kiss et al. [21, 39], Dejanović 
et al. [104], and Yildirim et al. [111], also covering the equipment- integrated equivalents of 
the side- rectifier and side- stripper that despite their dividing wall, which is either connected 
to the top or the bottom of the column, are oftentimes rather referred to as split shell col-
umns. While the design of a DWC is considerably more complex as the design of the basic 
sequence and still lacks predefined models in most flowsheet simulators, a variety of design 
tools have been proposed, which effectively overcome these limitations. A comprehensive 
review regarding DWC design methods has been provided by Waltermann and 
Skiborowski [101], while more recently the first equation- based equilibrium- stage parallel 
column model for a DWC has been implemented in ChemSep [112].

Concerns regarding DWC controllability, as another major reason for the initial slow 
acceptance in industry, have also been resolved by now. Various decentralized and central-
ized control schemes have been proposed for DWC and good controllability of DWCs has 
been proven, given the selection of a suitable control scheme [113]. Generally, the distillate 
or reflux, the bottoms product or boil- up, as well as the side- stream flow rate and the liquid 
split in the column can be manipulated to control the product purities and keep the heat 
duty low. However, the vapor split is not adjustable during DWC operation, such that the 
hydraulic design of the column considering the placement of the partitioning wall and the 
selection of the column internals are of vital importance, since they determine the pressure 
drop in the adjacent column sections and thereby the split ratio of the vapor stream along 
the partition wall. While Kaibel [109] stated that “no special measures are required for the 
distribution of vapor flow at the lower end of the partition” and that “distribution ratios can 
be varied from 2:1 to 1:2 with only minor disadvantages with respect to energy consumption 
and separation performance,” the importance of a careful hydraulic design is highlighted in 
multiple publications [114–116]. Apparently, the sensitivity depends on the specific separa-
tion task and was shown to be much higher in cases of close- boiling systems [117].

The associated malperformance risks can, however, be reduced significantly if vapor splits 
are avoided or externally controlled [114]. For the latter, two options for active vapor split 
control have been proposed so far, either building on special vapor split valves [118] or a spe-
cial type of chimney tray that allows for the introduction of an additional pressure drop 
[119, 120]. An interesting alternative to the active control of vapor splits has been proposed 
by Agrawal [93], who replaced the bidirectional vapor and liquid transfer with a one- directional 
LOT, which requires an additional column section and heat exchanger. The modification is 
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illustrated for the Petlyuk configuration in Figure 12.15. While the additional column section 
(N7 and N8) as well as the additional heat exchangers increase the necessary investment, they 
avoid any vapor split and enable an active control of the vapor flow rates on both sides of the 
dividing wall through the individual reboilers. However, unlike the sloppy split sequence 
with the side- stream column (cf. Figure 12.13b), the LOT configuration is thermodynami-
cally equivalent to the fully thermally coupled Petlyuk configuration and thus preserves the 
respective energy savings. As the heat duties of the reboilers (QB,1 + QB,2 ≈ QB) and condensers 
(QC,1 + QC,2 ≈ QC) merely represent a distribution of the heat duties of the reboiler and con-
denser of the Petlyuk configuration, following the liquid and vapor split, the additionally 
required investment is also not that pronounced [121].

Since the temperature difference across the partitioning wall is a limiting factor, which 
may result in an undesired heat transfer over the partitioning wall [122], a separate column 
design may be advantageous. While proper insulation of the dividing wall can significantly 
reduce undesired heat transfer [94], the mechanical stability of the partitioning wall should 
be checked for large temperature differences that exceed 30 K [123].

12.3.2.2  Four- Product Separations
While the concept of a DWC has been proposed for ternary separation almost 70 years ago, 
further application to quaternary separations were also introduced about 30 years ago by 
Kaibel [109]. Several studies have indicated energy savings of 40–50% for four- product sep-
arations [121] and Dejanović et al. [114] even comment on energy saving potentials of up 
to 57% for the separation of a multicomponent aromatics mixture. Yet, no industrial imple-
mentations with multiple dividing walls have been reported so far  [124, 125]. The only 
reported four- product DWC implementations are performed in a configuration with a sin-
gle dividing wall [125, 126], which is oftentimes referred to as Kaibel column. The specific 
DWC is illustrated in Figure 12.16a, together with the fully thermally coupled Sargent con-
figuration (b) and simplified version of the double- DWC (c). The Kaibel column is also 
termed 2–4 configuration, as it represents a thermally coupled configuration of a two- 
product and a four- product distillation column [127], comprises seven column sections, as 
well as a vapor and liquid split, together with a single reboiler and condenser. Representing 
a combination of the Petlyuk configuration and an additional side- stream column, the 
maximum purity of one of the side- stream products is somehow limited. However, the 
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design of the Kaibel column is only marginally more complex compared with the Petlyuk 
configuration.

On the contrary, the design of the Sargent configuration is much more complex as it 
represents the thermally coupled version of a two- product, a three- product, and a four- 
product column. Therefore, it requires the specification of twelve column sections, three 
liquid and three vapor splits, in addition to the aforementioned heat duties for the reboiler 
and condenser, as well as the side stream flow rates. Thus, overall, 22 design degrees need 
to be determined during conceptual process design. Based on the analysis of various sim-
plifications, Halvorsen et al. [127] conclude that especially the s2–3–4 configuration that 
requires a vapor split less than the Sargent configuration, comes with similar energy 
requirements as the Sargent configuration for most separation problems  [124, 127]. 
Different case studies indicate that the Sargent configuration may require 15–20% less 
energy than the Kaibel column [128, 129] and cost savings of about 15% [128]. However, 
the specific savings always depend on the separation problem and particularly the required 
purities of the two side- stream products [121]. In case of rather wide- boiling mixtures, the 
economic savings of the Sargent over the Kaibel column may not justify the added com-
plexity of the Sargent column [121]. In the end, the most appropriate configuration should 
be determined by a case- specific evaluation.

While not established in industry, at least theoretically the DWC concept can be expanded 
to separations of more than four products. Refer to the work of Madenoor Ramapriya 
et al. [80, 81] for a general methodology to generate such DWC concepts for an arbitrary 
number of products.

12.3.3  Innovative Combinations

While especially MED, MVR, and DWC are industrially established solutions for binary 
and ternary distillation processes [21, 39] and DWC have also been realized for four- product 
separations in terms of Kaibel columns [94], also integration of the different techniques 
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have been proposed to further improve the energy efficiency. Since the single measures 
allow for energy saving potentials from 20 to 50% compared with conventional distilla-
tion [39], further improvements may be expected when combining these techniques [47]. 
However, each approach also comes with limitations. For nonideal mixtures, any variation 
of the operating pressure may result in undesired modifications of the VLE, potentially 
impeding a separation by means of distillation. For DWC, pressure variation is not a direct 
option, because all column sections in the DWC operate at approximately the same pres-
sure, apart from the pressure drop of the specific equipment. While MED and DWC both 
allow for considerable energy savings, they also increase the temperature difference 
between the condenser and reboiler and thus heat sources and heat sinks. Therefore, a 
combination of the different techniques might not even be applicable at all and by any 
means requires a case- specific evaluation and potentially tailored design. In the following, 
two examples of such innovative combinations are described, which might be exploited on 
a broader basis.

The first example deals with a heat pump- assisted extractive DWC (see also Section 12.4.1), 
as proposed by Luo et al. [130] for bioethanol dehydration. An illustration of this configura-
tion is depicted in Figure 12.17 (left). Due to the large temperature difference between the 
condenser and reboiler for the fully thermally coupled DWC, the proposed MVR extension 
does not integrate heat between the compressed top vapor stream and the heavy boiling 
entrainer produced as bottoms product, but with the side- product in an additional interme-
diate reboiler. Thereby, the required temperature lift and the workload of the compressor 
are reduced.

While Luo et al. [131] report merely any energy savings and only little economic savings 
of about 7% for the thermally coupled extractive DWC compared with the non- integrated 
extractive distillation process, the combination with the additional heat pump enables 
energy savings of about 40% and additional economic saving potential, resulting in an 
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overall 24% cost reduction compared with the non-integrated extractive distillation pro-
cess. Of course, the complexity of such a two- fold integrated process is considerably higher, 
but Luyben [133] showed at least on a model basis that such a process can be controlled 
given a sufficient plant- wide control structure.

Another interesting combination of direct heat integration and TC was initially proposed 
by Agrawal [132]. Through modification of the thermally coupled configuration and with 
the aforementioned LOT [93], the individual columns can be operated at different pres-
sures. Thus, the LOT configuration does not only allow for a direct control of the vapor 
loads in the different columns, but also potentially enables further heat integration through 
appropriate pressure modification. By means of some approximate calculations based on 
constant relative volatilities, Agrawal [132] concluded that the heat- integrated fully ther-
mally coupled LOT configuration allows for the largest energy savings of up to 50% as 
compared with the fully thermally coupled configuration without heat integration, but the 
possible energy savings depend largely on the specific mixture and feed composition. For 
many feed composition, either the respective side- rectifier or side- stripper configuration 
provide similar potential for energy savings, but at the same time allow for a reduced tem-
perature lift. Therefore, Skiborowski [134] performed a more detailed investigation of the 
heat- integrated thermally coupled LOT side- rectifier configuration, which is illustrated in 
Figure 12.17(right). By evaluating the energy requirement of this configuration and com-
paring it with 19 alternatives, including the non-integrated basic configurations, different 
degrees of TC, direct heat integration, and MVR, Skiborowski [134] showed that the com-
bination performed specifically advantageous in terms of energy requirements, when pro-
cessing feed streams with larger fractions of heavy boiler in the inspected separation of a 
benzene–toluene–ethylbenzene mixture. While only a configuration with MVR for both 
columns in a direct sequence enabled higher energy savings at the expense of two compres-
sors, the integrated concepts allowed for energy savings of up to 30% compared with the 
fully thermally coupled Petlyuk column. However, a more rigorous process design indi-
cated that the 30% energy savings would be compensated by the reduced equipment costs 
of a fully thermally coupled DWC in case of a grassroot design. Yet, this shifts depending 
on the energy costs and depreciation period.

12.4   Separation of Close- Boiling and Azeotropic Mixtures

While Section 12.2 already introduced several concepts for improving the energy efficiency 
of binary distillation, classical heuristics suggest to rely on special distillation processes or 
combinations with other separation technologies in case the relative volatility drops below 
a threshold value of 1.1 [135]. As long as the relative volatility exceeds the lower limit of 1, 
such narrow- boiling systems can still be separated by distillation but only with a high num-
ber of theoretical stages and high reflux ratio, resulting in large equipment and utility costs. 
Azeotropic mixtures exhibit a relative volatility of 1 at a certain composition, such that 
according to the Greek translation, the liquid boils unchanged at this composition and, as 
such, cannot be separated by distillation. Apart from the possibility to exploit a pressure- 
sensitivity of an azeotropic composition by means of pressure- swing distillation, especially 
the exploitation of the effect of an additional mass separating agent (MSA) on the VLE 
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plays an important role in the separation of close- boiling and azeotropic mixtures. The fol-
lowing subsections provide a description of the most relevant distillation- based hybrid pro-
cesses, which still build on the combination of distillation with another separation 
technology, contributing to the same separation task [136]. Figure 12.18 provides an illus-
tration of the three most common distillation- based hybrid processes that exploit a MSA in 
form of a liquid entrainer.

The first two cases are generally referred to as azeotropic distillation processes. In extrac-
tive distillation (cf. Figure 12.18 (left)), the entrainer is fully miscible with the feed mixture 
but affects the relative volatility in such a form that it enables the separation of the azeo-
tropic mixture in a distillation column with an additional intermediate column section. In 
heterogeneous azeotropic distillation (cf. Figure 12.18 (center)), the immiscibility of the 
entrainer with the feed mixture is exploited through a combination of distillation columns 
that operate outside of the miscibility gap, while the condenser and potentially subcooled 
top vapor is separated in two liquid phases in an additional decanter, thus combining distil-
lation and liquid–liquid phase separation. The latter is further exploited to a larger extent 
in a hybrid process with liquid–liquid extraction (cf. Figure 12.18 (right)), in which distilla-
tion is used for thermal recovery of the entrainer. Note that the illustrated process concepts 
represent single examples of the respective type of processes. They are not only of interest 
for the separation of azeotropic and narrow- boiling mixtures but also in the case of strongly 
asymmetric feed compositions [24, 25].

All three of the aforementioned process concepts share the dependency of the MSA as an 
additional component that facilitates the separation by altering the thermodynamic prop-
erties of a given mixture. Therefore, it is not surprising that the selection of the MSA is 
considered as the key factor for a sustainable and economical design of these pro-
cesses [137]. Due to a tremendous number of possible candidates and constraints that have 
to be considered, the selection of an appropriate MSA can be a tedious and challenging 
task. Selection criteria usually relate to thermodynamic properties, such as selectivity and 
boiling point, as well as process parameters, like the minimal entrainer- to- feed ratio [138]. 
Additionally, general aspects, such as low corrosivity and toxicity, low heat of vaporization, 
a sufficient thermal stability, and high availability at acceptable costs, are important criteria 
that need to be considered [73, 139]. Unless the solvent is supposed to react with one of the 
feed components, it should be nonreactive, while any reaction should be reversible for a 
reactive solvent. The “12 Principles of Green Engineering” provide further guidance for a 
sustainable solvent selection [140].
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Figure 12.18  Exemplary process flow sheets for extractive distillation (left), heteroazeotropic 
distillation (center), and a hybrid liquid–liquid extraction–distillation process (right) for separating 
a mixture of A and B by adding a MSA S. Source: Based on [136].
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While still building on expert knowledge and heuristic guidelines, systematic tools for 
solvent selection and computer- aided molecular design (CAMD) have been established 
and are gaining practical relevance [141, 142]. In CAMD, candidate molecules or mixtures 
are generated and screened in an algorithmic procedure evaluating specific performance 
criteria based on thermodynamic prediction via group contribution or quantum chemical 
methods  [141]. The CAMD procedure can either build on a generate- and- test proce-
dure  [143] or a structural molecular optimization based on a MINLP formulation 
[144, 145], which may also build on an evolutionary algorithm [146]. The MSA candidates 
are either evaluated by simple performance indicators, such as selectivity and capacity, or 
process- specific shortcut methods [146, 147]. These tools are particularly valuable when 
integrated in a larger framework that finally pursues the design of an optimized pro-
cess [138, 148, 149]. Especially, the simultaneous consideration of MSA and process design, 
which is referred to as computer- aided molecular and process design (CAMPD) [141, 146], 
can reduce the possibility to settle for suboptimal solutions [138, 150]. For comprehensive 
insights in CAMD and CAMPD, we refer to the review articles by Austin et  al.  [145], 
Papadopoulos et al. [151], and Gertig et al. [141].

Besides the mentioned similarities of the considered processes, there are distinct differ-
ences in the concepts and the specific criteria that need to be considered for MSA selection. 
These specifics are further addressed in Sections 12.4.1–12.4.3. Furthermore, Section 12.4.4 
provides a brief introduction to membrane- assisted distillation processes, which intro-
duces additional options for the exploitation of hybrid separations for narrow- boiling and 
azeotropic mixtures. We also refer to the review paper of Skiborowski et  al.  [75] for a 
broader overview on the conceptual design of such distillation- based hybrid processes.

12.4.1  Extractive Distillation

Extractive distillation is one of the most prominent separation techniques in industry for 
the separation of narrow- boiling or azeotropic mixtures [152], especially if the number and 
composition of the existing azeotropes are insensitive to pressure variations. In extractive 
distillation, a solvent is introduced as a second feed stream into a distillation column gen-
erating an extraction section between the rectifying and the stripping section. The separate 
feed streams distinguish extractive from homogeneous azeotropic distillation, for which a 
solvent is simply mixed with the feed stream to facilitate a certain separation task by 
exploiting curvature of distillation boundaries [73]. Consequently, extractive distillation is 
more versatile in separating mixtures by allowing the recovery of intermediate boiling 
components  [152]. The presence of the MSA affects the activity coefficients of the feed 
components and is supposed to increase the relative volatility between the components in 
the feed mixture, allowing for the separation of narrow- boiling and azeotropic mixtures.

The most applied process concept, as illustrated in Figure 12.18 (left), is used to separate 
a mixture that forms a minimum boiling azeotrope by adding a heavy boiling MSA. The 
component in the feed mixture that shows higher affinity to the MSA is leaving the column 
as bottoms product, while the other component (in this case component A) is separated as 
top product. Note that the top products depend on the affinity with the MSA, not the pure 
component boiling temperature. The bottoms product is further separated in a subsequent 
simple column to recover the MSA, which is recycled back to the extractive distillation 
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column. The obtained purity of the solvent plays an important role as it affects the product 
recovery of the extractive column and the total energy consumption, especially in case of a 
heavy boiling solvent [152, 153]. While large boiling point differences between the MSA 
and the feed components are supposed to ease the separation in the solvent recovery col-
umn [138], resulting in increased interest in nonvolatile solvents, such as ionic liquids [154], 
thermal stability, utility availability, and costs should also be considered. While the depicted 
process configuration is the most prominent, a similar process concept with light boiling 
solvents could be as common as heavy solvents according to Laroche et al. [155] who inves-
tigated more than 400 mixtures. However, the application of light boiling MSA is reported 
to a much lesser extent in the literature [152], which might be related to the preference of 
obtaining products as distillate to avoid contamination by nonvolatile impurities. While 
also feasible, the use of intermediate boiling MSA is quite rare [156]. Any of the following 
discussions is based on the assumption of a heavy boiling MSA but can easily be transferred 
to the case of a light boiling MSA, for which the process flow sheet would transform from 
a direct to an indirect split sequence with the MSA being added below the feed and the 
products obtained as bottom products.

The desired modification of the relative volatility of the feed mixture is illustrated in the 
augmented xy- diagram in Figure  12.19 (right), while Figure  12.19 (left) illustrates the 
respective Gibbs triangle of the ternary system with the additional MSA. The dashed line 
represents the univolatility curve, for which the relative volatility αAB between the feed 
components is 1. The solid lines represent individual residue curves and indicate that the 
ternary mixture does not contain a distillation boundary despite the binary azeotrope 
between the feed components. For this particular case, the azeotrope is the unstable node, 
while the MSA is the stable node, meaning that all residue curves start from the azeotrope 
and end in the MSA vertex. Both components of the feed mixture (A and B) are saddle 
points and, therefore, not suitable as high purity products via simple distillation. This 
 specific type of feed- MSA combination dominates reports on extractive distillation with a 
coverage of over 90% of the conducted studies between 2000 and 2016 [152].
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Figure 12.19  Residue curve map (left) and pseudo binary equilibrium curve (right) for an 
extractive distillation process with a heavy solvent (S) separating a minimum boiling azeotropic 
mixture (A, B).
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As highlighted in Figure 12.19, the univolatility curve plays a decisive role in the design of 
extractive distillation processes. The intersection of the univolatility curve with the binary 
edge of the Gibbs triangle does not only determine which of the feed components can be 
separated as top product in the extractive column, but also provides an indication of the suit-
ability of the MSA, as it separates regions with different volatility order [157, 158]. The closer 
the intersection of the univolatility curve and the binary edge is to the pure component 
vertex, the lower is the amount of MSA required to enable the separation. This becomes 
apparent from the comparison between the Gibbs triangle and the augmented xy- diagram 
in Figure 12.19, which indicates that a separation of the feed components becomes poten-
tially feasible at a molar composition of the MSA of 25%. The separation is only potentially 
feasible, as depending on the amount of entrainer, additional limitations on the minimum 
and maximum applicable reflux ratio exists that limit the operating window of the extractive 
column [159]. Therefore, it is important to mention that extractive distillation is generally 
infeasible at total reflux and the stable operation depends heavily on the MSA- to- feed ratio.

In order to determine a suitable MSA, different performance indicators can be considered. 
Based on the relative volatility and the assumption of a constant ratio of the pure vapor pres-
sures for small deviations in temperature, the selectivity SAB for an extractive distillation 
 solvent with respect to the binary feed in the presence of the MSA is defined by [138, 160]:

SAB
A

B S

.
 

(12.4)

In general, a potential solvent should alter the relative volatility as far from unity as possi-
ble, which corresponds to a high selectivity. However, the activity coefficients and selectiv-
ity are strongly dependent on the liquid composition as well as the amount of solvent added 
to the system. Thus, oftentimes the selectivity at infinite dilution ( ) is considered instead:

SAB
A

B S

,
 

(12.5)

which enables the comparison of MSAs by a distinct value. This represents the maximum 
possible selectivity as the effect of the MSA decreases with decreasing amount of MSA [138]. 
The capacity CBS [160] is an additional factor for MSA selection and is defined as:

CBS
B S

1 .
 

(12.6)

Here, a small activity coefficient at infinite dilution BS refers to strong interactions between 
the solvent S and the solute B, which ends up in an increased capacity [138]. Oftentimes, 
high selectivity MSA exhibits low capacities [160]. In general, the selected MSA should be 
completely miscible with the feed and not introduce additional azeotropes to the sys-
tem [161]. Both are unlikely if the boiling point of the MSA differs by at least 30–50 K from 
the boiling points of the feed components [162]. While the selectivity and capacity provide 
good indication on the suitability of a MSA for extractive distillation, they do not provide 
any information on the effort necessary for MSA recovery. The latter requires at least the 



12.4 eSaration o  Closee-oiling and AAeotroSic  iitures 461

determination of the MSA- to- feed ratio, but in the best case considers the whole integrated 
process of extractive distillation and MSA recovery. For an integrated molecular and pro-
cess design, shortcut methods, such as the pinch- based method of Brüggemann and 
Marquardt [159], are providing an excellent basis to evaluate a large variety of MSA candi-
dates, while Kossack et  al.  [138] proposed a hierarchical framework for the conceptual 
design of extractive distillation processes, combining CAMD, shortcut methods, and rigor-
ous process optimization.

While extractive distillation is applied to a lower extent in industry than heteroazeotropic 
distillation [160], quite a number of processes rely on extractive distillation. One of the first 
industrial applications is the production of toluene and butadiene [156], which was later 
adapted by the petrochemical and chemical industry for versatile applications [156] with a 
capacity of hundreds of kilotons per year [161]. Extractive distillation is particularly used 
for the dehydration of aliphatic alcohols [163], as in the dehydration of (bio)ethanol with 
heavy solvents, such as ethylene glycol (with salts), glycerol, and tetraethylene glycol [156, 
157, 161]. A few further examples are the separation of acetone and methanol with water 
as heavy entrainer [16], the separation of C4 hydrocarbons from crude oil with acetone, 
acetonitrile, or dimethylformamide (DMF) [157, 161], the separation of C5 hydrocarbons 
with DMF  [157, 161], or the separation of methanol and methyl acetate in the methyl 
 acetate synthesis with water [157]. For a more detailed overview, we refer to the work of 
Gerbaud et al. [157] and Lei et al. [161].

Similar to simple distillation sequences, the energy efficiency of extractive distillation 
may be improved by the techniques introduced in Sections  12.2 and  12.3. Gerbaud 
et al. [157] present an overview of several studies that investigated heat- integrated extrac-
tive distillation, extractive DWCs, as well as heat pump- assisted extractive distillation. They 
summarize that heat integration can in some cases reduce energy requirements by 20–30%, 
while heat pump- assisted extractive distillation may even save more than 40% of the energy 
requirement, while reducing costs by more than 20%. Similar to the example investigated 
by Luo et al. [131] and reported in Section 12.3.3, Gerbaud et al. [157] also summarize only 
small improvements achieved by extractive DWC. These results are also confirmed by a 
recent optimization- based evaluation of several MSAs and process configurations for the 
separation of an azeotropic mixture of acetone and methanol  [164]. The results of this 
comparative evaluation are summarized in Figure 12.20, which indicates the optimized 
process performance of the different process configurations for the MSAs water, chloroben-
zene, and dimethyl sulfoxide (DMSO). An important result of this study, which was recently 
confirmed by a more sophisticated optimization approach [165], is the difference in the 
screening results when limiting the investigation to the basic extractive distillation configu-
ration. For the latter, DMSO is identified as the most suitable MSA providing the lowest 
total annualized costs (TAC). For this MSA choice, heat integration was not considered 
viable due to the limitation for utilities to resort to high- pressure steam, while MVR pro-
vided only little saving potentials, which also relates to the large temperature lift caused by 
the high boiling point of DMSO. On the contrary, water as naturally sustainable solvent 
provides considerable potential for heat integration and enables TAC savings of around 
20%. Yet, process design might focus on a different candidate, when considering energy 
integration only as a subsequent step of process design, as proposed in the hierarchical 
frameworks [164, 165].
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12.4.2  Heteroazeotropic Distillation

Unlike extractive distillation, heteroazeotropic distillation or heterogeneous azeotropic 
distillation builds on the partial immiscibility of the MSA and the feed mixture, while 
specifically exploiting the presence of a heterogeneous azeotrope. The latter is generally 
a minimum boiling azeotrope. The feasibility of a heteroazeotropic distillation process 
depends on the topology of the Gibbs triangle, specifically the number and type of azeo-
tropes as well as the size of the miscibility gap, which may further depend on the tem-
perature. In the standard configuration illustrated in Figure 12.18 (center), the top vapor 
stream of one of the columns has a composition located inside the miscibility gap, repre-
senting either the minimum boiling heteroazeotrope or at least a composition inside the 
miscibility gap at the temperature of the decanter. The decanter performs a liquid–liquid 
phase split, which allows for the production of two separate liquid phases of which at 
least one is located in another distillation region and as such enables the combination of 
distillation and decantation to produce two products in separate distillation regions 
effectively crossing the distillation boundary. While other non-standard configurations 
of the distillation column and the decanter are possible [166, 167], the presented configu-
ration is the most common variant. The process configuration is further illustrated with 
an exemplary Gibbs triangle diagram in Figure  12.21 illustrating the separation of a 
binary azeotropic mixture of components A and B with a MSA S, which forms binary 
azeotropes with both components (one homogeneous and one heterogeneous) as well as 
a ternary heterogeneous azeotrope. As a result, the Gibbs triangle is separated in three 
distillation regions with the ternary heteroazeotrope being the single unstable node and 
all pure components being stable nodes. Thus, both components can be produced as bot-
toms product, while the top vapor from the column may be condensed and potentially 
subcooled to further exploit the liquid phase split in the decanter. In this particular case, 
the miscibility gap occurs between the solvent and component B. Since the topology of 
the Gibbs triangle is considerably more complex compared with the extractive distilla-
tion case in Figure  12.19, the mass balance lines for the individual unit operations 
(colored lines), as well as liquid composition profiles for both columns (dashed lines) are 
introduced in the Gibbs triangle.
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Figure 12.21  Heteroazeotropic distillation process (left) and Gibbs triangle (right) for a 
heteroazeotropic distillation process with a MSA (S) separating an azeotropic mixture (A, B).
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In the given example, the feed stream is richer in component B than the binary azeotrope 
of the feed mixture. Thus, the first column produces this component as bottoms product 
while generating a top product close to the distillation boundary located inside the Gibbs 
triangle, due to the addition of the MSA agent, which is primarily recycled as top product 
of the heteroazeotropic distillation column. The latter effectively crosses the distillation 
boundary by producing component A as bottoms product, while producing a top vapor 
stream close to the ternary heteroazeotrope which is condensed and potentially subcooled, 
before it is separated in the decanter into a solvent- rich (reflux) and a solvent- lean (prod-
uct) phase. It is important to note that the reflux R2 and the top product D2 may be equal to 
the individual liquid phases or may be mixed to a certain extent. As mentioned before, 
heteroazeotropic distillation may be performed in other process configurations depending 
on the specific topology of the Gibbs triangle with respect to the vapor–liquid–liquid 
 equilibrium (VLLE) and liquid–liquid equilibrium (LLE) [73, 167, 168].

Identifying unique selection criteria for solvents in heteroazeotropic distillation pro-
cesses is a complex task, because the existence and location of multiple azeotropes, as well 
as the form and size of the miscibility gap need to be determined and analyzed. While the 
feasibility and potential process configuration for new system can be conveniently designed 
by means of a graphical analysis of the residue curve map and the miscibility gaps [73], this 
approach is limited in practice to ternary systems, i.e. a binary feed mixture and a pure 
component MSA  [169]. As a consequence of this limitation, algorithmic methods for 
 solvent screening of suitable MSA have not been applied to heteroazeotropic distillation 
processes so far.

Once a suitable combination of MSA and process configuration has been identified, the 
specific process needs to be evaluated by means of simulation or optimization studies in 
order to evaluate the performance and compare it with alternatives. An important aspect 
that needs to be considered in the evaluation is the correct solution of the VLLE, which 
usually requires a special approach to quantify phase stability [170, 171]. For each equilib-
rium tray, either VLE or VLLE calculations need to be performed. The restriction to just 
VLE calculations typically results in considerable qualitative errors  [172, 173]. Process 
simulators usually deal with this issue by starting the simulation with either VLE or VLLE 
computations and performing intermediate adaptions based on a separate phase stability 
test  [174], which builds either on the Gibbs tangent plane criterion [175] or performs a 
global optimization of Gibbs free energy [176]. As the latter is computationally demanding, 
other hybrid methods based on homotopy continuation [177, 178] combine improved reli-
ability with increased computational efficiency. An efficient integration of such a phase- 
stability test for the optimization- based design of heteroazeotropic distillation processes is 
presented by Skiborowski et al. [169], who also provide a more general overview on the 
different modeling and design methods. It is important to note that the possible liquid 
phase separation should be considered during equipment design, especially with respect to 
steady hold- up in e.g. the liquid distributer. However, as pointed out by Doherty and 
Knapp [73], mass- transfer efficiency and hydrodynamic performance are not considered 
much of a problem in practical applications, as de- mixing of the liquid on the plates of tray 
column is highly unlikely due to violent agitation by rapid bubbling of the vapor phase.

The most prominent industrial application of heteroazeotropic distillation is the dehy-
dration of alcohols, which was first applied for ethanol dehydration in 1902 using benzene 
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as entrainer [179]. A batch process was later patented in 1903 by Young and a continuous 
process in 1915 by Kubierschky  [73]. Formerly, benzene was the state- of- the- art 
 solvent [180], which was later exchanged by cyclohexane due to its less harmful proper-
ties [181, 182]. An exemplary comparison of alternative solvents for ethanol dehydration is 
presented in Figure 12.22. The reported TAC are the result of an individual process optimi-
zation, considering the process configuration illustrated in Figure 12.21 and a feed stream 
with an ethanol composition of 6 mol% and a flow rate of 10 mol/sec [183]. While all inves-
tigated MSA have been reported as suitable candidates in the literature [180], cyclohexane 
and hexane provide more than 15% cost savings compared with iso- octane and toluene. 
Similar to extractive distillation, also heteroazeotropic distillation processes may be 
improved through application of the options for energy integration presented in 
Sections 12.2 and 12.3. According to the work of Wu et al. [184, 185], especially TC and 
DWC provide a considerable potential for the improvement of heteroazeotropic distilla-
tion. This is confirmed for the considered example of ethanol dehydration with cyclohex-
ane as MSA, for which the TAC can be reduced by additional 11%, when the heteroazeotropic 
distillation is implemented in a DWC in terms of a split shell configuration [164]. As illus-
trated in Figure 12.22 (right), neither direct heat integration nor MVR allow for a reduction 
of the TAC, while MVR could reduce the energy requirement.

Other examples of heteroazeotropic distillation include the purification of butyl acetate, 
and vinyl acetate [181], or the separation of formic acid and acidic acid with chloroform [16]. 
Further examples and illustrations of the respective residue curve maps are provided by 
Doherty and Knapp [73]. Blass [160] concludes that heteroazeotropic distillation processes 
are applied almost four times as often in industry as extractive distillation processes.

12.4.3  Hybrid Extraction–Distillation Processes

Liquid–liquid extraction is another option to separate narrow- boiling and azeotropic 
 mixtures by addition of a MSA that introduces a miscibility gap. However, unlike heter-
oazeotropic distillation, a countercurrent contacting of the solvent and the feed mixture, 
which is assumed to contain a low amount of dissolved product in a carrier, is performed 
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in an extraction column or mixer- settler battery, producing a product- rich extract phase of 
the MSA and a product- lean raffinate phase of the carrier. Liquid–liquid extraction is fre-
quently used for the separation of highly diluted solutions [186]. In order to recover the 
MSA, a subsequent distillation is predominantly used for thermal regeneration, while 
other non-thermal regeneration options, such as (reactive) back extraction with tempera-
ture-  or diluent- swing [187], are used in case neither the product nor the MSA are volatile.

A classical flowsheet of an extraction–distillation hybrid process for the separation of an 
azeotropic mixture with a volatile MSA is depicted in Figure 12.23 together with an illustra-
tion of the according Gibbs triangle, highlighting the miscibility gap and the mass balance 
lines of the extraction and distillation column. The feed mixture is countercurrently con-
tacted with the MSA, which, in the best case, is completely immiscible with the carrier, 
while preferentially extracting the product, leaving the extraction column on the bottom as 
extract stream. The lighter carrier leaves the column on top as raffinate stream. In case the 
MSA does not form an azeotrope with the product component, the recovery column is a 
simple distillation column, which depending on the operating temperature of the extrac-
tion column and a possible solubility of the carrier stream in the MSA, is followed by an 
additional decanter prior to the extraction column. Depending on the solubility of the MSA 
in the carrier stream and resulting raffinate composition, additional treatment of the raffi-
nate might be necessary.

Suitable MSA for liquid–liquid extraction obviously need to induce a sufficient miscibil-
ity gap in the system, whereas the size and the orientation of the liquid–liquid tie- lines 
directly correlate with the separation performance. The larger the miscibility gap and the 
stronger liquid–liquid tie- lines are oriented toward the carrier, the easier the separation by 
liquid–liquid extraction [188]. As a quantitative measure, the solvent loss can be estimated 
by the inverse of the activity coefficient at infinite dilution of the solvent in the raffinate 
phase [188]:
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Figure 12.23  General process flow sheet of a liquid–liquid extraction–distillation hybrid process 
(left) and the corresponding Gibbs triangle for the separation of a azeotropic mixture (A, B) with a MSA S.
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Comparable to extractive distillation, the selectivity (cf. Eq.  (12.5)) and the capacity (cf. 
Eq. (12.6)) are good performance indicators of a solvent candidate. While a high selectivity 
generally benefits the separation performance, a high capacity relates to reduced amount 
of MSA for the separation and, therefore, the required energy demand in the subsequent 
MSA recovery. Besides the previously introduced definitions, the capacity and selectivity 
for an extraction solvent can be estimated by the distribution coefficient KA of the solute 
A and the ratio of the distribution coefficients of A and the carrier B, respectively [188]:
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Moreover, the selection should consider the density difference of the extract and raffinate 
phase, which can be estimated by the difference of the solvent and the raffinate main com-
ponent. A high density difference is preferred to ease phase separation, while at least a 
difference of 50 kg/m3 should be realized [16]. The interfacial tension should be small to 
increase the mass transfer area at the risk of emulsion formation [188]. However, this effect 
is compensated by a high density difference as well as a low viscosity [189]. Preferentially, 
low viscosities similar to water should be aimed for to increase the mass transfer [16]. A 
comprehensive overview of the different criteria for an extraction solvent is given in [188]. 
While MSA selection mostly focuses on liquid–liquid extraction, the secondary separation, 
in this case distillation, should be considered in determining the optimal MSA choice, not 
only accounting for boiling points and relative volatilities, but also the energy and costs for 
solvent recovery.

While the amount of MSA required to accomplish the primary separation in the extrac-
tion does of course correlate with the necessary effort for solvent recovery in the secondary 
separation, it is important to note that it is not the only factor that needs to be taken into 
account since a higher affinity of the product to the MSA also results in a higher effort for 
MSA recovery. This is illustrated for the results of a computational screening of possible 
MSAs based on thermodynamically sound shortcut models by Scheffczyk et al. [147] for 
the purification of an aqueous γ- valerolactone (GVL) stream with a feed composition of 
5 mol% of GVL and a flow rate of 100 mol/sec. Based on an initial screening of 4500 candi-
date molecules, more than 1400 MSA candidates are identified, which form a miscibility 
gap without introducing additional azeotropes. Figure 12.24 (left) illustrates the derived 
minimum amount of MSA (Smin) and the minimum energy requirement for MSA recovery 
(Qmin) using the shortcut methods of Redepenning et al. [190] and Bausa et al. [191]. While 
the minimum energy requirements also relate to low minimum amounts of MSA, the 
results indicate that low minimum amounts of MSA do not guarantee low energy require-
ments for solvent recovery. The results of the study further indicated the large potential of 
such computational MSA screening, resulting in more than 150  MSA candidates that 
show  the potential to outperform the considered benchmark solvent butyl acetate. The 
large list of possible candidates can effectively be narrowed down considering additional 
criteria on availability, price, and health and safety criteria. Based on such considerations 



12 Sustainable Distillation Processes468

Kruber et  al.  [149] selected four of the promising MSA candidates and performed an 
optimization- based design of the processes seeking the minimal TAC. The results are sum-
marized in Figure 12.24 (right) indicating economic savings of about 50% for the solvents 
2- methyl furane and 3- methyl furane, as well as about 30% for the widely available toluene.

Anyhow, it should be considered that the detailed design of an extraction process is not a 
trivial task and oftentimes requires special equipment with mechanical agitation in order 
to provide sufficient phase contact area, accounting for the much smaller density differ-
ence between the occurring phases. For a mixer- settler setup, the phase contact is estab-
lished by the impellers in the mixing step, while extraction columns are often implemented 
as either stirred or pulsed columns [192]. While the common approach for the design of 
such processes builds on a sequential selection of a suitable solvent, conceptual process 
design, and the design of the extraction equipment [193], current research effort aims at an 
integration of MSA selection and profound process models to avoid suboptimal process 
designs [147, 193].

Industrial application of liquid–liquid extraction in columns was firstly introduced in 
1889 [160] and is predominantly used for the separation of metal ions and for the purifica-
tion of temperature sensitive and/or highly diluted product streams [16]. As the latter ones 
oftentimes occur in the downstream processing of bio- bases processes, liquid–liquid extrac-
tion is a common technique to recover the desired product, such as carboxylic acids 
[186, 194]. In the area of process wastewater treatment, liquid–liquid extraction plays a key 
role to reduce the content of contaminants and leftovers, like phenol or aniline, with e.g. 
 naphtha or methyl isobutyl ketone as solvents [195].

12.4.4  Membrane- Assisted Distillation Processes

Membrane separations are not limited by the presence of azeotropes or close- boiling com-
ponents in multicomponent mixtures and therefore have been claimed to enable energy 
savings of up to 90% when compared with distillation  [17]. However, this comparison 
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usually does not account for the possible energy savings that can be accomplished by the 
methods introduced in the previous sections and while the thermodynamic efficiency of 
especially pressure- driven membrane processes, such as nanofiltration, reverse osmosis, or 
gas permeation, can be extraordinarily high, the efficiency drops significantly [23] with an 
increasing recovery. Consequently, membrane processes are often economically unviable if 
sharp splits characterized by high purities and recoveries are desired, for which multistage 
processes with recycle streams are required  [75]. Considering both aspects, Agrawal 
et al. [15] present an exemplary evaluation of the thermodynamic efficiency for a propyl-
ene/propane separation, comparing a heat pump- assisted distillation process with a multi-
stage gas permeation process. For the specific case study, the heat pump- assisted distillation 
process was twice as efficient as the gas permeation process. It is important to note that this 
is not a general result but it illustrates that membrane processes should not generally be 
considered more energy efficient.

In order to overcome limitations of the individual technologies, hybrid processes com-
bining a suitable membrane process with distillation provides particular potential for the 
separation of close- boiling and azeotropic mixtures. Particularly, hybrid processes based on 
a combination of distillation and pervaporation (PV) or vapor permeation (VP) have found 
widespread implementation. PV- assisted distillation was first proposed by Binning and 
James in 1958 [196] but not implemented before the late 1980s [197]. Lipnizki et al. [197, 
198] and Baker [199] present elaborate overviews of various applications that focus mostly 
on the dehydration of organic streams, especially the concentration of alcohols with hydro-
philic membranes as well as the removal of small amounts of volatile organic compounds 
from contaminated water by means of hydrophobic membranes. In recent years, organic–
organic separations by organophilic membranes are actively investigated and have been 
used for solvent separations such as toluene–heptane, methanol–benzene, and methanol–
toluene [13]. Another application is the separation of isomers, such as o- xylene, m- xylene, 
p- xylene, and ethyl benzene and dichlorobenzene isomers [200].

However, other membranes, such as organic solvent nanofiltration membranes, may also 
be combined with distillation in order to enable an overall improved energy efficiency of 
the hybrid process [201, 202]. As for the previously presented distillation- based processes, 
the respective process configurations depend on the mixture to be separated and the type 
of membrane process and its separation characteristics  [203]. Since the latter depends 
strongly on the specific membrane and usually cannot be predicted, a tight integration 
between an experimental and model- based assessment enables a directed development 
process [204]. This evaluation should also take the presented options for energy integration 
into account, which may further be extended by innovative configurations, such as the 
heat- integrated hybrid distillation PV process presented by del Pozo Gomez et al. [205].

12.5  Summary

Due to its unique capability to produce two or more products at high purity, distillation will 
maintain its important role as a leading unit operation for fluid separations in downstream 
processing. As presented in the current chapter, a whole portfolio of options is available for 
improving the energy efficiency of distillation processes, making them more sustainable. 
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The optimal process configuration depends on the specific separation problem as well as its 
integration in the overall process or site, considering the integration with other unit opera-
tions and the utility system. Given the widespread implementation and considerable 
energy consumption of distillation processes, the various options for heat and mass inte-
gration provide an immense potential to reduce the energy consumption in the chemical 
industry and reduce the related greenhouse gas emissions.

As recently pointed out by Agrawal et al. [15], the consideration that distillation is the 
most energy- intensive unit operation for fluid separations and that distillation technol-
ogy is mature are common misconceptions, which are particularly founded in the lack of 
detailed comparative evaluations of thermal and non-thermal separation processes, 
which are based on a fair comparison that considers the potential for energy- integration. 
As already pointed out by Cussler and Dutta [23], other separation technologies can sig-
nificantly outperform distillation for certain separation tasks, but also suffer a significant 
drop in efficiency when targeting sharp splits that are usually addressed by distillation. 
Consequently, energy integration and especially heat pump- assisted distillation as well 
as hybrid processes are of special interest when designing energy- efficient separation 
processes [24, 25].

Thus, although classical distillation columns and the specific equipment can be consid-
ered a robust technology, the design of energy- efficient sustainable distillation processes 
has experienced significant progress in recent years  [15, 21] with plenty of prospect 
ahead [26]. The problem in process design has shifted from simulation and optimization of 
a specific option to efficiently addressing the versatility that comes with the tremendous 
number of options that result from the different means of energy integration. Heat pump- 
assisted distillation allows to run the thermal separation process primarily by electrical 
energy, providing an enormous potential for improving the sustainability of existing pro-
cesses by exploiting renewable energy sources [15]. Finally, the most sustainable and eco-
nomically affordable process needs to be identified to foster the implementation of more 
sustainable distillation processes in the context of the overall process or even total site 
integration. Consequently, the separation process should be evaluated in the context of the 
overall available heat sources and sinks, considering classical pinch analysis [50, 51] but 
also extensions for heat and work integration [206]. Furthermore, controllability should be 
considered as additional important aspect for a practical implementation, as it is fairly true 
that the degree of heat integration and controllability are likely to have an inverse rela-
tion [84]. After all, distillation- based processes show a considerable potential for improve-
ments in terms of sustainability, but still require the development of advanced methods to 
guide and support the process engineer in identifying the best solution from a complex and 
large set of alternatives.
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13

13.1  Introduction

Solvents, and dissolution in general, have been an integral part of numerous industries for 
hundreds of years. As early as the fifteenth century, alchemists were already searching for 
solvents to aid dissolution processes. In particular, they sought to find the so- called univer-
sal menstruum, a universal solvent that possessed the power to remove all seeds of disease 
from the human body. Throughout the century, solvents have gained increasing attention, 
and nowadays, they encompass our lives. From the production of life- saving drugs to the 
manufacturing of coffee machines, solvents play a vital role in modern society. Particularly, 
in the chemical industry, solvents are necessary auxiliaries in processes, and most of the 
manufacturing methods require various kinds of solvents [1].

The word “solvent” originates from Latin. The verb “solvo” means to loosen or untie; this 
corresponds to the key property of solvents, which loosens the intermolecular bonds 
between the solute molecules, separating them from each other. The definition of solvents 
is a subject of debate. The International Union of Pure and Applied Chemistry nomencla-
ture provides the following definition for solutions, solutes, and solvents: “[A solution is] a 
liquid or solid phase containing more than one substance when, for convenience, one (or 
more) substance, which is called the solvent, is treated differently from the other sub-
stances, which are called solutes.” Solid solutions (e.g. alloys or plasticizer- containing poly-
mers) are materials in which one compound (solute) is randomly incorporated into the 
crystal structure of another compound or in an amorphous solid (solvent). The Oxford 
Dictionary and Encyclopedia Britannica give a different, more straightforward definition, 
which narrows down the concept of solvents by excluding solids: “[A solvent is a] liquid in 
which other materials dissolve to form a solution.” Ignoring the solids in the definition can 
be justified because the dissolution phenomenon always occurs in the liquid phase, except 
for one particular example: at room temperature and atmospheric pressure, solid palla-
dium can absorb and dissolve hydrogen up to 900 times its volume. An ultimate definition 

Yus Donald Chaniago1 and Moonyong Lee2

1 Ulsan National Institute of Science and Technology, Ulsan, South Korea
2 Yeungnam University, Gyeongsan, South Korea

Recovery of Solvents and Fine Chemicals



13  Recovery of Solvents and Fine Chemicals484

can be worded for this chapter as follows: Solvents are substances present in a liquid form 
under the conditions of their applications and in which other substances can dissolve, and 
from which they can be recovered unchanged upon removal of the solvent. Many sub-
stances conform to this definition, practically all those that can be liquefied under given 
conditions. Subsequently, the definition is not very helpful unless the word “application” is 
stressed, implying that the solvents and solutions in them ought to be applicable for some 
purpose. The essential solvent of nature is water. Life is unimaginable without water, and 
it can be found almost everywhere on Earth. The human race has also used it as a solvent 
for many applications since the dawn of mankind. The present chapter will focus on 
organic solvents, which are extensively used in industrial production. The synthesis and 
production of organic solvents have been one of the biggest successes of early chemical 
science. Since the Second Industrial Revolution at the end of the 1800s, organic solvents 
have gained importance in various industrial processes. However, during the twentieth 
century, their adverse effects on health and the environment saw the light of day. In parallel 
with the increasing emphasis on sustainability and safety, organic solvents have become a 
concern [1].

The chemical industry is divided into branches, with fine chemicals acting as the small-
est segment; its partners are commodities and chemicals. Commodity chemicals are mass- 
produced on a large scale to supply global markets. They consist of general compounds that 
are the same from supplier to supplier. Specialty chemicals are often sold as brand- name 
products and are marketed for their unique qualities and abilities to perform functions that 
other chemicals cannot. They consist of one or more fine chemicals.

Heavy chemicals are chemicals that are used extensively in industries, which are pro-
duced in vast quantities. Fine chemicals are chemicals produced in small quantities for 
specific purposes to a very high degree of purity. Fine chemicals are complex, single, pure 
chemical substances produced in limited quantities in multipurpose plants by multistep 
batch chemical or biotechnological processes. They are described by exacting specifica-
tions, used for further processing within the chemical industry, and sold for more than 
$10/kg (see the comparison of fine chemicals, commodities, and specialties). The class 
of fine chemicals is subdivided based on the added value (building blocks, advanced inter-
mediates, or active ingredients) or the type of business transaction, namely standard or 
exclusive products.

Fine chemicals are produced in limited volumes (<1000 tons/year) and at relatively high 
prices (>$10/kg) according to exacting specifications, mainly by the traditional organic 
synthesis in multipurpose chemical plants. Biotechnical processes are gaining ground. The 
global production value is approximately $85 billion. Fine chemicals are used as starting 
materials for specialty chemicals, particularly pharmaceuticals, biopharmaceuticals, and 
agrochemicals. Custom manufacturing for the life science industry plays a big role; how-
ever, a significant portion of the total production volume of fine chemicals is manufactured 
in- house by large users. The industry is fragmented and extends from small, privately 
owned companies to divisions of large, diversified chemical enterprises. The term “fine 
chemicals” is used in distinction to “heavy chemicals,” which are produced and handled in 
large lots and are often in a crude state.

Producing fine chemicals is specialized. Because of this, fine chemistry cannot occur on 
a large- scale basis. Consequently, the prices of these materials tend to be high. Some 
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processes that sometimes produce fine chemicals are chemical synthesis, biotechnology, 
extraction, and hydrolysis.

1) Chemical Synthesis: Chemical synthesis uses one or more chemical reactions that 
change raw materials or other chemicals into a product or multiple products. Chemical 
synthesis has helped chemists learn the physical and biological properties of many 
compounds.

2) Biotechnology: Biotechnology is the field of using organisms or their life processes to 
create technologies that make our health and world better. There are three areas of bio-
technology. These are biocatalysts, biosynthesis, and cell culture technology.

3) Extraction: Extraction involves isolating and purifying products from animals and 
plants. Some of these products might be alkaloids, antibacterial, steroids, protein hor-
mones, and polysaccharides. These are all useful in making pharmaceuticals, foods, and 
cosmetics.

4) Hydrolysis: Hydrolysis is a chemical process that uses water to break a chemical com-
pound bond. It is used to produce fine chemicals to break down proteins into amino 
acids using heat as a catalyst.

Once fine chemicals are isolated from or synthesized using other materials, these genu-
ine, high- quality products can be used in many different industries. They can be combined 
with other substances to form the ingredients of specialty chemicals. They may end up 
becoming food flavors, agricultural insecticides, resins, liquid crystals for TVs, and more. 
However, the most prevalent function of fine chemicals is as active pharmaceutical ingre-
dients (API); that is, they make medicines effective.

The products that are obtained from the synthesis of fine chemicals are classified by the 
way they are sold. They may belong to either the exclusive category or the standard cate-
gory. Exclusive fine chemicals are custom- manufactured for a proprietary product. 
Companies that commission these exclusive products are sometimes the only ones who 
know precisely how they are used. These tend to be the most expensive and limited in 
production.

Common examples of fine chemicals are ethylene, propylene, methanol, benzene, tolu-
ene, xylenes, phthalic anhydride, poly(vinyl chloride) soda, and sulfuric acid, propylene 
glycol methyl ether (PGME), and propylene glycol methyl ether acetate (PGMEA).

13.2  Challenge

Continuous population growth, economic development, and accelerated industrial advance-
ments have led to increased energy demands and costs, and the need to employ efficient, 
sustainable processes is growing with the need to comply with stricter environmental regu-
lations [2–8]. One of the challenges faced by the manufacturing industry is to enhance fab-
rication output, while reducing the production footprint related to energy expense, 
environmental pollution, and social issues [9]. The chemical industry is predicted to grow 
rapidly until 2030 [10], and solvents have already been an integral part of various industries 
for hundreds of years [1]. However, inefficient processes and poor solvent selection have led 
to concerns over environmental pollutant emissions and health and safety issues [11]. The 
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United States Environmental Protection Agency (US EPA) has projected that the growth of 
the chemical market could lead to solvent emissions equivalent to 10 million metric tons of 
CO2. This quantity of chemical emissions accounted for up to 62% of the total emissions in 
2017, and was consequentially associated with an increase in global warming potential 
(GWP)  [11]. The industries identified as significant sources of chemical waste are fine 
chemicals [12], pharmaceuticals [12], and semiconductors [13, 14]. For example, the raw 
materials required to produce APIs can be up to 80–90% solvent by mass [15, 16], with typi-
cal recovery efficiencies of 50–80% [17]. Furthermore, due to purity concerns, solvents are 
often disposed of after one process cycle, impacting process sustainability [15, 16, 18, 19].

Many industrial processes are now being inspected to address the sustainability issue 
associated with solvent consumption [19–22]. The amount of waste produced in industrial 
processes is represented by the E- factor: a higher E- factor means more waste (water is gen-
erally excluded); therefore, a more significant environmental footprint. Ideally, the E- factor 
should be zero  [23]. The oil refining industry (E- factor < 0.1), bulk chemicals industry 
(E- factor < 1–5), and fine chemical or pharmaceutical sectors (E- factor 25–100) [24, 25], 
are some notable examples.

In the semiconductor industry, large quantities of various solvents are utilized in pro-
cessing  [13] and significant quantities of waste solvents are generated  [14]. Poor waste 
treatment is a critical issue because numerous waste solvents discharged from the process 
are incinerated at high temperatures  [26]. Incineration of waste provides a last- resort 
option for environmentally acceptable disposal; however, it can discharge acidic gases and 
other highly persistent environmental pollutants into the atmosphere [27–29], resulting in 
detrimental effects on human health through respiratory exposure and food chain con-
tamination  [30]. In addition to the fact that incineration methods require sophisticated 
facilities [31], they are recognized alongside other solvent disposal methods to contribute 
negatively toward the emission footprint, producing nearly 6.7 kg CO2 equivalent of organic 
carbon [11]. The options for waste discharge treatment largely depend on the environmen-
tal impact of the original solvent production. Waste incineration may be the best option if 
the impact is low; however, if the impact is high, solvent recovery (SR) is usually the best 
choice [32]. Another major concern is the economic considerations of solvent treatment on 
process competitiveness [33–35]. If the waste solvent is a fine chemical, or to reduce the 
production cost, a SR option may be preferable [36].

13.3  Waste Minimization and Solvent Recovery

The general objectives of green chemistry and engineering are to minimize the usage and 
production of hazardous materials, use renewable sources, promote sustainability, reduce 
energy consumption, and maximize process efficiency, all without sacrificing economic 
viability [20, 37]. Reducing the quantity of harmful organic solvents escaping into the envi-
ronment can be attained by redesigning the process or product to eliminate the use of 
organic solvents, economically recapture and recycling at process sites, and carefully select-
ing solvents or their mixtures [31]. The most effective ways to reduce waste output involve 
solvent mitigation in chemical reactions and performing separation under neat conditions 
(no solvent). In both cases, reducing inputs makes processes more efficient [1, 38, 39]. One 
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example of such sustainable processes can be found in the production of propylene glycol 
monomethyl ether acetate (PGMEA), a solvent commonly used in the production of semi-
conductors  [8]. The factors include the use of renewable sources, waste mitigation, less 
toxic reactants with a reduction in reactant usage, solvent- free separation, reduced CO2 
emissions, and minimized energy and cost. However, the processes used in the pharmaceu-
tical industry to produce APIs, and semiconductor industries that require solvents or thin-
ners (fine chemicals) for photoresist (PR) cleaning, heavily rely on solvents, making the 
production of waste solvents inevitable. In ideal engineering practice, chemical processes 
are designed with an emphasis on recovering and reusing waste solvents [40]. The recovery 
process is very important for achieving sustainability and environmental impact mitiga-
tion. Accordingly, it is an urgent environmental and economic concern for industrial man-
ufacturers to retrieve processed chemicals and minimize chemical waste discharge [13]; 
thus, large quantities of solvents and fine chemicals must be recovered. SR, based on life 
cycle and environmental analysis, is capable of reducing CO2 emissions, minimizing 
energy usage, and reducing the transport and disposal cost of wasted chemicals  [9]. 
Multiple processes for SR or solvent recycling have been attempted in recent years.

In the chemical and petrochemical industries, the methods used for the separation of 
methanol, ketone- group solvents, cresol, and N- methyl- 2- pyrrolidone (NMP) [9] include 
adsorption methods [1, 41], distillation [42–45], PV membranes [46–48], nanocomposite 
membranes [49], and crystallization [50].

In the pharmaceutical sector, some recovery methods have been applied, mostly based 
on distillation, such as distillation methods  [51] and advanced and hybrid distilla-
tion  [52–57], as well as other methods such as liquid–liquid extraction  [58], PV mem-
branes [59, 60], and nano- filtration membranes [61]. The SR approach in pharmaceutical 
manufacturing integrates a continuous end- to- end process to overcome the disadvantages 
of the traditional batch process  [62]. The integrated process consists of dissolution and 
clarification (DC) of the raw material with a SR process, reactive crystallization (RC) of the 
pre- reaction mixture from DC, filtration, and resuspension of slurry from RC with SR fol-
lowing drying and separation, and extrusion- molding- coating. A process control system 
controls the entire process. The recovered solvent purities for integrated continuous manu-
facturing (ICM) in the pharmaceutical industry are > 99.9 wt% for the first solvent (solvent 
1) and > 99.8 wt% for the second solvent (solvent 2); the recovery yields were 94.9 and 
98.3%, respectively. From the E- factor analysis, approximately 30% less waste was gener-
ated in the ICM process than the corresponding batch process. After integrating the SR 
system, the E- factors for both the batch and ICM processes decreased significantly, from 
1.63 to 0.29 and from 0.77 to 0.21, respectively.

The semiconductor sector utilizes the recovery of isopropyl alcohol (IPA), hydrochloro-
fluorocarbons, PGMEA, N- methylpyrrolidone (NMP), perfluorocarbons, and dimethyl sul-
foxide. The most suitable methods are adsorption [63–65], advanced distillation [2, 3, 13, 
36], and the use of gas permeation membranes [66, 67] and PV membranes [68]. Other 
processes that emphasize SR include SR from vegetable oil by polydimethylsiloxane [69–71], 
ionic liquid recovery by a flash drum in biogas upgrading [72] and SR of NMP in Li- ion 
battery manufacturing by adsorption and distillation [73].

A recent approach implements switchable solvents with on- demand and reversible 
switching of their physiochemical properties triggered by carbon dioxide (CO2) [74]. The 
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utilization and widespread implementation of switchable solvents can dramatically reduce 
environmental risks and energy requirements for solvent removal and recovery processes.

The SR process is of utmost importance; the number of articles on SR has increased 
 dramatically, as shown in Figure 13.1.

13.4  Distillation Process for Recovery of Solvent 
and Fine Chemicals

Sustainability is of considerable importance in the semiconductor industry because of eco-
nomic and environmental factors because valuable chemicals are discharged during manu-
facturing [75]. The recovery of discharged solvents from the production processes offers 
waste elimination and reduced chemical cost, and is an important consideration for the 
overall efficiency and profitability of plants. SR by distillation is a common method for the 
reduction of solvent waste [76].

In the distillation process, the feasibility split is an important factor. For ideal or non- 
azeotropic solutions, feasibility is not an issue, as the volatility order is a solid indicator. 
A greater difference in the relative volatility from unity indicates easier separation. The 
number of distillation columns in the sequence for sharp splitting can be easily determined 
as the number N of components in the mixture minus 1 (i.e. N−1) [3]. For batch distilla-
tion, the process is used extensively in laboratory separations and the production of fine 
and specialty chemicals, pharmaceuticals, polymers, and biochemical products either for 
purification purposes or for the recovery of valuable solvents. When a mixture exhibits 
azeotrope, advanced distillation is required, for example, pressure swing distillation (PSD), 
azeotropic distillation (AD), and extractive distillation (ED). Azeotropic distillation is 
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Figure 13.1 Number of articles per year with the keywords “solvent recovery” from 2004 to 2019. 
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defined as “distillation that involves components that form azeotropes.” Many industrially 
relevant liquid mixtures are strongly nonideal and exhibit azeotropic behavior. This behav-
ior has a tremendous influence on distillation process design since the composition space 
is divided into regions with different volatility orders of the components. Another method 
to separate azeotropes is ED, which utilizes an additional solvent or entrainer. The solvent 
used in ED increases the relative volatility of the azeotrope mixture; thus, the mixture can 
be separated by a simple distillation column. The feasibility of ED depends on the entrainer 
flow rate (or the ratio of both feed streams) and the reflux ratio. ED is only feasible above a 
minimum entrainer flow rate for a given reflux ratio limited by minimum and maximum 
reflux ratios.

13.4.1 Reclamation of Valuable Components from Waste Solvents in the 
Semiconductor Industry

To investigate a feasible distillation method for SR, waste PR strippers were collected for 
six months from a real industrial thin flat transistor liquid- crystal display (TFT- LCD) 
stripping process  [36]. The composition of the waste PR stripper was analyzed using a 
flame ionization detector (FID), gas chromatograph (GC) (Younglin Scientific Co., Model 
Acme 600; column HP- 5), Coulometric Karl Fischer titrator (GRS Instruments, Model 
GRS 2000) for moisture content, an inductively coupled plasma mass spectrometer 
(ICP- MS) (Perkin- Elmer, Model Elan 9000), and a colorimeter (Nippon Denshouku 
Industris Co., OME- 2000) based on the ASTM D 1209–69 method for color scale. Following 
are the GC- operating conditions: initial temperature = 80 °C (retention time 0 minute), 
and heating rate = 10 °C/min from 80 to 200 °C. Analysis using GC and Karl Fischer titra-
tion revealed that high boiling point solvents (HBS), such as methyl diglycol (MDG) and 
1- (2- hydroxyethyl)piperazine (HEP), comprised more than 50 wt% of the waste strippers. 
Low boiling point solvents (LBPS), including monoisopropanolamine (MIPA), IPA, 
N- methylformamide (NMF), and H2O, were also major components. The analysis results’ 
composition of IPA, H2O, MIPA, MDG, NMF, and HEP are 3, 12, 12, 33, 15, and 21 weight 
(wt)%, respectively. The results indicate that the retrieved solvent met all requirements for 
commercial use. The experimental results of HBS through distillation confirmed the fea-
sibility of waste SR, with HEP and MDP purity ≥ 98 wt%, water content  0.07 wt%, and 
IPA content  0.05.

After a feasibility result is obtained, the distillation sequence can be designed by follow-
ing distillation design heuristics [77–79]. The nonrandom two- liquid model (NRTL) ther-
modynamic method was applied in this study. The universal quasichemical (UNIQUAC) 
functional- group activity coefficient (UNIFAC) method was used to approximate the miss-
ing parameters of the NTRL system. For the preliminary design of the distillation system, 
the shortcut column method was applied in Aspen HYSYS V7.3 [36], with a reflux ratio 
specification equivalent set to 1.1 of minimum reflux. The most rigorous distillation design 
among the feasible designs using the heuristic, when considering the overall feasible design 
performance criteria, such as high- purity main target product (MDG and HEP), lowest 
total reboiler duty, and lowest estimated capital and operating cost, was the proposed 
design shown in Figure 13.2.
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13.4.2 Advanced Design of Distillation for Waste Solvent Recovery

The recommended design from Section 13.5.1, as shown in Figure 13.8, was chosen as the 
basis of further study. Since maximizing the efficiency of design is a green engineering 
principle  [37], the design was rigorously optimized to obtain detailed optimal condi-
tions [13]. The objective function of optimization is that of a column reboiler, which can be 
formulated as follows:

 Min , , , , ,Q f R P T N Nc F F T  (13.1)

where R is the reflux ratio, Pc is the pressure of the column (atm), TF is the temperature of 
the feed (°C), NF is the feed stage location, and NT is the number of column stages. All five 
variables were only applied to the first column because the TF variable for the subsequent 
column was defined by variables from the previous column. Therefore, for the columns 
that followed, only four variables were adjusted: R, Pc, NF, and NT. To optimize all sequences 
of the conventional columns, the Box method [80] was applied because of accessibility in 
Aspen HYSYS V7.3. The overall constraints of optimization for conventional distillation 
are presented in Table 13.1.

After the optimal conditions were obtained, some columns were intensified by thermally 
coupled distillation (TCD) [78, 81–83]. This intensified configuration contributes to poten-
tial energy saving compared to conventional direct sequences  [84–87]. Intensifying col-
umns 3 and 5 through TCD achieved nearly 15% energy saving compared to the same 
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T = 189 °C

T = 188 °CT = 182 °C

Figure 13.2 Modified direct distillation sequence of waste SR, where P is pressure, T is 
temperature, and Q is reboiler duty. An overall comparison of the preliminary study results shows 
that a modified direct distillation sequence is recommended. Taken from [13].
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columns in the optimal conventional sequence. After the columns were intensified, the 
TCD was optimized using the response surface method  [88]. After optimization, the 
energy- saving improved by 7% compared to the nonoptimal TCD 3–5 of the previously 
proposed design. Maximizing the process efficiency is one of the green engineering 
 practices [37], and can be achieved by heat integration [37] and heat pump- assisted dis-
tillation [89]. The final recommended distillation configuration deployed TCD (columns 
3 and 5), heat integration (the red line from the top of column 5), and heat pump- assisted 
distillation (column 4), as shown in Figure 13.3. The final configuration of distillation 
achieved a significant energy saving of 40.5% compared to that of the conventional 
 column case.

Table 13.1 Overall constraints for optimization of conventional distillation (top pressure < bottom 
pressure).

Column 1 Column 2 Column 3 Column 4 Column 5

Top temperature 
< 80 °C

Mass Frac MIPA 
> 98.9%

Bottom 
temperature 
< 188.9 °C

Mass Frac MDG 
> 98.9%

Mass Frac HEP 
> 98.9%

Bottom 
temperature 
< 188.9 °C

Bottom 
temperature 
< 188.9 °C

Mass Frac NMF 
> 98.9%

Bottom 
temperature 
< 188.9 °C

H2O mass flow 
Top > 118 kg/h

Bottom 
temperature 
< 188.9 °C

Taken from [13].
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QR = 219.1 kW

MDG = 99.30
wt%

NMF = 99.50 wt%

HEP = 99.30 wt%

T = 136 °C

Figure 13.3 Recommended design, improved by heat integration and heat pump- assisted 
distillation. Taken from [13].
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13.4.3 Dividing Wall Column Azeotropic Distillation for Waste Azeotropic 
Mixture Separation

The semiconductor industry uses water and a wide range of toxic and hazardous organic 
and inorganic chemicals in large quantities. Therefore, this industry suffers from serious 
environmental impact issues. To solve the waste disposal problem, recovery and reuse of 
valuable chemicals and water are a favorable option, but the requirement for high purity of 
chemicals and water means there is a need to reprocess the recovered chemicals [90]. Waste 
valuable chemical recovery is an attractive option. However, the recovery process becomes 
more complex and challenging when components with close boiling points or azeotropes 
exist in the waste mixture  [2]. During the manufacturing of display and semiconductor 
materials, a PR thinner consisting of a fine chemical, such as propylene glycol monomethyl 
ether (PGME) and PGMEA, is discharged alongside water as waste [2]. The waste PR thin-
ner is generally recovered by distillation. However, PGME and PGMEA, as the target con-
stituents, form azeotropes with water in the waste thinners, hindering the efficient recovery 
of the target constituents due to the inability of conventional distillation processes to attain 
the required purity and recover beyond the azeotropic composition [2]. Ternary mixtures of 
PGME, PGMEA, and water exhibit a distillation boundary (line B), two binary homogene-
ous azeotropes (PGME + water and PGMEA + water), and one heterogeneous azeotrope 
represented by the area bounded by the blue line, as shown in Figure  13.4. The direct 
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Figure 13.4 Ternary map with direct sequence line for water + PGME + PGMEA in mass fraction at 
1 atm. Taken from [2].
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sequence line (line A) represents the initial design configuration of a direct sequence of 
distillation.

To rigorously simulate every candidate for distillation configuration, Aspen Plus V8.6 was 
used with the UNIQUAC activity- coefficient models and the Hayden and O’Connell 
(HOC) [91] second virial coefficient model. The binary interaction parameters [2] are pre-
sented in Table 13.2.

Four distillation process candidates were investigated: conventional (base case), and het-
erogeneous azeotropic- dividing wall column (HA- DWC) with thermal integration (TI) for 
each case. The complete proposed process is shown in Figure 13.5. Table 13.3 presents the 
results of the energy and economic performance analysis.

The final design, by applying a combination of HA- DWC and TI, greatly reduced the total 
reboiler duty and TAC by 33.1 and 27.2%, respectively. The proposed HA- DWC with TI 
method is expected to provide an attractive option for improving waste recovery efficiency 
in the manufacturing of display and semiconductor materials.

13.4.4 Waste Solvent Recovery Process Design from Complex Quaternary 
Azeotropic Mixtures

A waste solvent consisting of an azeotropic mixture requires an advanced method for sepa-
rating the constituents. In the case of ternary, or more complex quaternary azeotropic mix-
tures, distillation requires a complex method and numerous sequences to obtain the target 
constituents [92–96]. A novel computationally efficient method was developed through a 
residue curve map and exploiting the Fenske–Underwood–Gilliland (FUG) method, a 
well- known shortcut method for estimating the minimum number of stages and minimum 
reflux ratio for quaternary azeotropic mixtures [3]. The FUG method is widely used as a 
shortcut for column design separating non- azeotropic mixtures because of its simplicity 
and efficiency as a practical solution that allows fast pattern screening from many solu-
tions. Although the FUG method is less accurate than other complex, rigorous methods, it 
is capable of efficiently determining the feasible separation of an azeotropic mixture with-
out a complex procedure, making it extremely computationally efficient [97].

A distillation design was investigated for the waste SR process of a quaternary solvent 
mixture from real industrial waste comprising methyl 2- hydroxybutyrate (HBM), PGMEA, 
ethyl lactate (EL), and ethyl- 3- ethoxy propionate (EEP). Aspen Plus V9, with the NRTL 

Table 13.2 Binary interaction parameters of UNIQUAC- HOC used in simulation.

System

UNIQUAC- HOC

bij bji AAD

PGMEA + water −494.3 59.1223 0.0185

Water + PGME 241.841 −492.419 0.0027

PGME + PGMEA 66.5676 −103.641 0.0053

Taken from [2].



13  Recovery of Solvents and Fine Chemicals494

Feed
1000 Kg/hr
PGMEA = 46 wt %
PGME = 23 wt % 
WATER = 31 wt %

1

38

29

1

QR = 800 kW 

T = 146°C
P = 1 atm  

QC = 593 kW 
QC = 140 kW 

PGME
230Kg/hr
PGMEA = 0.02 wt %
PGME = 99.98 wt %

PGMEA
460 Kg/hr
PGMEA = 99.99 wt %

14

Water
310 Kg/hr
WATER = 99.99 wt %

1

28
QR = 369 kW 
(QR = 229 kW after TI )

QC = 368 kW 

14

T = 100 °C
P = 1 atm 

C-1b

T = 120 °C
P = 1 atm 

T = 96°C
P = 1 atm 

T = 96°C
P = 1 atm 

HA -DWC

140 kW 

Figure 13.5 HA- DWC (with and without thermal integration). The red- dotted line corresponds to 
an energy transfer from a heat source. Taken from [2].

Table 13.3 Energy and economic performances of the process configurations studied.

Conventional
(base case)

Conventional
(with TI) HA- DWC

HA- DWC
(with TI)

PGME (kg/h) 229.96 229.96 229.98 229.98

PGME (wt%) 99.98 99.98 99.98 99.98

PGMEA (kg/h) 459.96 459.96 459.97 459.97

PGMEA (wt%) 99.99 99.99 99.99 99.99

Total reb. duty (kW) 1539 1373 1169 1029

Energy saving (%)a — 10.8 24.0 33.1

Capital cost (million US$) 1.204 1.204 0.972 0.972

Op. cost (million US$/yr) 1.399 1.253 1.128 1.005

TAC (million US$/yr) 1.579 1.433 1.273 1.149

TAC saving (%)a — 9.3 19.4 27.2

a Compared with conventional direct sequence (base case).
TAC = Total Annual Cost.
Taken from [2].
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activity coefficient model and HOC second virial coefficient model with association param-
eters, was used to predict mixture vapor- liquid equilibrium (VLE), create a graphical design 
approach, and simulate shortcut and rigorous columns of each distillation process. Initially, 
binary and ternary VLE data were investigated, binary azeotrope compositions at mass 
basis are HBM+PGMEA at 0.8403:0.1597 and 136.81 °C, PGMEA+ EL at 0.8455:0.1545 and 
145.47 °C, and EL+EEP at 0.8002:0.1998 and 154.10 °C.

After the mixture behavior was understood, a feasible split to follow the first was deter-
mined by investigating the possibility of PSD or ED [3]. Binary azeotrope composition over 
pressure range, HBM+PGMEA, PGMEA+EL, and EL+EEP, show the azeotrope composi-
tions are sensitive to pressure change, further relative volatility of HBM+PGMEA tends to 
increase with increasing EEP when EEP becomes a solvent for HBM+PGMEA mixture [3]. 
This explains PSD and ED methods are feasible.

The design objective was to produce a very high target composition of HBM, PGMEA, 
EL, and EEP: more than 99% by mass, 99.5% by mass, 99% by mass, and 99% by mass, 
respectively. Before the first component split investigation, all possible pairs of light key 
(LK)–heavy key (HK) were determined. The boiling point temperature is as follows: 1. 
HBM: (137 °C); 2. PGMEA (145 °C); 3. EL (154 °C); 4. EEP (168 °C). LK and HK represent 
the pair components with lower and higher boiling point temperatures, respectively. The 
heavier component is invalid as LK when paired with a lighter component. For example, in 
the HBM + PGMEA pair, HBM = LK and PGMEA = HK; in this case, PGMEA cannot be 
LK. There are six feasible first splits using the LK and HK pairs from the quaternary mix-
ture. After the first splits were investigated, the next separation for each first split was pro-
jected using a feasible PSD and ED. The results show three route designs for waste SR while 
maintaining very high target product purity constraints. However, only one route is a sim-
pler sequence compared to others as shown in Figure 13.6.

A shortcut column simulation was applied in Aspen Plus V9 for the initial design of the 
column sequence, PSD, and ED. However, the actual results of the distillation design’s abil-
ity to recover valuable components from a quaternary azeotropic mixture may differ due to 

Azeotrope composition profile is insensitive
by pressure range, but extractive distillation
concept is applicable using EEP

Azeotrope composition profile is
sensitive by pressure range. PSD is applicable

HBM+PGMEA

First split

+EEP

PGMEA + EL PSD

EEP

PGMEA+EL+EEP

PGMEA

EL

HBM
PGMEA+EEP

Simple distillation

Extractive
distillation

Figure 13.6 The simpler sequence for separation of quaternary mixture 
HBM+PGMEA+EL+EEP. Taken from [3].
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certain design assumptions in the shortcut column approach. The complete simpler 
sequence is presented in Figure 13.7.

A simpler route was selected for further optimization, and the variables of optimization 
were the feed location, number of stages, and reflux ratio. Each column optimization, 
except for the last, was constrained by the product purity specification of the subsequent 
column due to consecutive influence in the system.

The results of optimization are listed in Table 13.4.

Feed
1000 Kg/hr
HBM = 15 wt%
PGMEA = 35 wt%
EL = 10 wt%
EEP = 40 wt%

P = 101.33 kPa P = 101.33 kPa
T = 145.7 °C

HBM+PGMEA

PGMEA+EL

HBM
99.39 wt%

PGMEA
99.92 wt%

EEP
99.97 wt%

EL
99.14 wt%

PGMEA
99.61 wt%

EEP

C2

C3 C4

C6C5

C1

T = 136.9 °C

P = 101.33 kPa
T = 152.9 °C

P = 101.33 kPa
T = 168.4 °C

P = 101.33 kPa
T = 165.6 °C

P = 101.33 kPa
T = 145.6 °C

P = 1013.25 kPa

100.8 Kg/hr

P = 101.33 Kpa
T = 154.5 °C

301.2 Kg/hr

T = 246.2 °C

P = 1013.25 kPa
T = 249.9 °C

P = 101.33 kPa P = 101.33 kPa

T = 137.0 °C
150.9 Kg/hr 49.0 Kg/hr

T = 146.0 °C

P = 101.33 kPa
398.1 Kg/hr

T = 168.1 °C

Figure 13.7 Complete sequence of rigorous columns of the simpler route. Taken from [3].

Table 13.4 Optimization result for a simpler route.

C1 C2 C3 C4 C5 C6

Number of stages 62 69 70 45 53 59

Feed location 35 45 60 26 5 30

Solvent feed location 22

Recycle location 16

Reflux ratio (Mole) 10 3 6 20 5 7

Temperature (Top) °C 136.9 145.7 137 145.9 144.4 244.5

Temperature (Bottom) °C 152.9 168.1 165.5 168.1 154.5 250

Pressure (Top) kPa 101.33 101.33 101.33 101.33 101.33 1013.25

Pressure (Bottom) kPa 101.33 101.33 101.33 101.33 101.33 1013.25

Condenser duty (kWh) 202.5 142.2 99.9 86.6 529.7 369

Reboiler duty (kWh) 268.3 144 99.6 87 481.7 438.4

Taken from [3].
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This novel approach successfully demonstrates a simpler method to design distillation 
columns to recover waste solvent from complex quaternary azeotropic mixtures. Despite 
the lower accuracy when using the shortcut method, this method offers efficient screening 
for feasible separation sequences because it easily identifies the separation feasibility of the 
two target compositions (LK and HK), owing to several assumptions compared to other 
more accurate methods. The combination of the shortcut method and graphical map 
method easily projected the available solutions into feasible complete sequences where all 
the target constituents of the distillation product are obtained. This novel efficient method 
is not only expected to be an attractive solution for designing complex waste SR processes 
in the display and semiconductor material- manufacturing industries, but also other pro-
cesses that suffer from the issues involved with complex quaternary azeotropic mixtures.

13.4.5 Solvent Recovery in the Continuous Separation of Lignin 
from Organosolv Pulping Liquors 

The solubility and softening behavior of lignin from acid- catalyzed ethanol/water pulping 
were determined in various ethanol/water solvent mixtures and a process- relevant tem-
perature range. The operating conditions for an optimized lignin separation process were 
derived from the determined lignin phase behavior. A continuous lignin separation and SR 
process was developed on a lab- scale and was successfully scaled up to a dedicated pilot 
plant at Fraunhofer CBP (WO2016062676A1). Agglomeration of softened lignin particles 
and lignin “stickiness” were adjusted by temperature (38–44 °C at 80–120 mbar) and etha-
nol content of the lignin dispersion (6–9 wt%). In this manner, ethanol recovery by evapo-
ration and lignin particle formation was facilitated simultaneously and monitored by inline 
infrared spectroscopy [98]. The agglomeration behavior of different lignins was monitored 
via inline particle size analysis. Optimal process conditions resulted in good filterability of 
the lignin dispersion with average filter cake resistances of 1011 to 1013 m–2, and lignin 
yields close to 100 wt% of water- insoluble lignin. To maintain continuous operation, the 
ethanol content in the distillate must be higher than that in the pulping liquor. Thus, more 
pulping liquor must be added than distillate is removed.

13.5  Adsorption Method for Recovery of Waste 
Organic Solvents

13.5.1 Recovery of IPA from Waste Solvent of Manufacturing Plants

Volatile organic compounds (VOCs) are pollutant gases emitted in the atmosphere from 
certain liquids and solids, including a variety of chemical components. Owing to the high 
vapor pressure and a low boiling point at typical room temperature, VOC is easily evapo-
rated to pollute the surrounding air. The recoverable resources of VOCs from waste sol-
vents are recovered for environmental benefit. Although distillation and PV are widely 
used as separation methods for the recovery of important chemicals from waste solvents, 
separation and purification of VOCs by distillation and membrane require energy- intensive 
and complex processes, respectively [63]. The adsorption method is alternatively utilized 
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for the effective recovery of valuable compounds from VOCs. Furthermore, significant 
amounts of organic and less volatile solvents can also contaminate industrial wastewater. 
Adsorption is widely utilized in water treatment, and is utilized as the main method to 
recover less volatile solvents from industrial contaminated wastewater [1].

In the pharmaceutical industry, waste incineration is the base scenario of waste solvent 
treatment in the celecoxib process. In the attempt of solvent minimization using green 
chemistry and engineering, waste SR from active ingredient manufacturing has been stud-
ied [57]. The recovery of waste IPA is a concern in the manufacturing process of celecoxib 
due to the existence of an azeotropic mixture [57].

A conceptual study was conducted using a computer simulation (Aspen Plus and 
Microsoft Excel) to recover IPA at high concentrations. The study covers a conventional 
approach by distillation and a hybrid method by combining distillation with a PV mem-
brane and molecular sieve adsorption. However, adsorption is used after the distillation 
column as a secondary recovery step to separate the azeotrope from distillation over-
head [57]. The final analysis results show that combination distillation and molecular sieve 
adsorption are effective in recovering reusable waste solvent from azeotropic mixture and 
life cycle emission reduction from 64 to 93% in the overall emission compared with the 
general process [57].

In another case, a high concentration of IPA solvent is generally discharged as waste in 
the semiconductor- manufacturing industry [63]. Active carbon fiber (ACF) adsorption and 
condensation in conjunction with air stripping are utilized to recover high concentrations 
of IPA. The process involves condensing the IPA vapor in the gas mixture from the air- 
stripping column in a water- cooled side condenser. After condensation, the residual IPA in 
the gas mixture is adsorbed in the packed ACF column. The apparatus of the process is 
relatively simple, easy to operate, and inexpensive. The diagram of packed activated carbon 
fiber adsorption of IPA is shown in Figure 13.8.

Flow meter Cooling
water out

GC

ACF
column

Cooling
water in

Flow meter

Air

Saturator

IPA solution

Figure 13.8 Schematic diagram of packed activated carbon fiber adsorption of 
IPA. Taken from [63].
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Experimental test results show efficient IPA removal from waste solvent and a 93% recov-
ery of IPA that was originally present in waste solvent [63].

13.5.2 Recovery of Heavy Component Solvent NMP

In the battery- manufacturing process, the cathode consists of different kinds of solids such 
as lithium metal oxide particles and carbon black conductive additives, and polymeric bind-
ers are initially dry mixed. Further, the dry mix is mixed with a solution of the binder dis-
solved in the heavy solvent NMP to form a slurry that is soluble in water [73]. Alongside the 
process, NMP in the cathode is evaporated in the dryer by flow of hot air for recycling and 
recovery. The NMP- laden hot air is first passed through an air- to- air heat exchanger and 
further cooled by a chilled water condenser. Liquid condensate consisting of NMP, water, 
and higher hydrocarbons is subsequently separated in a distillation column. A few ppm of 
NMP in the cooled air from the condenser is split into two streams: recycle and purge stream. 
The zeolite wheel adsorbs most of the NMP from the purge stream. This NMP recovery pro-
cess based on a battery- manufacturing plant producing 100,000 battery packs per year for 
10 kWh plug- in hybrid electric vehicle (PHEV) batteries, where each pack costs approxi-
mately $3100 ($310 per kWh) is depicted in Figure 13.9 [73]. The recovery of NMP in battery 
manufacturing significantly saves costs and generates environmental benefits.

13.5.3 Valorization of Agricultural Waste with an Adsorption/
Nanofiltration Hybrid Process 

Downstream processing is considered a bottleneck in pharmaceutical manufacturing 
because its development has not kept pace with upstream production. In some cases, the 
lack of efficient downstream processing capacity can seriously affect both the sustainability 
and profitability of a pharmaceutical product and result in its failure. Minimizing solvent 
and raw material consumption, as well as utilizing waste, can make a significant difference 
toward environmentally benign and economically viable chemical production. Waste utili-
zation in agriculture has gained increasing attention because it is ranked as the second high-
est contributor to global greenhouse gas emissions. Imprinted polymers were developed for 
the selective scavenging of oleuropein (OR) from olive leaf extracts using green solvents. 
The mild temperature- swing (25–43 °C) process allows the continuous isolation of OR at 
1.75 g product per kg of adsorbent per hour with an unprecedented 99.7% purity. In situ SR 
was realized with a solvent- resistant nanofiltration (NF) membrane allowing 97.5% solvent 
recycling and 44.5% total carbon footprint reduction while concentrating both the product 
stream for crystallization and the waste stream for disposal [99]. A schematic process 
scheme for the continuous isolation of OR from an olive leaf extract is shown in Figure 13.10.

13.6  Membrane Technology in Solvent Recovery

High energy and capital costs, poor recovery yield, and process safety issues present multi-
ple challenges in solvent waste treatment [9]. Currently, membrane technology has been 
gradually extended in SR because of its efficiency improvement, low energy cost, and 
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capability to overcome the existence of azeotrope in the liquid effluent  [100]. In the SR 
process, the membrane is fabricated from either organic or inorganic materials.

13.6.1 Pervaporation (PV) Membrane for Solvent Recovery

Pervaporation (PV) separation has proved to be an efficient and reliable method due to its 
ability to exceed conventional distillation limitations in azeotropic mixture separation, low 
energy demand and low device volume requirement, constant performance in handling 
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mixtures of aqueous organic, and no requirement for the use of additional chemicals [101, 102]. 
A hydrophilic- based- PV membrane is utilized for water removal or solvent dehydration 
from high concentrations of organic solvents, and hydrophobic based- PV membranes are 
applied for organic solvent removal or solvent reclamation from aqueous solution [9]. PV 
accounts for approximately 3.6% of the total number of membrane applications in the 
chemical and petrochemical industries [102] and can potentially revolutionize the separa-
tion process in a variety of industrial sectors [101].

In the chemical industry, Alcohol- based solvents are the most common organic solvents 
used in numerous chemical productions. Ceramic PV membranes have gained attention in 
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a wide range of industrial applications, with an increasing trend in the last two decades, 
and are currently commercially available for the dehydration of alcohol in the fermenta-
tion process [9]. Ceramic PV membranes are also used in fermentation and dehydration for 
bioethanol production [103]. Further, it is applied for the SR process in concentrated and 
diluted bioethanol  [104]. In the petrochemical industry, main aromatic compounds and 
water- insoluble organic solvents are frequently utilized as solvents during the refinery pro-
cess of crude oil  [105]. Among the main aromatic compounds, the recovery of xylene 
through the PV membrane is an important application because xylene is frequently used in 
various chemical processes. In the synthesis of pharmaceutical ingredients, the recovery of 
tetrahydrofuran (THF) is a process in which PV is considered a green drying process and is 
widely used for THF SR [55, 60, 106]. The PV membrane process for the recovery of THF at 
a 68- kg pilot- scale operation with constant- volume distillation (CVD) [60] is presented in 
Figure 13.11. Another separation process of THF from water is demonstrated by a ceramic 
PV membrane, which indicates that the ceramic PV membrane is suitable for THF dehy-
dration from a mixture with water [9]. Another process for recovery of IPA is demonstrated 
with good performance by various PV membranes [107–109].

13.6.2 Solvent Recovery Through Organic Solvent Forward Osmosis

API synthesis involves various organic solvents. Among various membrane technologies, 
organic solvent nanofiltration (OSN) is typically utilized for the pharmaceutical concen-
tration recovery of organic solvents. However, the pressure- driven method remains a 
great concern because the high- pressure process of an OSN may increase the operating 
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cost. Accordingly, there is a need for more cost- effective and sustainable processes [110]. 
Recently, forward osmosis (FO) membranes have gained considerable attention owing to 
their capability to transport water between two sides of the concentration gradient, from 
low to high concentration side [111, 112] and take advantage of the lack of external pres-
sure compared to other pressure- driven membrane processes such as reverse osmosis 
(RO) and NF. With a relatively lower pressure than the high pressure of pressure- driven 
RO and NF, the flux is comparatively higher than the direct filtration process [113–115], 
which may depreciate the total cost [114]. The processes of organic solvent FO (OSFO) for 
the simultaneous organic SR and pharmaceutical product concentration are depicted in 
Figure 13.12.

Alcohol- based solvents such as ethanol are a common solvent used in the pharmaceuti-
cal process; however, the pharmaceutical industry utilizes a variety of organic solvents. 
Thus, the practical performance of the OSFO was evaluated by [110]. The process of OSFO 
is applicable to various pure systems of ethanol, IPA, and hexane and is potentially appli-
cable to other systems of solvents. For the simultaneous process of product concentration 
and recovery of organic solvent, an active ingredient solution consisting of 2000 ppm tetra-
cycline (Mw = 444.4 g/mol) in ethanol and a 2 M lithium chloride (LiCl) ethanol solution 
were employed as the feed and draw solutions, respectively. The results show that tetracy-
cline rejection was above 99%. Different solvent systems of tetracycline and IPA, including 
triglycerides and hexane, were also employed as feed- in OSFO. When rejection is above 
99%, the result shows a promising starting point of OSFO application, and further develop-
ment is required to increase the flux of solvent [110]
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Figure 13.12 OSFO process for organic SR and product concentration. Taken from [110].
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13.6.3 Organic Solvent Nanofiltration

OSN is considered a sustainable alternative to conventional separation techniques with 
an evolving range of applications around the recovery of products, catalysts, and sol-
vents. Recent developments in the field have provided membranes with long- sought- 
after properties of stability in harsh environments, including polar aprotic solvents and 
extreme pH, high flux, and low molecular weight cutoff (MWCO). Nine solvents with 
polarity indices ranging from 0.1 to 5.8 (hexane to acetonitrile) were used as treatment 
and process solvents on commercial Borsig GMT- oNF- 2, Evonik Duramem 300, and 
emerging tailor- made polybenzimidazole (PBI) membranes. TGA- GCMS, HS- GC- FID, 
and NMR techniques were employed to better understand the effect of solvent treatment 
on the polymer matrix of membranes. Apart from the direct effect of solvent treatment 
on membrane performance, a subsequent indirect effect on the ultimate separation pro-
cess was observed in this study. Consequently, a pharmaceutical case study employing 
chlorhexidine disinfectant and antiseptic was used to demonstrate the effect of solvent 
treatment on NF- based purification. It was shown that treatment of PBI membranes with 
acetone resulted in a 25% increase in product recovery at 99% impurity removal. The cost 
of process intensification is negligible in terms of solvent consumption, mass intensity, 
and processing time [116].

13.6.4 In Situ Solvent Recovery by Organic Solvent Nanofiltration [117]

Reducing solvent consumption in chemical industries is increasingly becoming a topic of 
interest. The field of OSN has markedly evolved in the past decade, and effective mem-
branes are now available to withstand aggressive solvents while completely rejecting small 
solutes at the lower end of the NF range (100–2000 g/mol). With such membranes in hand 
and the advantages of membrane modularity, it is now possible to design innovative con-
figurations to drastically reduce solvent consumption and enhance the sustainability of 
downstream processes. OSN membranes can withstand aggressive solvents and suffi-
ciently retain small solutes. Such features make OSN a good candidate for SR in the fine 
chemical industries, where impurities are usually small with MW < 400 g/mol. Current 
state- of- the- art OSN membranes have been screened, which showed it is now possible to 
implement an SR unit down to a range of 100 g/mol with appropriate configurations and 
operation protocols. Hence, a continuous and control- free in situ SR configuration has 
been implemented to recycle the waste solvent consumed during a membrane diafiltra-
tion process. The effect of impurity rejection by the membrane on the maximum achiev-
able purity was assessed and validated in a pharmaceutical case study, which gave almost 
quantitative product yield and 98% impurity removal with no additional fresh solvent. The 
product purity can be further improved by simply repeating the process without loss of 
yield. The operability and carbon footprint of the proposed membrane- based SR is advan-
tageous compared to adsorptive-  and distillation- based SR. The main advantages of 
membrane- based SR, apart from its simplicity, are low solid waste generation and low 
energy consumption. It has been shown and emphasized that the modularity of the mem-
brane processes allows convenient operation, and the overall operability of the process 
can be significantly simplified.
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13.6.5 Continuous and Simultaneous Isolation of Antioxidants: An 
Upcycling Approach for Olive Leaf Waste 

The isolation of individual pharmaceutical- grade bioactive compounds from complex 
plant extracts is still a sustainability challenge. Process intensification improves manufac-
turing design to achieve significant benefits in process efficiency and operation, product 
quality, and waste management. A process optimization and intensification methodology 
for the simultaneous isolation of biophenols from agricultural waste using imprinted mate-
rials and NF membranes is reported herein [118]. Schematic piping and instrumentation 
diagram for the continuous and simultaneous isolation and fractionation of OR (OR), lute-
olin (LU), and pinoresinol (PN) from olive leaf extracts is shown in Figure 13.13.

First, temperature- swing molecular imprinting technology was used to selectively extract 
individual biophenols from olive leaf extracts. Second, solvent- resistant NF was used to 
concentrate the product and waste streams and recover the solvent. The predictive mathe-
matical models for the adsorption dynamics and membrane separation resulted in a signifi-
cant reduction in the carbon footprint, E factor, and economic sustainability. This process 
was designed for easy operation with multiway valves to aid safety and reduce operating 
costs. The proposed process intensification methodology can be generally adapted for 
waste upcycling through the sustainable isolation of multiple high- value products from 
complex mixtures.

Mathematical models for the adsorption dynamics and membrane separation were 
developed to assist with process optimization, reducing the need for excessive experimen-
tation. The optimized process resulted in a 61 and 49% reduction in the ecological and 
carbon footprints, respectively. Novel metrics for the assessment of the economic sustain-
ability of waste and emitted CO2 have been introduced.

Economic sustainability for waste (left columns) and emitted CO2 (right columns) esti-
mations are shown in Figure 13.14.

13.6.6 Solvent Recycle with Imperfect Membranes

For the separation of a two- component mixture, a three- stage OSN process is presented, 
which comprises a two- stage membrane cascade for separation with a third membrane 
stage added for integrated SR, that is, solvent recycling. The two- stage cascade allows for 
increased separation selectivity, while the integrated SR stage mitigates the otherwise 
large solvent consumption of the purification [119]. This operation attains purity of 
98.7% through the semicontinuous operation with two washes of the SR stage, even 
when imperfect membranes are used in a closed- loop setup. Such results contrast favora-
bly with the 83.0% maximum purity achievable in a similar setup with a single continu-
ous run. The process achieved a slightly lower (−0.7%) yield of approximately 98.2% 
compared to a continuously operated process without SR but consumed approximately 
85% less solvent (theoretical analysis suggests up to 96% reduction is possible). Nine dif-
ferent membranes, both commercial (GMT, Novamem, and SolSep) and in- house fabri-
cated, are screened and tested on a separation challenge associated with the synthesis of 
 macrocycles. Among the membrane materials are polyimide (PI), PBI, and polyethere-
therketone (PEEK).
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13.6.7 Increasing the Sustainability of Membrane Processes Through 
Cascade Approach and Solvent Recovery 

Membrane processes suffer from limitations such as low product yield and high solvent 
consumption, hindering their widespread application in the pharmaceutical and fine 
chemical industries. The process has been validated for the purification of APIs from geno-
toxic impurities (GTIs) using OSN. The model system selected for this study comprised 
roxithromycin macrolide antibiotic (Roxi) with 4- dimethylaminopyridine (DMAP) and 
ethyl tosylate (EtTS) as API and GTIs, respectively. By implementing a two- stage cascade 
configuration for membrane diafiltration, the process yield was increased from 58 to 95% 
while maintaining less than 5 ppm GTI in the final solution. Through this yield enhance-
ment, the membrane process has been “revamped” from an unfeasible process to a highly 
competitive unit operation compared to other traditional processes. The advantage of size 
exclusion membranes over other separation techniques has been illustrated by the simulta-
neous removal of two GTIs from different chemical classes. In addition, an SR step has 
been assessed using charcoal as a nonselective adsorbent. It has been shown that pure sol-
vent can be recovered from the permeate. When considering the costs of solvent, charcoal, 
and waste disposal, it was concluded that 70% SR is the cost- optimum point. Conventional 
single- stage diafiltration (SSD) and two- stage diafiltration (TSD) configurations were com-
pared in terms of green metrics such as cost, mass and solvent intensity, and energy con-
sumption. It was calculated that implementation of TSD, depending on the batch scale, can 
achieve up to 92% cost savings while reducing the mass and solvent intensity up to 73%. In 
addition, the advantage of adsorptive SR has been assessed, revealing up to 96% energy 
reduction compared to distillation and a 70% reduction in CO2 footprint [120].
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Figure 13.15 Process configuration and conditions for the start- up (a) and continuous steady- 
state (b) operation of the hybrid process. The jacketed flow reactor operated at 50 °C allowing 
100% conversion of the substrate. The NF unit was operated continuously at 40 bar, splitting the 
crude mixture into a concentrated, product- rich retentate stream, and a reagent- rich permeate 
stream. Initially, the permeate stream was discarded (a) and once a steady state was reached, 
recycling of the permeate stream was commenced (b), and the feed concentration and flow rate 
were adjusted. Taken from [121].
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13.6.8 Nanofiltration- enabled in situ Solvent and Reagent Recycle for 
Sustainable Continuous- flow Synthesis 

Solvent usage in the pharmaceutical sector accounts for 90% of the overall mass during 
manufacturing processes. Consequently, solvent consumption poses high costs and an 
environmental burden. Continuous processing, in particular continuous- flow reactors, has 
great potential for the sustainable production of pharmaceuticals, but subsequent down-
stream processing remains challenging. Separation processes for concentrating and purify-
ing chemicals account for 80% of the total manufacturing costs. An NF unit was coupled to 
a continuous- flow reactor for in situ solvent and reagent recycling; the NF unit is straight-
forward to implement and simple to control during continuous operation. The hybrid pro-
cess operated continuously over six weeks, recycling approximately 90% of the solvent and 
reagent. Consequently, the e- factor and the carbon footprint were reduced by 91 and 19%, 
respectively [121]. Moreover, the NF unit led to a solution of the product being eleven times 
more concentrated than the reaction mixture and increased the purity from 52.4 to 91.5%. 
The boundaries for process conditions were investigated to facilitate the implementation of 
the methodology by the pharmaceutical sector. Process configuration is shown in Figure 13.15.

13.6.9 Artificial Intelligence in the Nanofiltration Membrane Process

There is an urgent need to develop predictive methodologies that will fast- track the indus-
trial implementation of OSN. However, the performance prediction of OSN membranes has 
been a daunting and challenging task, owing to the high number of possible solvents and 
the complex relationship between solvent–membrane, solute–solvent, and solute–mem-
brane interactions. Therefore, instead of developing fundamental mathematical equations, 
we have broken away from conventions by compiling a large dataset and building artificial 
intelligence (AI)- based predictive models for both rejection and permeance, based on a col-
lected dataset containing 38,430 data points with more than 18 dimensions (parameters). To 
elucidate the important parameters that affect membrane performance, we carried out a 
thorough principal component analysis (PCA), which revealed that the factors affecting 
both permeance and rejection are surprisingly similar. We trained three different AI models 
(artificial neural network, support vector machine, and random forest) that predicted mem-
brane performance with unprecedented accuracy, as high as 98% (permeance) and 91% 
(rejection). This findings pave the way toward appropriate data standardization not only for 
performance prediction but also for better membrane design and development [122].
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14

14.1  Introduction

Sustainability has gained much attention with Agenda 2030 issued by the United Nations 
in 2015. The idea is to reach the sustainable wealth- being and coexistence of humans, 
 technology, and environment through 17 sustainable development goals (SDGs). In the last 
10 years, more than 8500 research papers were published about sustainable extraction 
processes (Scopus search). The objective of extraction is to recover valuable soluble compo-
nents from raw materials. It is well known that conventional thermal extractions, such as 
Soxhlet extraction or maceration, are used in extraction processes. However, many research 
studies and review papers are dealing with nonthermal and/or advanced thermal process-
ing in extractions. Energy consumption is very low in the nonthermal processing of food as 
compared with thermal processing. The food quality and safety can be assured using non-
thermal technologies. To meet the market demand for safe, functional, and quality food 
products, various companies and research institutes are extensively involved in the innova-
tional programs to develop advanced and cost- effective nonthermal and advanced process-
ing technologies. The nonthermal processing market for food, based on technology, is 
divided into high- pressure processing, pulsed electric field, ultrasonic, cold plasma, irradi-
ation, and others. The high- pressure processing segment is projected to grow at the highest 
compound annual growth rate among all nonthermal processing technologies from 2017 to 
2022 [1]. It is a consumer- driven request to preserve the freshness of food products as well 
as aids in extending their shelf life, as well as their demand for natural, fresh, and mini-
mally processed foods, as no preservatives or additives are added to the products. Due to 
these factors, the market is projected to grow at a significant rate in the future. Several 
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research studies reported the usage of nonthermal processing in ultrasound- assisted 
extraction (UAE) from plants [2, 3], fruits [4] and waste materials (by- products) [5], high- 
pressure extraction [6], cold plasma extraction [7, 8], pulsed electric field [9], and other 
nonthermal technologies. It is also important to mention advanced thermal processing 
extraction such as microwave extraction [10, 11] and ohmic heating [12]. For all above-
mentioned processing techniques, there is mentioning that they can be considered as sus-
tainable, eco- friendly, low emission, lower impact on the environment, fast, clean, and 
green extraction processing techniques. However, there is no concrete overview and rec-
ommendation in what is needed to claim that one process for the extraction of bioactive 
compounds, nutraceuticals, fibers, and other natural compounds can be considered as 
green sustainable processes. There is concern about energy consumption, environmental 
impact, social impact, and economical consideration of novel proposed techniques in dif-
ferent processes.

The conventional approach of assessing a chemical process through the measurement of 
reaction efficiencies in terms of yield gives a good indication of process economics but does 
not present a likewise good indication of the process sustainability  [13]. A different 
approach can be considered, such as computerized solvent selection using Conductor- like 
Screening Model for Real Solvents (COSMO- RS) or HANSEN software  [14]. Nowadays, 
green chemistry metrics have been developed for assessment of sustainability, which can 
be applied to green extraction processes. Life cycle assessment (LCA) is a more expensive 
and time- consuming method that can be implemented for sustainability determination [15, 
16]. Different types of green solvents can be used in green sustainable extraction processes 
such as limonene, pinene, environmentally derived, eco- friendly solvents. Also, there are 
natural- based deep eutectic solvents (NaDES) that are specially designed to be used in 
extraction processes [17]. Also, an important parameter is solvent recycling for multiple 
use and processing with less waste [15].

Therefore, this chapter aims to provide insight into the approach for solvent selection, 
giving an overview of sustainable green parameters in determining the sustainability of 
extraction processes, and providing recommendations on the approach to be followed for 
claiming that one intensified process of extraction could be considered as green. This can 
be a good way in achieving SDGs regarding extraction processes. In this chapter, nonther-
mal and advanced thermal processing extraction techniques are overviewed in terms of 
sustainability. Detailed analysis of past and present literature confirms explicitly the use-
fulness of these green extraction techniques and solvents. It is hoped that this chapter will 
widen the scope of laboratory and commercial success for the potential applications of 
green extraction as sustainable techniques for producing food and natural extracts and 
products. Several case studies are given to justify the mentioned aim, i.e. green extraction 
processes based on high- pressure homogenization (HPH), as a technique to cause com-
plete cell disruption, significantly enhancing the release in water as extraction medium of 
both soluble compounds (e.g. proteins, polysaccharides) and water- insoluble molecules 
(e.g. lycopene, polyphenols), as recently shown for tomato peels [18]. Another example is 
the extraction from spent coffee grounds [19, 20] and microalgae [21]. Different extraction 
techniques such as sustainable green extractions including supercritical carbon dioxide 
(CO2) extraction, subcritical solvent extraction, ultrasonication, and HPH for various mate-
rials are given.
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14.2  Green Extraction Processes

14.2.1  Extractions and Sustainability

Nowadays, green chemistry has become the foundation of many chemical processes, driv-
ing the development of completely novel products and processes, rather than pursuing the 
improvement of existing ones [15]. In the food industry, green food processing is generally 
considered to be at the basis of the development of innovative processes, which specifically 
enables (i) the reduction of resource consumption, and in particular energy and water, (ii) 
the recycling of secondary products through the integration in a wider biorefinery approach, 
and (iii) the production of safer and higher quality products [11].

Green extraction processes were introduced in the 2000s in research laboratories [22, 23]. 
There are many reviews and research that are proposing and reporting improvement in 
advanced thermal and nonthermal extractions. The commonly used thermal methods used 
such as Soxhlet extraction was even improved, i.e. in combination with ultrasound [24], to 
accelerate the extraction process. The idea is to use green solvents, reduce extraction time, 
improve existing processes, invent some new process, reduce solvent consumption, use low 
emission techniques and use less energy, and consequently, to impact less on the environ-
ment (Figure 14.1). This approach is driven by Agenda 2030, issued by the United Nations 
and 17 SDGs. The idea is to set processes and procedures to be sustainable in each life 
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Figure 14.1  A great example is given in overview in the JRC report “Mapping the role of Raw 
Materials in Sustainable Development Goals. A preliminary analysis of links, monitoring indicators and 
related policy initiatives” [25].
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point. Sustainable development and sustainability is defined with responsible action 
toward the economy, environment, and society. Efforts of industry, governments, produc-
ers, scientists, and every human being are to improve and act according to 17 SDGs. Green 
processing can be defined also in line with Agenda 2030 and SDGs.

A great example is given in overview by Mancini et al. [25] where there is direct impact 
of extractions with a positive contribution to SDG 6, 8, 9, 13, and 15, and indirect impact to 
SDGs 1, 2, 3, 4, 7, and 17; adverse impact to SDGs 3, 5, 6, 8, 11, 13, 14, and 15, and indirect 
impact to SDGs 1, 2, 7, 10, and 16 [25]. Mancini et al. [25] defined extractions for the indus-
trial activities of mining and forestry and that approach could be considered in the separa-
tion of compounds based on their partitioning in nonmiscible liquid and liquid/solid 
phases. The approach is realized as needed as a root for green extraction procedures. There 
is necessity of this green approach to industry and there are many applications and 
improvements in existing extraction processes.

14.2.2  Green Principles

Anastas and Warner introduced 12 principles of green chemistry in 1998 (listed in 
Figure 14.2) [26]. Among those 12, 6 of those are important for green extractions. These 
principles should be viewed for industry and scientists as a direction to establish an innova-
tive and green label, zero waste, clean processing, the zero- emission standard for modern 
conventional advanced thermal, or nonthermal- assisted green extraction method.

Six principles are of great importance for extraction and separation of compounds. 
Principle 1 is dealing with innovation by selection of varieties and use of renewable plant 
resources. The idea is to select plant resources, without pesticides residues and metals in 
final products [27]. Principle 2 is about use of alternative solvents and principally water or 
agri- solvents. The idea is to use solvent selection tools by applying modern computer meth-
odologies such as softwares COSMO- RS and HANSEN [28, 29]. Principle 3 is about reduc-
ing energy consumption by energy recovery and using innovative technologies. The 
consideration should be focused toward usage of nonthermal processing technologies such 
as power UAE [30] and low power ultrasound, high- pressure processing [31], supercritical 
fluids extraction [32], instantaneous controlled pressure drop [33], high- voltage electrical 
discharge [34], pulsed electric field [8], accelerated solvent extraction [35], cavitation- based 
extraction methods include already mentioned UAE, negative pressure cavitation extrac-
tion, and hydrodynamic cavitation extraction. Another approach is hot water extraction 
(HWE) (subcritical water extraction) [36]. The most commonly used method is enzyme- 
assisted extractions and there is also a great green and zero- energy consuming procedure 
based on solar energy using solar hydrodistillation. Also, there are innovative advanced 
thermal processing extraction techniques such as microwave- assisted extraction and ohmic 
heating, but there should be more combinations of advanced thermal and nonthermal 
extraction techniques to use all their advantages for efficient green sustainable extraction. 
The mechanism of action, advantages of each technique, disadvantages, and sustainable 
aspects are discussed is several review papers [3, 37–39].

Principle 4 is about production of coproducts instead of waste to include the bio-  and 
agro- refining industry: use of waste (by- products) products from the agri- food industry and 
extraction of bioactive compounds  [36, 40, 41]. There is a huge amount of by- product 
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Figure 14.2  Development from conventional to alternative solvents based on green principles.
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(waste) in agri- food industries that can be used to obtain bioactive compounds [42] by non-
thermal green extraction; to obtain pectin [43] from residues; to obtain pigments and anti-
oxidants, and to use extracted essential oils and biopesticides [44–46], or to obtain fibers [47] 
by green extraction methods. Principle 5 is how to reduce unit operations and favor safe, 
robust, and controlled processes: there are new improved equipment units, many produc-
ers of extraction technique equipment. There should be also more reporting of energy con-
sumption, carbon emission of novel equipment with emphasized advantages over 
previously used equipment. In the future, there will also be smarter sensors used for moni-
toring extraction processes, renewable energy usage (sun), use of artificial intelligence, 
with the aim of process control and monitoring [34]. There is also a strong implementation 
need of the elements of Industry 4.0 in processing, such as machine learning, big data pro-
cessing, artificial intelligence, and additive technologies. Industry 4.0 is a strategic initiative 
that supports development of the industrial sector (fourth industrial revolution) with the 
main idea to exploit the potential of new technologies and concepts [48]. In currently ongo-
ing project GREENVOLTEX, funded by Croatian Science Foundation (GREENVOLTEX), 
there is the use of additive technologies (3D printing) to design, optimize, and produce 
edible gels with incorporated extracted bioactive compounds from Mediterranean herbs. 
There is also research aim to develop an encapsulated product with extracts that are going 
to be used in food products (i.e. olive oil enriched with microcapsules with extracts from 
rosemary, olive leaves extract, sage, oregano, and thyme) with the aim of a fast or slow dis-
solution of capsules; microcapsules or nanocapsules are going to be used in nonalcoholic 
beverages to have the rapid dissolution of capsules in beverages (data not shown, in prepa-
ration for publishing).

Principle 6 has an aim to provide a non- denatured and biodegradable extract without 
contaminants. This is the basis of modern sustainable processes with respect to REACH 
(Registration, Evaluation, Authorization and Restriction of Chemicals) directive con-
cerning chemical substances, either as such, or entering into products or manufactured 
objects, while Integrated Pollution Prevention Control is aimed at reducing the contri-
bution of the industry to non- sustainable development. There is the need to obtain 
extracts, in which compounds will maintain their antioxidant, bioactive properties, 
and that the extract will be efficiently solubilized in the solvent (predicted by computer 
softwares) and biodegradable. When using different techniques (where there are elec-
trodes, tips, probes, wires, plates ultrasound, pulsed electric fields, or high- voltage 
electrical discharge – plasma), it is important to have in mind abrasion of electrodes, 
probes tips, and the residues of those materials in extracts that we would like to obtain. 
There are not so many research articles that are reporting this potential obstacle and 
hazard, but this should be taken care of with percussing. Some research articles are 
reporting the abrasion of electrodes and metal residues after nonthermal process-
ing [27, 34, 49].

In order to say that we have green processing, we need to assure lower CO2 emission than 
conventional extraction processing [5, 50, 51]. There is also a need to have a complete over-
view of LCA [52] of complete processes of obtaining extracts by the green process. There 
are research articles that are reporting the impact of nonthermal processing on the envi-
ronment [53–55] and circular economy strategies [25, 56]. The aim of applying green pro-
cessing should be in the focus of Agenda 2030 and in line with SDGs.
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14.2.3  Evaluating Sustainability in Green Extraction Processes

The sustainability of novel food production processes, including extractions, especially in 
the phase of translation from lab- scale to industrial scale, should be carefully assessed, tak-
ing into account the wider picture of the overall impact on the sustainability. As a general 
principle, all the resources involved in the production should be used at a sustainable rate, 
which means that they can be replaced naturally as they are used, and, at the same time, 
waste generation should take place at a slower pace than its remediation, when considering 
its capability to be readily assimilated by the natural environment [57, 58].

Within this picture, it must be remarked that, despite many scientific articles claim that 
the proposed alternatives to existing processes represent a greener approach [59], based on 
their compliance with one or more of the sustainability principles, very often, when 
assessed with a larger production context, taking into account the factors related to scala-
bility, economics, and regulatory constraints, they turn out to be less sustainable  [60]. 
Therefore, a more holistic approach is needed for the development of novel technologies of 
interest for the food industry, which should be multidisciplinary and possibly start already 
at the technology development stage, evaluating the inherent interconnections with 
sustainability [61].

In particular, the integration of green chemistry into a biorefinery, coupled with the use 
of low environmental impact technologies, is considered to be a suitable route toward the 
development of truly sustainable green extraction processes [62]. Therefore, it is clear that 
extraction processes should minimize the resource demand, especially for energy, safer 
processes should be preferred, the use of hazardous chemicals should be avoided, with a 
preference toward totally environmentally benign processes, including also the required 
purification step, the residues of extraction should be kept at a minimum, and possibly be 
also easily recyclable.

The question is, therefore, within this holistic approach, which metrics are suitable for 
the evaluation of process sustainability, with specific reference to green extraction pro-
cesses. The conventional approach of assessing a chemical process through the measure-
ment of reaction efficiencies in terms of yield gives a good indication of process economics 
but does not present a likewise good indication of the process sustainability [13]. Nowadays, 
several green chemistry metrics have been developed to provide a holistic assessment of 
sustainability, which can be applied also to green extraction processes. They are summa-
rized in Table 14.1.

Mass- efficiency metrics are considered to be at the foundation of the green process 
design because they pertain to 5 of the 12 principles summarized in the previous sections 
(numbers 1, 2, 5, 8, and 9) of green chemistry [58]. The different mass- efficiency metrics 
are presented in detail, with advantages and disadvantages, especially when referred to 
extraction processes, reported in Table 14.1. They can be classified in metrics related to 
mass efficiency (theoretical, such as for Atom Economy), or real and depending on process 
optimization, such as (Reaction Mass Efficiency, Mass Productivity, Effective Mass Yield, 
and Carbon Economy) and in metrics conceptually equivalent to the E- factor.

Atom Economy describes the inherent by- product formation in a chemical reaction, 
through molecular weights and stoichiometric ratios. Atom Economy- equivalent indica-
tors take into account the mass of the product, in comparison with the total mass of 



Table 14.1  Metrics of interest for green extraction processes.

Metric indicator Descriptor Purpose and scope Limitations References

Mass-efficiency
metrics

Atom Economy Molecular weight of product/Sum 
of molecular weights of starting 
materials

Simple calculation based on the 
stoichiometry of the reaction, without 
taking into account solvents, reagents, 
reaction yield, and reactant molar excess. 
Theoretical definition that can be applied 
without the need for experimentation. 
The solvents are excluded from 
calculations

Not suitable for extraction 
processes but processes 
including chemical 
reactions, and applied to 
individual process steps

[70]

Reaction Mass Efficiency Mass of product/Total mass of 
reactants

Useful to identify specific parts of an 
industrial process that contribute the most 
negatively/positively to the process, and to 
help to reduce waste. It provides also an 
economic indicator of the process

Not sufficient to measure 
the greenness and 
sustainability of processes

[13]

Mass Productivity Mass of product/Total mass 
(including solvents)

The reagents here may include any used 
reactant, solvent, or catalyst. When most 
reagents are benign, effective mass 
efficiency can be greater than 100%. It 
provides also an economic indicator of the 
process

Very general definition, 
which does not take into 
account the wastes and 
greenness of the processes

[58]

Effective Mass Yield Mass of product/Mass of 
non- benign reagents

Useful to assess the mass of the product as 
compared with the mass of hazardous and 
toxic reagents, ignoring benign solvents 
(e.g. water). Specifically suitable for 
extraction processes

Problem of the definition of 
non- benign reagent and 
levels of acceptable 
toxicology

[71]



Metric indicator Descriptor Purpose and scope Limitations References

Carbon Economy Mass of carbon in the product/
Total mass of carbon in the 
reactants

Simple calculation, useful to estimate the 
percentage of carbon in the reagents used 
in organic synthesis that remain in the 
final desired product. Specifically 
suggested for the evaluation of the 
greenness of organic synthesis based 
solely on carbon accounting

Not suitable for extraction 
processes

[13]

E- factor Mass waste/Mass product It can easily be applied to a multistep 
process for its holistic assessment. 
Suitable for extraction processes. Lower 
E- factors can be correlated with reduced 
manufacturing costs. Water and solvents 
can be accounted for in the waste

Not sufficient to measure 
the greenness and 
sustainability of processes

[58]

Mass Intensity Total mass in process (excluding 
H2O)/Mass of product. 
[MI = E- factor + 1]

Useful for accounting reaction efficiency, 
stoichiometry, amount of solvents, all 
reagents and auxiliary substances used in 
synthesis. An ideal synthesis, in which the 
total mass of input is equal to the mass of 
the product, has a MI = 1. Easily adapted 
to several processes

Mass intensities not 
directly additive in 
multistep processes. Not 
sufficient to measure the 
greenness and 
sustainability of processes

[13]

Process Mass Intensity Total mass in process (including 
H2O)/Mass of product

Useful for assessing the reagents, solvents, 
and stoichiometry for the synthesis of a 
given product. Adopted for 
pharmaceutical productions, with large 
water consumptions

The impact of the waste 
produced from the process 
is not accounted for. Focus 
on reducing the costs of the 
raw materials input rather 
than waste production

[72]

Waste Water Intensity Mass of process water/Mass of 
product

Focused on water use, it is especially 
suitable for integrated, multistep 
processes

Not specifically suitable for 
extraction processes

[58]

Solvent Intensity Mass of solvents/Mass of product Focused on water use, it is especially 
suitable for extraction processes

It does not take into 
account process economics 
and solvent unfriendliness

[58]

(Continued)
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Metric indicator Descriptor Purpose and scope Limitations References

Material Recovery 
Parameter

Mass of recovered or recycled 
reagents/Total mass of reagents

Introduction of the concepts of recovery 
and recycle of products used during the 
reaction including purification and 
workup. If all solvents, catalysts, and 
non- product reagents are recovered, 
Material Recovery Parameter = 1. It is of 
interest to the pharmaceutical industry

It neglects process yields 
and economic 
considerations

[73]

C- factor Total mass of CO2 emitted/Mass 
of product

Useful for comparing biomass- based vs. 
fossil resource- based processes

Less useful for extraction 
processes

[74]

Energy-efficiency
metrics

Cumulative Energy 
Demand

Total amount of primary energy 
potential used during the 
production cycle

It correlates well with LCA. A large 
fraction of the environmental impacts of 
extraction processes can be linked to 
energy and resource use

It is a purely resource- 
oriented method

[75]

Global Warming 
Potential, also known as 
Carbon Footprint

CO2 generated in the burning of 
fuels and the manufacture of 
chemical products

It is calculated in CO2 equivalents, 
meaning that the greenhouse potential of 
emission is given in relation to CO2. 
Useful for assessing the use of biomass- 
derived and renewable solvents

Strong variations between 
the different data sources

[75]

Environmental-impact
metrics

Q- factor E- factor multiplied by an 
environmental quotient

It takes into account the unfriendliness of 
reagents and solvents. It may derive from 
a score sheet based on safety, health, and 
environment (SHE) hazards

Arbitrariness of the 
environmental quotient

[58]



Metric indicator Descriptor Purpose and scope Limitations References

Life cycle assessment 
(LCA)

Environmental impact of a 
product, in all stages of its life, 
from raw materials acquisition 
through production and use to 
end- of- life treatment and disposal 
or recycling

Methodology useful for assessing 
environmental impacts associated with all 
the stages of the life cycle of the process 
(but also suitable for a commercial 
product, or a service). Adding a life- cycle 
perspective to green extraction processes 
may enlarge their scope and enhances 
their environmental benefits

Not easy to use and based 
on arbitrary parameters

[58]

Eco- Footprint Simplified LCA, based on carbon 
footprint, water footprint, 
aqueous waste valorization, used 
solvents valorization, energy 
consumption

Combination of manufacturing footprint 
and an eco- design to cover the supply 
chain from the supplier’s gate to the 
product leaving the plant

Not easy to use and based 
on arbitrary parameters

[65]

“Green” Motion Simplified LCA, based on raw 
material, solvents, hazard/toxicity 
of reagents, reaction yields, 
process energy requirements, 
hazard/toxicity of products, waste 
generation

Assessment of the health, safety, and 
environmental impacts of the different 
manufacturing industries. Suitable for 
extraction processes

Based on arbitrary 
parameters

[66]

Sustainabilitymetrics

Eco- efficiency Analysis Quantification of the 
sustainability of products and 
processes over the whole life 
cycle (cradle- to- grave) taking into 
account economic and ecological 
aspects (Raw materials 
consumption, Energy 
consumption, Resulting 
emissions, Toxicity potential, 
Abuse and risk potential, Land 
use)

Combination of economic and ecological 
aspects, which are given equal weights

Societal impact is still 
neglected, and must be 
separately assessed

[76]

GREENSCOPE Simplified LCA, based on 
environment, energy, efficiency, 
and economics

Combination of mass and energy 
efficiency, economic and environmental 
indicators. Useful for sustainability 
assessment to assist in the design of 
chemical processes

Not specifically suitable for 
extraction processes

[77]
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starting materials. Both Atom Economy and E- factor and equivalent indicators take instead 
into account the mass of waste produced during processing per mass of the product, with 
the possibility of accounting also for water and solvents in the waste stream. These metrics 
are easy to use, measure, and implement, but they suffer from the major disadvantage that 
all types of wastes have the same impact [58].

Both Atom Economy and E- factor, which describe the theoretical and real waste produc-
tion rates of the chemical reactions involved, can be related to the economic effectiveness of 
processes (indicating the operating costs of the required raw materials), and therefore they 
provide an indirect indication of long- term sustainability, which can be applied to green 
chemistry. The fact that an economic component is not implicitly included in the green 
chemistry approach, has been considered as a major disadvantage by industry, which, there-
fore, adopted preferentially the more inclusive concept of sustainable development [58].

Energy- efficiency metrics have been developed to cope with energy- intensive processes, 
as the extraction process from plant matrices frequently can be. However, these metrics, 
also described in Table 14.1, are resource- oriented and therefore, limited in their outreach, 
especially when large waste streams are generated.

However, most green chemistry metrics do not take into adequate account the upstream 
and downstream processes, which are often determining the success of a sustainable pro-
cess. More specialized metrics have been, hence, developed to integrate economic and envi-
ronmental factors [63, 64]. A more holistic approach is represented by environmental- impact 
metrics, based on LCA approaches, which are characterized by a complex evaluation of all 
the stages of the production. Data acquired from secondary sources, such as databases, lit-
erature references, and simulations, are required to assess the entire life of the products 
and raw materials.

They become, however, increasingly difficult to use, as more details are added, and inher-
ently uncertain as arbitrary parameters are needed, especially when including emerging 
technologies that are not supported by sufficient data, making the assessments increasingly 
complicated and costly. Moreover, if lab- scale reactions are not adequately optimized, these 
metrics may suggest exceedingly poor ratings [15].

Simplified approaches have been adopted by different industries (e.g. pharmaceutics, 
cosmetics) to better fit their processes  [65, 66]. They are based on narrowing the LCA 
boundaries, such as in the gate- to- gate or cradle- to- gate approaches  [67], to enable the 
assessment also of processes under development, as all the required data for a full LCA 
become available only after the product reaches the market. LCAs, or simplified LCAs, can 
also help in solvent selection, to pursue an optimal balance between production, applica-
tion, and disposal, while considering the environmental impact [68].

To take into account the environmental aspects, yet maintaining a simple metric indica-
tor, the E- factor was modified through a so- called environmental quotient to give the 
Q- factor, which accounts for the unfriendliness of reagents and solvents [58], enabling a 
more exhaustive comparison of different process alternatives.

Nonetheless, sustainability is a wider anthropocentric concept, which is based on human 
judgment of the balance among different social, environmental, and economic factors [69]. 
If a technology is not perceived to have potential societal benefits, it is difficult that it can 
be considered sustainable. However, societal benefits are hard to quantify, as they are very 
subjective and may significantly vary with company policy, market segment involved, and 
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the geographical location  [58]. For example, in a hypothetical desert country, where 
agricultural land is scarce but fossil resources are abundant, it is likely that importing bio- 
based solvents for extractions from other countries at a high cost and with the burden of 
high CO2 emissions of transportation, or diverting significant parts of the limited agricul-
tural capacity from food production to bio- based solvent production for the extraction, 
reducing food supplies for the population, is less sustainable than using fossil- based sol-
vent from the local resources. In general, it is true that avoiding the use of toxic reactants 
and preventing any safety hazard process operation will contribute to achieving important 
societal objectives, related to the protection of workers and consumers. Furthermore, the 
inclusion in the metrics of environmental- impact factors implicitly contributes to the pur-
sue of societal benefits. Some metrics have, therefore, tried to pursue wider- scope process 
assessment, as described in Table 14.1.

14.2.4  Energy Optimization

Another important issue to be considered in the development of green extraction processes 
is energy optimization. Energy- efficient technologies must be employed to extract the com-
pounds of interest from biomass. For example, the use of supercritical CO2, which is recog-
nized as a green solvent because it is safe (nonflammable and nontoxic), it is available as an 
industrial by- product (e.g. from the combustion of fossil resources such as oil, natural gas, 
or coal) and does not produce solvent residue, has substantial energy requirements, which 
may significantly reduce any environmental benefits of the replacement of organic sol-
vents. As a consequence, the use of supercritical CO2 may be best suited to locations where 
renewable energy sources are available [62].

Another example, where energy considerations are discriminant in process adoption, is 
represented by microwave-  and UAE processes, which exhibit great potential as greener 
and energy- efficient alternatives to conventional extraction processes at laboratory scale. 
However, in some processes, microwaves are used to selectively heating the solid matrix 
(e.g. to evaporate the moisture content of plant cells and promote extraction processes). In 
these cases, for example, if microwaves are coupled to the use of ethanol, which is highly 
microwave- absorbing, the process might be not energetically convenient at large scale, 
whereas the use of supercritical water, which is almost completely transparent to micro-
waves, is more suitable. Similarly, despite on a certain scale, neither ultrasounds nor super-
critical CO2 might be convenient, their combination has been reported to result in 
significant improvement in extraction rate and yields, potentially improving both energy 
efficiency and economics of supercritical processes [62].

14.2.5  Economic Considerations

As stated by Welton, a truly sustainable chemical product should be supplied at a price 
that makes it accessible by its users while remaining commercially viable for its produc-
ers  [78]. The impact of solvent cost on process competitiveness represents, in fact, a 
major concern, together with application- specific technical factors, such as perfor-
mance, in the selection of alternative green solvents [79]. While the vast majority of sci-
entific studies have addressed the performance criteria, industrial uptake is much 
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more dependent on the economic viability of solvent, along with ancillary considera-
tions related to its availability, disposal, as well as corrosiveness, thermal stability, or 
toxicity  [15]. Only a full process techno- economic model or LCA can contribute to 
estimating the cost of bulk- scale production of chemicals, including the use of novel 
solvents [80, 81].

The evolution from a traditional linear economy to a circular economy adds complexity 
to the picture of sustainable production [82]. In particular, recovery and regeneration of 
resources represents a key element of the design of green extraction processes, which 
should include the economic burden of recirculation for the recovery and reuse of materi-
als/solvents, to minimize the impact on ecology and health [83]. In a bigger picture, how-
ever, the circular economy within the European Union is expected to contribute to saving 
over $340 billion in material costs by recycling resources and $520 billion annually with the 
implementation of green economy processes [84].

It must be added that economic analysis of process viability is also significantly depend-
ent on geographical location. The cost of raw materials, equipment, and labor can vary 
tremendously from location to location, which should be taken into account when compar-
ing different green technologies and green solvents [58].

14.3   Green Solvents: Selection and Application 
in Extractions

14.3.1  Development of Green Solvents

Solvents are extensively used in various industries as reaction media, as diluents or addi-
tives, in synthesis and extraction, or for cleaning of equipment. It is impossible to imagine 
food, cosmetic, pharmaceutical, or biofuel industries without solvent usage. Therefore, sol-
vents can play a key role in the impact on health, safety, and environment [85].

With nowadays growing consumer demands and growing production, both society and 
industries created clear needs for sustainable production and high- quality products. At the 
same time, environmental directives and legislation have addressed the reduction of sol-
vent emissions (Clean Air Act of 1990 and the European Union Solvents Emission Directive 
1999/13/EC) or the reduction of the use of potentially harmful or environmentally damag-
ing chemical substances (REACH) [86].

The development of alternative (green) solvents first started with principles of green 
chemistry  [26] where the use of safer solvents and reaction conditions was introduced. 
Moreover, the green extraction principles were presented by Chemat et al. [22] to replace 
organic solvents with green solvents, obtained from renewable (non- petrochemical) 
resources produced from biomasses such as wood, starch, vegetable oils, or fruits at reason-
able prices. The ideal alternative solvents suitable for green chemistry are nonvolatile 
organic compounds, have a high solvent power, low toxicity, low environmental impact, 
and are being easily biodegradable (Figure 14.2). For sure, there is no perfect green solvent 
that can satisfy all abovementioned requirements and apply to all situations and reactions. 
Therefore, the decision for the most favorable solvent in each reaction is a challenge for 
researchers to overcome for each experiment [87].
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14.3.2  An Overview of Green Solvents and Their Usage

Water is widely used as a solvent since it is the cheapest and most available solvent for 
green extractions. Its polar nature is suitable for the extraction of natural water- soluble 
products such as proteins, sugars, and different organic and inorganic substances. The only 
problem with water is that it is a highly evaporative solvent and consequently, has high 
energy consumption and CO2 emissions and finally not unfavorable environmental impact. 
It is recommended to either limit the evaporation during extractions with water or to find 
different ways to concentrate or separate extracts from aqueous solutions. The innovative 
promising application of water as green solvent is pressurized HWE or subcritical water. 
The subcritical region for water is between boiling point (100 °C) and critical point (374 °C) 
and was shown to be efficient in the extraction of both polar and moderately polar com-
pounds. The polarity changes mostly depend on the temperature, rather than the pressure. 
For example, subcritical water at 250 °C and a pressure just over 4 MPa have a value of the 
dielectric constant of 27, which is close to ethanol and is, therefore, suitable for extraction 
of low- polarity compounds. Accordingly, this is considered an efficient, economical, and 
promising method for resource recovery without significant influence to the quality of the 
extracted products [22, 87, 88]. Additionally, some cosolvents, such as hydrotropes or sur-
factants, can significantly adjust water properties. As a consequence, different structures or 
aggregates are formed, which affect the solubility and the extractive potential of aqueous 
solutions [89].

Another commonly used green solvent is bioethanol, or ethanol from natural origins, 
obtained by fermentation of materials rich in sugar, by enzymatic hydrolysis of starch or 
from lignocellulosic raw materials. It is easily available in high purity, cheap, and com-
pletely biodegradable. The production of bioethanol significantly reduces the greenhouse 
gas emissions characteristic for conventional fuel combustion. Since ethanol is a well- 
known solvent for various extractions, bioethanol can be used instead [34, 90].

Like bioethanol, some agro-  or bio- based solvents can also be used in extractions, organic 
synthesis, or other applications. Bio- based solvents are obtained from at least one renewa-
ble raw material produced from biomasses such as wood, starch, vegetable oils, or fruits [91]. 
In this category, some terpenes can be found, i.e. α- pinene extracted from pine or 
D- limonene extracted from citrus fruit skin. These solvents are biodegradable, usually non-
flammable, have low polarity, and very high solvent power for extractions of natural com-
pounds such as bioactive molecules or fats and oils [14].

Even some vegetable oils (sunflower, soya, cocoa, and rapeseed) are considered as green 
solvents. Vegetable oils are nonpolar lipophilic systems with a variable composition accord-
ing to their origin, quality, and obtaining method. Besides their usual use, they could be 
used in extractions of bioactive compounds from natural sources, such as carotenoids or 
aromas [92, 93].

Many other green solvents were proposed and researched, such as organic acid esters 
(ethyl lactate, ethyl acetate), fatty acid esters (Diester), synthetic bio- based solvents 
(2- methyltetrahydrofuran), and solvents obtained from chemical synthesis (dimethyl car-
bonate). Recently, the most researched solvents are supercritical CO2 and ionic liquids.

The extraction with supercritical CO2 has been introduced in the 1970s and has been 
quite developed until today. The extraction technique with supercritical CO2 uses 
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compressed gas at a pressure of up to 300 MPa at a moderate temperature (30–40 °C) when 
it acts as a solvent and can replace organic solvents, such as hexane. The advantages of this 
method are that there is no denaturation of thermolabile compounds at moderate tempera-
tures, it is nonflammable odorless gas that is completely eliminated as a gas by the return 
to atmospheric pressure at the end of extraction so no traces of solvent are presented in the 
final extract [94]. It is being applied in many different industries including the food, phar-
maceutical, and cosmetic industry, and is used for extraction of molecules with low polar-
ity and low molecular weight, i.e. pigments, aromas, triglycerides, or in decaffeination 
process [95, 96].

On the other side, ion liquids gain a huge interest recently. The term ionic liquids stands 
for a wide range of solvents that are salts in the liquid state at low- to- moderate tempera-
tures. In terms of green solvents, ionic liquids have a negligible vapor pressure and for that 
reason do not contribute to the volatile organic compounds’ problems [97]. An important 
type of ionic liquids is represented by eutectic solvents, which are a mixture of compounds 
that form a eutectic with a much lower melting point than its components taking individu-
ally. The newest class is represented by NaDES inspired by the way that metabolites are 
dissolved in the plant cell, by eutectic combinations of sugars and nitrogen compounds. 
NaDESs generally consist of biological compounds, such as sugars, organic acid, and cho-
line chloride and represent a great alternative for organic hazardous solvents [98–100].

It can be concluded that future sustainable solvents need to be characterized by diverse 
chemical compositions and a broad range of physicochemical properties to meet the diver-
sified needs of the process industry. However, it can be expected that they all share the 
common feature of renewability. Currently, bio- based solvents from renewable sources 
offer the possibility of direct replacement of many nonrenewable conventional solvents 
and, it can be expected in the near future that even more green, bio- based renewable sol-
vents will be available, with tailored properties.

14.3.3  Solvent Sustainability and Selectivity Prediction Models

The proper solvent selection that is suitable for the desired extraction procedure is the most 
important step of the reaction. The experimental laboratory procedures for solvent selec-
tion are precise and reliable, but usually require high solvent and time consumption, which 
is consequently expensive and not sustainable due to high energy consumption [101]. As a 
result of the tendency to reduce solvent consumption and screening, its economic costs and 
tendency toward greener solvents, theoretical and computational methods and models 
were developed for the prediction of solubility parameters of new solvents and solutes. 
Also, there is a limitation in the user’s knowledge and experience with these new and daily 
growing number of solvents. Therefore, computational methods may play a key role in 
guiding the selection and design of solvents in various applications [102].

It is well known that solvent effects are related to certain or set of solvent properties. That 
is the reason why it is important to find reliable property prediction models. Most of them 
are predicted using the physical properties of solvents like Kauri- butanol index, Kamlet–
Taft scale, Hildebrand solubility parameters, or Hansen solubility parameters, while some 
are more powerful, such as COSMO- RS which allows the prediction of electrostatic inter-
action between a solute and a solvent including also thermodynamic properties [91].



14.3 Green Solventss: Selection and Application in Extractions 535

A Kauri- butanol index is a standardized value to measure solvent power for a hydrocar-
bon solvent ruled by American Society for Testing and Materials (ASTM) designation 
ASTM D1133 and is based on the titration of a solution of Kauri resin and n- butyl alcohol 
with a solvent up to the defined degree of turbidity. This index indicates a maximum 
amount of solvent that can be added to a solution of Kauri gum in 1- butanol without caus-
ing cloudiness. Kauri- butanol values range from 10 (very mild) to over 200 (very strong). 
However, it is not suitable for oils and fats and some experimental experiences showed 
inconsistency with theoretical results [103].

There is also a Kamlet–Taft scale whose parameters measure separately the hydrogen 
bond donor (α), hydrogen bond acceptor (β), and dipolarity/polarizability (π*) properties of 
solvents as contributing to overall solvent polarity. For example, this method was used to 
assess the potential of volatile methyl siloxanes as greener solvents for chemical synthesis to 
replace organic solvents. The polarities of volatile methylsiloxanes and as miscibility with 
other liquids were found to be similar to those of alkane solvents and the results showed that 
volatile methylsiloxanes provide environmentally more sustainable alternatives to replace 
nonpolar solvents [104]. Recent research by Duereh et al. [105] used generalized preferen-
tial solvation model and Wilson solvation model for estimating Kamlet–Taft dipolarity/
polarizability (π*) and results showed that application of the models makes it possible to 
identify favorable compositions of ternary (heptane- ethyl acetate- ethanol) solvents being 
used in replacements of dichloromethane, for example in chromatography [105].

The Hildebrand solubility parameters (δ) provide a numerical estimate of interaction 
degree between chemicals and can be a good indication of solubility, especially for nonpo-
lar or slightly polar systems without hydrogen bonding. The Hildebrand solubility is 
defined as the square root of the cohesive energy density, the energy required to break 
interactions between molecules (ΔU) per molar volume (V) which is consequently equal to 
the square root of the difference of heat of vaporization (ΔH) and ideal gas constant (R) 
timing with temperature (T) per molar volume (V) (Eq. 14.1) [106].

 
U

V
H RT

V  
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The Hildebrand solubility parameters can be evaluated by various methods: heat vapori-
zation (temperature data), group contributions, solubility measurement, swelling, osmotic 
pressure, and intrinsic viscosity. It is especially used in polymer–solvent interactions where 
it gives useful predictions of solubility and swelling of polymers by solvents  [106, 107]. 
More recent research was focused on assessing the solubility of ionic liquids as environ-
mentally friendly molten salts with high polarities, low melting points, non- volatility, and 
designability, which have an increasing interest in industries as solvents, catalysts, and 
electrically conducting fluids [106, 108–110].

An extension of Hildebrand parameters by division into a three- component system 
leads to the development of Hansen solubility parameters. Both models are based on 
“like dissolves like” rule meaning that a liquid is a good solvent for a solute if their solu-
bility parameters are close to each other. The extension is that Hansen solubility param-
eters divide the total Hildebrand value into three components: a dispersion force (δd), a 
hydrogen bonding (δh), and a polar force (δp). Hansen solubility parameters (δtotal) are 
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based on the concept that the total cohesive energy density is characterized by the sum 
of the energy densities (Eq. 14.2):

 
total
2 2 2 2

d p h  (14.2)

Solvent solubility can be presented through a three- dimensional graph with axes δd, δp, 
and δh, which can be easily made using Hansen solubility parameters programming. Based 
on experimental determinations, the program proposes also a sphere around the parame-
ters of a considered solute, with the parameters of potentially good solvents inside and poor 
solvents outside. The radius of the Hansen solubility sphere (Ro) presents the probable 
maximum difference in the parameters of the solute and of different solvents, to find the 
ideal solvent which is the closest to the sphere center. In order to optimize Hansen solubil-
ity parameters results, a simple composite affinity parameter was developed, a relative 
energy difference (RED) number. RED is presenting the solubility between solvents and 
solutes and is calculated according to Eq. 14.3:
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where Ra is the distance of a solvent from the center of the Hansen solubility sphere, and is 
calculated as presented in Eq. 14.4:
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where A refers to the solute and B refers to the solvent. The factor 4 is based on Prigogine’s 
Corresponding States Theory, as it has proved to effectively expand the dimensions in order 
to give spherical plots. The better affinity between solutes and solvents is presented with 
smaller Ra value. Accordingly, when RED = 0, no energy difference is found which means 
it is a “perfect solvent,” RED < 1 presents a high affinity, i.e. a potentially good solvent; if 
the RED value is between 1 and 3, then the solvent has a medium solubility for the solute, 
and RED > 3 indicates low affinity, i.e. a poor solvent [14, 111, 112].

The use of Hansen solubility parameters as a tool to evaluate the solubility of different 
analytes, especially from natural sources in various green solvents, has increased in last 
years. That is the reason why some green solvents such as ethanol, D- limonene, vegetable 
oils, CO2, and ionic liquids are already included in the Hansen software database. Recent 
applications included the prediction of solubility of various high- added compounds includ-
ing carotenoids [113, 114], triacylglycerides and fatty acids, food aromas [14], and polyphe-
nols  [29, 115] in green solvents, and these results were successfully compared with 
experimental data with many different green emerging technologies. Nevertheless, the 
physicochemical properties of some green solvents, for example ionic liquids and NaDES, 
have been insufficiently investigated and, therefore, their application is still limited [111].

The more accurate computational method for solvent selectivity is COSMO, which was 
applied in a wide range of industrial applications since its first introduction. During the 
application, some limitations were presented, such as the inability to distinguish two sol-
vents with essentially identical dielectric constants but quite different solvent properties. 
This problem led to the development of a perfectly innovative concept, a COSMO for “real 
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solvents” (COSMO- RS), a statistical thermodynamic method for molecular description and 
solvent screening based on a quantum- chemical approach. It combines quantum chemical 
considerations (COSMO) and statistical thermodynamics (RS) to determine and predict 
thermodynamic properties.

The COSMO- RS enables the transfer from the solutes’ molecular state, which is consid-
ered to be embedded in a cavity with a virtual surrounding conductor to real solvents. The 
calculations are performed in two steps at different scales: a microscopic scale step and a 
macroscopic scale step. In the microscopic step, the COSMO is used to apply a virtual 
conductor environment for the molecule, inducing a polarization charge density on its 
surface (σ- surface). The σ- surface represents the repartition of charge density on the 
molecular surface that is segmented and reduced to a histogram called σ- profile. This 
σ- profile provides information about the molecular polarity distribution and is accord-
ingly integrated to calculate the chemical potential of the surface (σ- potential). The 
σ- profiles and σ- potentials, together with other thermodynamic parameters, can assure 
prescreening and classification of various solvents together with the multivariate statisti-
cal analyses to select adequate solvents for different applications. All calculation steps are 
summarized in Figure 14.3 [87, 91, 116].

The research and literature data regarding the use of COSMO- RS is increasing every day. 
Moreover, it has been successfully applied in extractions with the screening of alternative 
solvents for the replacement of conventionally used solvents. Until today, the COSMO- RS 
has been shown as the most accurate method for solvent solubility screening of green sol-
vents. This approach has already been used in different fields, such as the selection of an 
excipient for pharmaceutical development in early discovery [117], for separation of long- 
chain fatty acids [118], for predicting the solubility of sulfur to investigate novel electrolytes 
for lithium- sulfur batteries [119], or in the cosmetic industry [120, 121]. However, most 
studies presented COSMO- RS with successful application in extractions of natural com-
pounds for the replacement of conventional solvents with green solvents [14, 29, 50, 122].

Finally, before the implementation of the selected green solvents in industries or other 
processes, the environmental impact of solvents should also be assessed. For that reason, a 
LCA should be performed, mainly for primary life cycle stages of solvent usage: manufac-
ture, distribution, usage, and disposal. Many alternative solvents are produced from renew-
able sources, in which water and CO2 require purification or condensation instead of 
manufacture processing; ionic liquids require multistage syntheses; choline as a NaDES 
solvent has a high boiling point, so it requires high energy for processing. Thereby, scien-
tists and technologists should pay attention to the whole life cycle of the solvent and take 
into account all stages of solvent preparation. For that reason, LCA is the best tool to ana-
lyze carefully all disadvantages compared with their benefits. The greenest option is still a 
solvent- free process, but this is not always possible, so it is important to highlight that the 
development of computational methods, such as Hansen solubility parameters or 
COSMO- RS with large databases and in combination with LCA, leads to great discoveries 
about green solvents and their application in research, laboratories, and industries [87].

Recently, a 10- step method was proposed, encompassing a hierarchy of assessments and 
tests designed to help to select bio- based alternatives to organic solvents [16]. Initially, sol-
vent properties are compared using the Kamlet–Abboud–Taft solvatochromic parameters 
and Hansen solubility parameters, for identification of the required solvent types and the 
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Figure 14.3  The COSMO- RS schematic diagram: (a) the transformation of the 2D molecular structure with (b) σ- surfaces, (c) 
conversion into σ- profile, and (d) σ- potentials of five representative solvents: nonpolar (n- hexane), highly polar hydrogen bonding 
(HB) acceptor and donor (water), HB acceptor (2- methyltetrahydrofuran, dimethyl carbonate), and HB donor (chloroform).
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screening of new solvents. Intermediate steps of the 10- step method require the optimization 
of solvent synthetic pathways, using green chemistry principles. Subsequently, the solvent 
physical properties are determined or tested, together with simple toxicological testing (e.g. 
Ames test) for finer screening. Finally, more expensive and time- consuming LCA studies 
are implemented for sustainability determination [15, 16].

14.3.4  The Role of Solvent Recycling in Extractions

As discussed in the previous sections, many efforts have been devoted by the scientific 
community to explore novel and greener technologies for the extraction from plant materi-
als, characterized by higher process efficiency for the recovery of high value- added com-
pounds. However, despite the introduction of innovative technologies, organic solvents 
and their aqueous solutions are still heavily used to increase the selectivity toward the 
desired extracts [123], but also to enhance process control, safety, and handling [124]. As a 
consequence, a high amount of toxic waste is generated, consisting of the residues of the 
extraction process contaminated with the organic solvents, with a negative impact on 
health, safety, and the environment [125], and consequently, worse green chemistry met-
rics. It is hence clear why the interest to pursue the reduction of solvent consumption and 
the use of greener solvents has exponentially grown in recent years [126, 127].

According to Welton, solvent use in chemical processes becomes more sustainable, if the 
solvent has dual roles (e.g. as extractant and as reagent), or if it contributes to producing 
higher quality products, reducing the number of synthetic steps, reducing by- product for-
mation, or improving product separation  [78]. For example, neoteric solvents, which 
include ionic liquids, deep eutectic solvents, liquid polymers, supercritical CO2, gas 
expanded solvents, and switchable solvents, have gathered an increasing industrial inter-
est, because they provide significant advantages over conventional organic or aqueous, sol-
vents, typically by improving product separation  [15]. However, the replacement of a 
conventional solvent with a greener alternative should always be assessed according to the 
sustainability criteria, discussed in Table 14.1, possibly taking into account the entire life 
cycle of a chemical process and the solvents, auxiliaries, reagents, products, as well as fol-
lowing solvent isolation and purifications phases for reuse  [15]. In fact, despite a wide 
number of tools are available for solvent selection as a function of its degree of greenness 
and applicability, determining the environmental impacts of new solvents are made diffi-
cult by the possible lack of data required for assessment  [128], and classification of the 
greenness is still a subject of much debate [129, 130].

It must be highlighted that an important parameter, which is often neglected, during 
solvent selection, is the scale of manufacturing processes. The solvent impact depends on 
the volume used in a process. For this reason, solvent recovery and recycling have an 
important role for greener extractions. Although the number of scientific papers about 
solvent recycling is rapidly growing every day, more than half of waste related to chemicals, 
which is mostly concerning production solvents, does still not recycle. Solvent recycling in 
industries is not only recommended to meet regulations and preserve the environment, but 
also may increase their profit [131]. Since waste solvents produce a high carbon footprint, 
it is recommended to recycle solvents on- site. Most often used technologies for solvent 
recovery are distillation, adsorption, and membrane processes such as organophilic 
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pervaporation and solvent- resistant nanofiltration. Some rarely used techniques include 
cocurrent or countercurrent extraction and steam/gas stripping [132].

Großeheilmann et al. [133] studied switchable- hydrophilicity solvents for easy product/
catalyst separation as well as catalyst recycling. These solvents have a possibility to switch 
between a water- miscible state and a state that forms a biphasic mixture with water. The 
catalyst recycling experiment showed that it is possible to isolate the product with high 
purity (>98%) without further purification steps. The catalyst was reused without any loss 
of activity for four times  [133]. Great examples for recycling are given with olive leaves 
research. Olive leaves are an agricultural waste, and waste utilization in agriculture is the 
second highest global greenhouse gas emission contributor [134]. Didaskalou et al. [134] 
developed a model of a continuous adsorption process with in situ solvent (ethyl acetate) 
recovery for the isolation of oleuropein from olive leaves. The model demonstrated to be an 
advantageous tool for the in silico design and optimization of the process, reducing the 
need for excessive experimentation. On the other side, a process optimization and intensi-
fication via continuous and simultaneous isolation of biophenols from olive leaves was 
performed. Firstly, a temperature- swing molecular imprinting technology was used for 
extraction of individual biophenols from olive leaves extracts. Secondly, concentration of 
the product and waste streams was performed using solvent- resistant nanofiltration, as 
well as for solvent recovery. Results showed that the predictive mathematical models for 
the adsorption dynamics and the membrane separation had a significant reduction of the 
carbon footprint, E- factor, and economic sustainability. This process is easy for operation 
with multiway valves to aid safety and reduce operating costs [135].

The main disadvantage with solvent recycling, are low volatile solvents such as ionic 
liquids, deep eutectic solvents, or bio- based terpenoids. For example, it is a problem during 
distillation since it requires handling volatile liquids, all nonvolatile and low- volatile liq-
uids remain in the still bottoms during the process. Since their boiling points are so high, it 
makes the distillation process too energy- costly. Kralisch et  al.  [136] published a paper 
where recycling of ionic liquids was performed using a rotary evaporator filled with a 
water- bath, with pressure decay adjusted to the boiling point of the solvent [136]. Another 
possible method of ionic liquids recycling is with protonated cations. For example, they can 
be switched off by deprotonation resulting with neutral carbene molecules (i.e. amine) that 
are stable and can be further recycled by distillation [137].

Despite solvent recycling is important, not always it is operationally or economically 
viable. For this reason, it is recommended for companies not to implement solvent recovery 
and recycling in the early stages of process development. Once the process is well- 
established, solvent recovery could be one of the key upgrades considered to improve profit 
margins [15].

14.3.5  Solvent Selection Guides

The basis of green food processing includes not only reduction of energy and water con-
sumption, recycle by- products through bio- refinery approaches, and higher quality prod-
ucts [11], but also ameliorated process safety. A truly sustainable green extraction process 
should employ low environmental damaging technologies based on environmentally 
friendly solvents  [62], characterized by adequate environmental, health, and safety 
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properties (EHS). Understanding solvent properties is, therefore, a necessary part of 
sustainable development. Many solvents of interest for conventional and green extraction 
processes have already been ranked by their EHS characteristics [129], making a vital part 
of the solvent selection practice. Several pharmaceutical companies have published their 
guides to the green solvent selection, based on their EHS ranking and compliance with 
company policy [15].

Several solvent selection guides for general purpose have now been published with pur-
pose to reduce use of the most hazardous solvents, but these have mostly been arranged 
according to each company usage policy  [123]. For example, researchers from Rowan 
University developed a guide with comparison between the different solvent options avail-
able for a process. It is available for everyone and is easy to use. An index with 12 environ-
mental parameters was developed for each solvent and it includes also occupational health 
considerations such as biodegradation and global warming potential. A summation of all 
parameters results with a score from 0 to 10, where lower score presents greener sol-
vent [138]. Another example comes from Pfizer company. They developed a simple, color- 
coded hierarchical solvent selection guide. This guide lists solvents as “preferred,” “usable,” 
or “undesirable.” Even though the guide has limitations, a useful substitution guide is pro-
vided for solvents presented as “undesirable” due to their issues such as carcinogenicity, 
emissions, and reproductive toxicity. After introducing this guide, Pfizer reported a signifi-
cant (50%) reduction in chlorinated solvents use over 2 years, and 97% reduction of unde-
sirable ethers [139].

Solvent selection guides by GlaxoSmithKline (GSK) were developed for medicinal chem-
istry laboratories in 1999. The methodology for solvent assessment was more miscellane-
ous compared with Pfizer tool, including detailed distribution of scores for different EHS 
categories. Recently, versions of GSK guides included LCA impact, expanded the number 
of solvents, and provided a customizable version for posting in different business areas. 
GSK guides include multiple health, environment, safety, and waste categories that com-
bined can reach a single composite score and color assignment [140, 141].

More recently, Sanofi has developed selection guides to help chemists in early develop-
ment to select greener solvents that will be accepted in all production sites. Guides take 
into account data from safety, health, environmental impact, quality, and industrial con-
straints. Each solvent has an ID that indicated the overall ranking which is divided in four 
colored categories: green (recommended solvent), yellow (substitution advisable), red 
(substitution requested), and brown (banned solvent). The residual solvent limits for phar-
maceuticals according to the International Conference on Harmonisation are also included, 
as well as physical properties, cost, and substitution advice for solvents. The Sanofi solvent 
selection guide consists of much more solvents compared with Pfizer and GSK guides [142].

According to Pfizer, Sanofi, and GSK selection guides, the greenest solvents are water 
and mostly alcohols and esters, such as n- propyl acetate, i- propyl acetate, 1- butanol, and 
2- butanol. This is also in line with Rowan University tools. These guides are user friendly 
for users to promote awareness of greener alternatives, and accordingly, large reductions in 
undesirable solvents have been reported upon guides’ implementation. However, these 
guides often lack valuable information about the performance of solvents and their eco-
nomics. For that reason, future solvent selection will require a greater sophistication and 
more data, especially for new solvents [123].
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14.4   Case Studies Related to Zero Waste, Low Carbon 
Emission, Clean Label, and Other Sustainable Values

Recent studies have applied several techniques for the extraction of bioactive compounds, 
such as UAE, microwave- assisted extraction, supercritical fluid extraction, and subcritical 
solvent extraction. UAE is often inexpensive and simple. It could increase the yield of 
extracted components, decrease the extraction time, and use lower temperatures. Therefore, 
it is usually used for the extraction of thermolabile and unstable compounds  [143]. 
Subcritical and supercritical fluids are an alternative media of solvents. The subcritical 
fluid is at temperatures above its normal boiling point and below its critical point. After 
extraction, the solvent is removed at a low temperature under a vacuum condition. The 
supercritical fluid is considered to be in its critical state when it is both heated and pressur-
ized above its critical temperature and critical pressure, respectively. The properties of 
supercritical fluids can be adjusted by pressure and/or temperature above their critical 
points which causes a change of solvent selectivity toward required compounds. It is a 
particularly interesting method in the case of the extraction procedure. Supercritical fluids 
have properties between those of a liquid and a gas. Its density is close to liquid and its 
viscosity is close to gases. Meanwhile, its diffusivity is between liquid and gas leading to 
enhanced mass transfer between the target solute and the supercritical fluids. Therefore, 
subcritical and supercritical fluid extraction technology has attracted many researchers for 
its applications as a green alternative process than conventional solvent extraction. The 
subcritical and supercritical CO2 extraction has been widely used for the extraction of oil 
from agro- industrial residues and plant materials  [144] and bioactive compounds from 
herbs, vegetables, and fruits. Another treatment that has been successfully applied to green 
extraction processes is based on HPH, as a technique to cause complete cell disruption, 
significantly enhancing the release in water as extraction medium of both soluble com-
pounds (e.g. proteins, polysaccharides) and water- insoluble molecules (e.g. lycopene, poly-
phenols), as recently shown for tomato peels  [18], spent coffee grounds  [19, 20], and 
microalgae [21]. This section describes the example and case studies of sustainable green 
extractions including supercritical CO2 extraction, subcritical solvent extraction, ultrasoni-
cation, and HPH for various materials.

14.4.1  Extraction of Assam Tea Seed (Camellia Sinensis var. Assamica) Oil 
Using Supercritical CO2, Subcritical Solvent, and Soxhlet Extraction Methods

Assam tea seed oil could be extracted by supercritical CO2 extraction, subcritical solvent 
extraction, and Soxhlet extraction methods. Hexane, petroleum ether, and isopropanol 
were used as solvents in subcritical solvent extraction and Soxhlet extraction methods. The 
extraction conditions for subcritical solvent extraction methods using hexane, petroleum 
ether, and isopropanol were 75 °C for 15 minutes, 75 °C for 15 minutes, and 105 °C for 
15 minutes, respectively, to achieve the high- percentage oil yields which are compared with 
those for supercritical CO2 extraction (at 50 °C under 220 bar for 4 hours) and Soxhlet 
extraction for 6 hours as shown in Figure 14.4. It can be seen that the percentage oil yield 
and the percentage oil recovery obtained for subcritical solvent extraction and Soxhlet 
extraction methods using hexane, petroleum ether, and isopropanol were in the range of 
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approximately 15.61–15.87%, 16.47–16.49%, and 15.14–16.05%, respectively, and 
92.86–94.39%, 97.97–98.10%, and 90.03–95.46%, respectively. Meanwhile, the percentage 
oil yields and the percentage oil recovery by using supercritical CO2 extraction were 15.30 
and 93.15%, respectively [145].

It was observed that the percentage oil yield and percentage oil recovery obtained by 
subcritical isopropanol extraction was lower than that obtained by Soxhlet extraction and 
supercritical CO2 extraction. Additionally, for each extraction method, the type of 
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Figure 14.4  Comparison of the percentage oil yield and percentage oil recovery using subcritical 
solvent extraction, Soxhlet extraction, and supercritical CO2 extraction methods.
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extraction solvent had affected the percentage oil yield and percentage oil recovery. 
Therefore, as seen in Figure 14.4, supercritical CO2 extraction method can potentially be 
used to recover oil from Assam tea seeds (Camellia sinensis var. assamica) and further 
developed for large industrial- scale extraction system.

14.4.2  Comparison of Soxhlet Extraction, Accelerated Solvent Extraction, 
and Supercritical CO2 Extraction Techniques for Recovery of Spent Coffee 
Grounds Oil

Several extraction techniques have been utilized for recovery of essential oils and antioxi-
dant phenolic compounds from valuable natural sources: for example, solid–liquid extrac-
tion with organic solvents, microwave or UAE, subcritical or supercritical fluids extraction, 
and high- pressure extraction processes [146–148]. Among these techniques, supercritical 
CO2 has been widely used as an excellent extraction solvent for the extraction of oil from 
agro- industrial residues and plant materials  [144, 149]. Muangrat and Pongsirikul  [150] 
investigated the effect of solvent used in the extraction techniques on the recovery of oil 
obtained from the spent coffee [150]. Soxhlet and accelerated solvent extraction methods 
for extraction of oil from spent coffee grounds were carried out using propanol as the sol-
vent, and the results were compared with supercritical CO2 fluid extraction. Comparing 
these extraction techniques as shown in Table 14.2, accelerated solvent extraction (using 
propanol as the solvent at extraction temperature of 120 °C under constant extraction pres-
sure of 1500 psi for 5 minutes) had a higher average oil yield (14.02%) compared with the 
Soxhlet extraction (13.75%) (using propanol for extraction time of 6 hours) and supercriti-
cal CO2 extraction (12.11%) (at extraction temperature of 50 °C under extraction pressure of 
200 bar for 2 hours). However, there was no statistically significant difference in the crude 
oil yields extracted by the different methods (p > 0.05). Accelerated propanol and super-
critical CO2 extraction methods can potentially be used to recover oil from spent coffee 
grounds oil and also provide a high oil yield [150].

In addition, Soxhlet extraction has several disadvantages such as long extraction time, 
usage of a large volume of solvent, losses, and degradation of volatile organic compounds, 
and operation at high extraction temperature leading to undesirable off- flavor com-
pounds [151]. Meanwhile, accelerated solvent extraction and supercritical CO2 extraction 
methods have several advantages over the conventional Soxhlet extraction method; for 
instance, low operating temperature leading to reduce thermal degradation of volatile 

Table 14.2  Crude oil yield obtained from Soxhlet extraction, accelerated solvent extraction, and 
supercritical CO2 extraction methods.

Extraction method Solvent % Crude oils

Soxhlet extraction (6 h) Propanol 13.75 ± 0.35

Accelerated solvent extraction (120 °C, 1500 psi for 5 min) Propanol 14.02 ± 0.31

Supercritical CO2 extraction (50 °C, 200 bar for 2 h) CO2 12.11 ± 1.33

ns: not significant.
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compounds, a shorter extraction time, and an increasing selectivity in oil and bioactive 
compound extraction.

14.4.3  Subcritical Water Extraction of Brazilin Compounds from 
Caesalpinia Sappan L. Heartwood

The yield of crude extract and brazilin obtained by using subcritical solvent extraction were 
compared with those obtained by maceration with ethanol and ultrasonic bath extraction 
using ethanol and water as solvents as shown in Table 14.3. Ethanol and water were used 
as solvents in the subcritical solvent extraction method. The results showed that subcritical 
ethanol and water extraction were at extraction temperature of 100 °C for 30 minutes, 
which gave the higher yield of crude extract and brazilin. In comparison to other techniques, 
subcritical ethanol and subcritical water extraction were found to be more effective than 
maceration and ultrasonic bath extraction. Therefore, subcritical ethanol and subcritical 
water were a possible green extraction technique to extract brazilin from heartwood.

14.4.4  Ultrasonication Extraction for Ceylon Spinach

Ceylon spinach (Basella alba) is a popular local vegetable in Thailand. This plant is high in 
vitamin A, vitamin C, vitamin B9 (folic acid), calcium, magnesium, phenolic compounds, 
and several other antioxidants. It is low in calories (by volume) and high in protein [152]. 
Basella alba has a long history of use as a medicinal plant species to treat and manage vari-
ous human ailments. It can also be used as a natural source of food additives for food 

Table 14.3  Crude extract (%) and brazilin content obtained using maceration, ultrasonic bath, 
and subcritical solvent extraction methods.

Extraction conditions
Crude 
extract (%)

mg Brazilin/g 
dry heartwood

Maceration
Heartwood:ethanol ratio of 1:3 (w/w) at 25 °C for 24 h

 
1.48 ± 0.01c

 
9.13 ± 0.00c

Ultrasonic bath extraction
Heartwood:ethanol ratio of 1:3 (w/w) at 80 °C for 
30 min

 
1.72 ± 0.02e

 
5.91 ± 0.01e

Ultrasonic bath extraction
Heartwood:water ratio of 1:3 (w/w) at 80 °C for 
30 min

 
1.19 ± 0.00d

 
7.20 ± 0.01d

Subcritical ethanol extraction
Heartwood:ethanol ratio of 1:3 (w/w) at 100 °C for 
30 min

 
5.4 ± 0.05a

 
44.36 ± 0.01a

Subcritical water extraction
Heartwood:water ratio of 1:3 (w/w) at 100 °C for 
30 min

 
3.2 ± 0.00b

 
28.73 ± 0.01b

Means with different letters (a, b, c, d, e) in the same column are significantly different (p  0.05).
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preservation and health promotion  [153]. Ultrasound is a green technology that is cost- 
effective, adaptable, efficient, and effective for extracting natural food ingredients. It is 
likely to be used more in the future [154]. Ultrasound has the potential to not only mitigate 
the extraction times and improve yields, but also to avoid high temperatures that destroy 
active ingredients [155]. UAE is based on the principle of acoustic cavitation which facili-
tates solvent penetration into and out of the cells through damaged cell walls  [156]. 
Buadoktoom [157] found that the Ceylon spinach (Basella alba) extracts (CE) were soni-
cated at different amplitudes (60–100%) for 10–40 minutes in an ultrasonic bath (40 kHz, 
150 W). The increase in sonication time also resulted in the rise of antioxidant activities. 
The antimicrobial activities of the CE were measured as the minimum inhibitory concen-
tration and minimum bactericidal concentration against Staphylococcus aureus, Escherichia 
coli, Salmonella Typhimurium, and Pseudomonas aeruginosa. At 100 mg/mL, all sonicated 
extracts inhibited and inactivated S. aureus and E. coli. The sonicated extracts at 60% ampli-
tude for 10, 25, and 40  minutes could also inhibit P. aeruginosa and S. Typhimurium 
whereas the elevated amplitudes of 80 and 100% showed corresponding minimum inhibi-
tory concentration and minimum bactericidal concentration values with P. aeruginosa and 
S. Typhimurium of 50 mg/mL. The 80% amplitude for 40 minutes was thus chosen as the 
optimal condition for greater antioxidative and antimicrobial activities. Therefore, the son-
icated polysaccharide provided better antioxidative and antimicrobial properties when 
compared with conventional methods. The sonicated extracts at 100 and 120 mg/mL with-
out additive (control) were selected and used for shelf- life testing. The thiobarbituric acid 
reactive substances values of fresh pork treated with sonicated extracts were lower than 
those of controls. Fresh pork coated with 120 mg/mL sonicated extract could be kept for six 
days at 4 °C, two days longer than the control [157].

14.4.5  Hot Water and Ultrasonication Extraction for Polysaccharides

Polysaccharides have been used for their several biological properties including inhibiting 
free radicals, and antimicrobial and immunological activities  [158, 159]. The biological 
effects of polysaccharides depend on their chemical composition, molecular weight, and 
structure [160]. Many studies emphasized that the water- soluble polysaccharides, because 
they are negatively charged such as hydroxyl groups and oxygen atoms, can be free radical 
scavengers and metal chelators, leading to inhibition of lipid peroxidation [161]. The UAE 
extracted polysaccharides from white button mushroom (Agaricus bisporus) showed that 
the UAE gave a higher yield than the HWE and the microwave- assisted extraction, with the 
UAE showing relative increases of 155 and 28%, respectively  [162]. Ultrasonication has 
also been used to degrade polysaccharides to enhance antioxidant properties. Surin 
et al. [158] found that the yield of purple glutinous rice bran polysaccharide (PP) extracted 
by UAE was significantly higher than that obtained from the HWE. The antioxidant activi-
ties of UAE- PP were lower than HWE- PP because of the 197 μM Fe2+/g. The UAE process 
is a promising method to decrease the processing time and enhance extracted yields by four 
times. In addition, Surin et al. [159] found that the application of green solvent as HWE at 
90 °C for 2 hours for PP was good enough for further sulphation. Immunomodulatory activ-
ity of sulphated- PP, including inducing cytokine production (iNOS, TNF- α, IL- 1β, and 
IL- 10) via upregulated mRNA expression, was significantly increased by 10–86% when 
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compared with the crude polysaccharides. It can be concluded that the ultrasonication 
provided greater polysaccharide yield but conventional process with hot water treatment 
provided higher immunomodulatory activity.

14.4.6  Ultrasonication Extraction for Oligosaccharides Production

Carbohydrates have their molecules with different shapes, sizes, and structures resulting in 
food with a wide range of applications. Particularly, polysaccharides in foods have several 
properties in the matrix leading to increasing water retention, gel formation with the thick-
ening property, stabilization of foam, emulsion, reducing the formation of ice crystals, and 
also interacting with other molecules. Nondigestible polysaccharides and oligosaccharides 
such as fructooligosaccharides, galactooligosaccharide, inulin, mannanooligosaccharides, 
raffinose oligosaccharides, xylooligosacharides, and others are considered as prebiotics 
and useful for health [163–165].

Cavitation, acoustic and hydrodynamic cavitation are the important mechanisms during 
ultrasonic extraction for physical and chemical transformations. The disruption of cell 
walls, particle size reduction, increasing of mass transfer, and diffusion of the solvent into 
the cell structure are developed during the process [156, 166]. Ultrasonication is reported 
to attack plant cell walls to enhance yields of extraction, releasing of extractives, especially 
polysaccharides in a shorter time of operation at lower temperatures [167–169]. Natural 
oligosaccharides (1- kestose (GF2), nystose (GF3), 1F- β- fructofuranosylnystose (GF4), raf-
finose, and stachyose) from blueberry, nectarine, raspberry, watermelon, garlic, Jerusalem 
artichoke, leek, scallion, spring garlic, and white onion were extracted using ultrasonica-
tion and the yields increased 2–4 fold compared with conventional extraction [170]. The 
Response Surface Methodology via Box–Behnken was used to optimize both the extraction 
yield and molecular weight of extracted β- glucans from barley. Under the optimal condi-
tion, the yield of extraction using the ultrasonic process (up to 44.3%) depended on the 
amplitude and especially on time; nevertheless, molecular weight decreases with time to 
produce oligosaccharides [171]. With another application for the synthesis reaction, Rico- 
Rodríguez (2018) reported the production of galactooligosaccharides using a combination 
of a multi- enzymatic system with commercial β- galactosidase (β- gal) from Kluyveromyces 
lactis and glucose oxidase and ultrasound resulting in the high yield of galactooligosaccha-
rides (49%) after 2 hours of reaction.

The sonocatalytic–Fenton reaction, a combination of sonocatalytic reaction and Fenton 
reaction, gave a higher yield of extraction and lignin removal that was better than the sepa-
ration of sonocatalytic and Fenton reactions. Ninomiya et al. [172] firstly introduced the 
sonocatalytic–Fenton reaction for synergistically enhanced hydroxyl (OH) radical genera-
tion and then degradation of lignin. The reaction was also applied to the pretreatment of 
cellulosic biomass to enhance enzymatic saccharification [172]. With the strategy of sono-
catalytic–Fenton reaction, Kawee- Ai [173] demonstrated a two- step pretreatment process 
consisting of the alkali treatment by 2% KOH pretreatment within 1 hour (pretreatment) 
and sonocatalytic–synergistic Fenton process for 4 hours (post- treatment) and then subse-
quent enzymatic hydrolysis for 48 hours that could enhance the release of lignin concentra-
tion and xylooligosaccharides with 157.12 mg/g substrate of corncob. Under the optimal 
condition, 20.76 mg/g corncob for xylopentaose, 31.69 mg/g corncob for xylotretaose, 
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37.63 mg/g corncob for xylotriose, and 67.04 mg/g corncob for xylobiose were produced. It 
was noticed that sonocatalytic and Fenton reaction decreased alkali concentration used in 
the process of delinification [173].

The ultrasonic technique is simple, fast, and green chemical extraction that is highly suit-
able for applications in the food and medicinal industries. In a recent study, the ultrasonic- 
microwave synergistic process has been optimized for prebiotic oligosaccharides from 
sweet potatoes (Ipomoea batatas L.). The optimal conditions were an extraction time of 
100 seconds, ultrasonic power of 300 W, and microwave power of 200 W [143]. The ultra-
sound–microwave- assisted extraction is a new process technology; the heat activated by 
microwave induces the migration of dissolved molecules. Simultaneously, the ultrasound 
enhances mass transfer and yield of oligosaccharides. The new technique for the extraction 
of prebiotic oligosaccharides promotes a cost- effective and innovative process that can be 
used on the industrial scale. Green techniques of ultrasonication in the process of extrac-
tion under mild conditions were alternatively combined with other methods to enhance 
the efficiency of extraction, reduce harmful chemicals released into the environment, 
speed up the reaction, and also increase the yield of the products.

14.4.7  Waste Minimization Through High- Pressure Homogenization 
Cell Disruption

HPH treatments have been applied to the extraction of different compounds, such as pro-
teins, carbohydrates, polyphenols, and carotenoids, from different plant, microbial, or 
microalgal matrices. In a recent work, it was demonstrated that HPH treatment of tomato 
peel suspensions (10% wt.) at pressures of 100 MPa and for 5–10 passes was able to com-
pletely disrupt the tomato peel cells (as shown in Figure 14.5), unlocking all the valuable 
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Figure 14.5  Schematic representation of the HPH treatment of tomato peel suspensions in water 
(10% wt.) showing the micrographs of tomato peel cell disruption and the increased lycopene 
release, upon treatment at 100 MPa, 25 °C for 5 passes, in comparison with untreated suspension.
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intracellular components that, otherwise, would have been extracted with the use of high 
temperatures, organic solvents, or enzymes. More specifically, in comparison with a high- 
shear mixing treatment, which was able to disaggregate cells but not to disrupt them, HPH 
treatment resulted in a significant increase in the aqueous phase of proteins (+70%), sugars 
(+10%), polyphenols (+32.2%), and water- insoluble lycopene. Remarkably, up to 56.1% of 
the initial peel content of lycopene was recovered, which is higher than the values reported 
by scientific literature for organic solvents or supercritical CO2 [18].

With the same approach, HPH treatment of Chlorella vulgaris microalgae enabled to 
significantly increase the release of carbohydrates and proteins. In particular, in compari-
son with a pulsed electric field treatment (electric field strengths of 10–30 kV/cm and total 
specific energy input of 20–100 kJ/kg), HPH caused a 1.1- fold and a 10.3- fold increase in 
yields of carbohydrates and protein, respectively  [21]. Interestingly, the most significant 
increase was observed for larger molecules (proteins vs. carbohydrates or sugars) and 
water- insoluble molecules (e.g. lycopene).

The considerable advantages in terms of increased yields of extraction in the water of 
intracellular compounds are counterbalanced by the complete lack of selectivity of the 
HPH treatment, which contradicts one of the pillars of the green extraction processes. 
However, it must be said that HPH processing offers other considerable advantages.

First of all, HPH processing is based on the use of water as an extraction solvent, which 
is intrinsically environmentally benign and prevents the need for organic solvents, also 
for the recovery of water- insoluble compounds, such as lycopene. More specifically, HPH 
enables to obtain high yields of all the intracellular compounds in water. Subsequently, 
the plant material or microalgal suspension can be used as a food ingredient, where the 
molecules of interest are highly bioaccessible as already released from the cells (for 
example, with high antioxidant activity [18]) or the aqueous phase can be separated by 
centrifugation, carrying a significant concentration of the desired compounds. In the 
case of tomato peels, 39.2% of the initial content of lycopene was transferred, as a com-
plex with sugars, in the aqueous phase. The pellet (exhaust material), which has been 
processed only through a physical process, can be disposed of exactly as the initial resi-
due, adding significant benefit to the proposed technology [174]. In the case where, for 
example, pure lycopene is desired, it can be subjected to solvent or supercritical extrac-
tion applied directly on the aqueous supernatant, drastically reducing the exhaust mate-
rial to be treated [18].

In another work, the same authors have demonstrated that the residue of the aqueous 
extraction of HPH- treated tomato peels or spent coffee grounds can find advantageous use 
in the food industry as oil structurant. In detail, the HPH- treated and micronized agri- food 
residues were suspended at 25% vol in peanut oil [19, 20]. Upon the addition of water as a 
secondary immiscible fluid, the formation of a 3- D network, termed capillary suspen-
sion [175], was induced, through the formation of capillary bridges because water prefer-
entially wets the particle surface. Remarkably, the strength of the capillary bridges resulted 
to depend on the surface properties of the particles, and in particular their hydrophilicity, 
and the mean particle size of the residues. As a result, the capillary suspensions prepared 
with HPH- treated residues (70 MPa, 3 passes) exhibited a very strong structuring ability, 
with apparent yield stress more than one order of magnitude higher than that measured in 
capillary suspensions prepared with high- shear mixed residues (> 100 Pa vs. < 10 Pa).
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It must be remarked that this application is made possible by the purely physical treat-
ment carried out through HPH, which leaves the residual pellet with the same food- grade 
as the original by- product. Therefore, it is possible to hypothesize an HPH- assisted extrac-
tion process, which abides by the zero- waste principle, as shown in Figure  14.6. HPH- 
treated aqueous suspensions of agri- food residues can be separated in two fractions by 
centrifugation or sieving: the aqueous supernatant, containing the intracellular compo-
nents released during the HPH treatment, and the residual solid pellet, consisting of the 
plant cell debris and hence mainly fibers and proteins, micronized by purely physical high- 
shearing, high- pressure fluid- mechanical stresses. The aqueous supernatant can be sent for 
further purification/separation to eventually isolate the compounds of interest (e.g. lyco-
pene), minimizing the residue contaminated by the solvents used and to be disposed of, or 
can be used as a total extract containing highly bioaccessible proteins and polyphenols. The 
pellets can be used as food ingredients, for example in vegetable oil structuring, to support 
the development of novel food ingredients or replacement of existing ones (e.g. margarine, 
spreads, and creams), with the additional advantage that a fraction of the lipids are replaced 
by dietary fibers [20].

14.5   Conclusion and Future Trends

One of the great success stories of modern chemistry and engineering has been the evolu-
tion of a system that is increasingly more efficient at directly translating knowledge into 
technology and commercial products. The utilization of green extraction of food and 
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Figure 14.6  Schematics of the total use of HPH- treated agri- food residues.
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natural is such a system that has evolved to keep the wheel of development rolling. Green 
extraction techniques make use of physical and chemical phenomena that are fundamen-
tally different compared with those applied in conventional extraction techniques. It is 
such some novel processes that can produce extracts in concentrate form, free from any 
residual solvents, contaminants, or artifacts. The innovative techniques developed to date 
indicate that green extraction offers net advantages in terms of yield and selectivity, with 
better extraction time, extract’s composition, and environmentally friendly. Understanding, 
on the molecular and macro scale, of processes relevant to green extraction techniques has 
not yet reached the degree of maturity of other topics in chemistry and engineering. Such 
a challenge is somewhat ambitious and requires a special approach.
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15.1  Introduction

Scarcity of clean drinking water and lack of low- cost purification methods to treat contami-
nated water remain to be major global water challenges. Although conventional filtration/
adsorption technologies can offer reliable solutions to remove unwanted contaminants, 
these technologies are not able to deal with all aspects of societal needs [1]. To reduce cost, 
enhance efficiency, and ensure the sustainability of any water purification solutions, one 
promising direction is through the development of new sustainable nanomaterials by tak-
ing advantage of their large surface area, vast active functionality through adsorption, floc-
culation, or filtration processes [2].

Cellulose nanofiber (CNF), an abundant and renewable nanomaterial, is of great interest 
for water purification because of its high hydrophilicity, water stability, abundant function-
ality, and high specific surface areas, some properties are superior to synthetic polymers [3, 
4]. For example, the abundant hydroxyl groups at the C2, C3, and C6 positions of the cel-
lulosic repeating unit on the nanocellulose surface can render the material as an effective 
adsorbent to attract a variety of charged organic (e.g. dye and protein molecules) and inor-
ganic (e.g. toxic metal ions) contaminants [5, 6], or a low- fouling barrier layer on filtration 
membrane with improved biofouling resistance [7, 8] and bacteria removal capability [9]. 
From the perspective of surface charge, nanocellulose can be differentiated into two types: 
negatively charged (anionic) nanocellulose and positively charged (cationic) nanocellu-
lose, which are described as follows.

15.1.1 Negatively Charged (Anionic) Nanocellulose

The negative charge functionality on nanocellulose can be obtained directly by varying 
chemical reaction- facilitated defibrillation processes, such as acid hydrolysis (sulfuric acid), 
(2,2,6,6- tetramethylpiperidin- 1- yl)oxidanyl (TEMPO)- oxidation  [10], carboxymethylation, 
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enzymatic hydrolysis  [11, 12], combined sodium chlorite- alkaline  [13], and ultrasonica-
tion [14], as well as the newly developed nitro-oxidation process (NOP) [15–19]. In this sec-
tion, we will highlight some recent advances in using nitro- oxidized nanocellulose as an 
adsorbent for the removal of different metal ions and TEMPO- oxidized cellulose nanofibers 
(TEMPO- CNF) as a thin- film nanofibrous composite (TFNC) membrane with biofouling 
resistance. Our rationale is as follows. TEMPO oxidation remains to be the most energy- 
efficient way to produce carboxycellulose nanofibers with a high aspect ratio, where the 
resulting TEMPO- CNF was found to be particularly suited for use as the membrane barrier 
layer. NOP has recently been found to be very effective to extract CNF from raw nonwoody 
plant biomass with significantly reduced consumption of energy, water and chemicals, as 
the process offers both functions of pulping and cellulose oxidation. As a result, nitro- 
oxidized cellulose nanofibers (NOCNF) may complement activated carbon and serve as a 
cost- effective adsorbent. Some brief descriptions of NO, TEMPO- oxidation and carboxym-
ethylation are as follows.

i) Nitro- oxidation process. Recently, Sharma et al. has demonstrated the use of NOP to 
directly extract carboxycellulose nanofibers from untreated (raw) biomass, ranging 
from wood to agriculture residues with significantly reduced consumption of chemi-
cals, water and energy [15–19]. The NOP involves the use of nitric acid and sodium 
nitrite mixtures, where nitric acid acts as a pretreatment agent that can remove lignin 
and hemicellulose components, while the reaction product between nitric acid and 
sodium nitrite- nitrosonium ion – can act as a primary oxidant that is responsible for 
the selective conversion of the hydroxyl group at the C6 position in the anhydroglu-
cose unit to a carboxylic acid group. In this chapter, nanocellulose obtained using the 
NOP is abbreviated as NOCNF. The maximum charge density obtained for NOCNF 
was found to be about 1.28 mmol/g, where the extracted NOCNF has a possibility to 
possess a trace amount of lignin and hemicellulose. Additionally, the effluent from 
the NOP treatment can be easily recycled to nitrogen- rich salts and used as plant 
fertilizers.

ii) TEMPO- oxidation: TEMPO- oxidation is a well- known method to generate the car-
boxycellulose nanofibers from the biomass pulp, i.e. cellulose (after removal of lignin 
and hemicellulose) [20]. This method has been well documented in the application of 
cellulose from different biomass sources, including plant, algae, and bacterial cellu-
lose. This method is a mild oxidation approach that can generate a wide range of 
charged nanocellulose. Here, nanocellulose extracted from TEMPO- oxidation is 
abbreviated as TEMPO- CNF, which rarely possesses any lignin and hemicellulose 
residues. Various chemical pathways such as sodium hypochlorite (NaClO)/sodium 
bromide (NaBr)/TEMPO [21]; TEMPO/NaClO/sodium chlorite (NaClO2)  [22]; and 
TEMPO/Laccase/oxygen (O2) [23] have been reported, all can oxidize and defibrillate 
cellulose microfibers to carboxycellulose nanofibers. TEMPO- oxidation also selec-
tively oxidizes hydroxyl group at the C6 position in the anhydroglucose unit into the 
carboxyl group.

iii)  Carboxymethylation: Carboxymethylation is another method that can produce nega-
tively charged nanocellulose. The preparation of carboxymethylated nanocellulose 
includes alcohol- containing cellulose fibers reacting with monochloroacetic acid in an 
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alkaline medium [24, 25]. Like the TEMPO- oxidation method, carboxymethylation has 
also been reported on the modification of pretreated biomass (i.e. cellulose). 
Carboxymethylated nanocellulose possesses a high negative charge, as the method 
non- selectively oxidizes all hydroxyl groups (at C2, C3, and C6 positions) in the anhy-
droglucose unit. Hence, the degree of substitution (DS) is an important term used for 
carboxymethylated cellulose that indicates the number of substituted hydroxyl groups 
with the carboxymethylated group in the anhydroglucose unit. It is known that mor-
phological, chemical, and rheological properties of carboxymethylated cellulose vary 
with DS. However, we will not discuss this nanocellulose material for separation appli-
cations in this chapter.

15.1.1.1 Applications of Negatively Charged Nanocellulose in Water Purification
The negatively charged nanocellulose has been well suited as an adsorbent or membrane 
barrier layer to attract positively charged contaminants, such as heavy metal ions and cati-
onic dye molecules [17, 26–31]. In most of the adsorption studies, the adsorption mecha-
nism involved only electrostatic interactions between the charged species [32], but in some 
cases, the mineralization process was also observed [17, 26, 27, 30]. In the case of using 
CNF as a barrier layer material, surface charge density becomes essential in influencing its 
fouling behavior during UF [33–35]. It was found that the negatively charged nanocellu-
lose layer could repel negatively charged pollutants and reduce the fouling tendency. 
Specifically, the increase in charge density (or degree of oxidation [DO]) could positively 
decrease the degree of fouling in TFNC membranes based on TEMPO- CNF- coating layer. 
The CNF surface charge is directly related to the zeta potential, and hydrophilicity of the 
membranes could also be adjusted by the coating layer thickness. Generally, the filtration 
property (e.g. flux) and fouling behavior of TFNC membranes containing the CNF barrier 
layer are much better than commercial poly(vinylidene fluoride) (PVDF) UF membrane in 
wastewater treatments.

15.1.2 Positively Charged (Cationic) Nanocellulose

The positively charged (cationic) nanocellulose can be prepared by several different routes. 
Here, we describe a two- step method, involving the conversion of cellulose to 2,3-Dialdehyde  
cellulose (DAC) through periodate oxidation and then the functionalization of DAC to cati-
onic DAC (c- DAC) prepared using Girard’s reagent T (GT).

Periodate oxidation of cellulose is a popular approach to modify cellulose by introducing 
aldehyde groups into the chain, facilitating further chemical modifications. Specifically, 
periodate oxidation can effectively cleave the C2–C3 bonds between the two vicinal 
hydroxyl groups in the glucose unit, forming two adjacent aldehyde groups without caus-
ing significant side reactions  [36, 37]. The resulting product is usually referred to as 
DAC. The possible forms of the DAC structure include the free aldehyde form (- CHO), 
hydrated form (- CH(OH)2), 2,3- hemialdal form (- CH(OH)- O- CH(OH)- ), and both intra-
molecular and intermolecular 2,6-  or 3,6- hemiacetal forms (- CH(OH)- O- CH2- ). The 
appearance of the varying DAC form corresponds with the addition of one molecule of 
water on per aldehyde group (the hydrated form), the addition of one molecule of water on 
per two aldehyde groups (the hemialdal form) or the rearrangement between the alcohol 
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group on the cellulose unit and one of the aldehyde groups (the hemiacetal form) [38]. The 
presence of these forms is pH- dependent, as the double- bonded carbonyl group is base- 
sensitive and relatively stable under the acidic environment, while the “protected” car-
bonyl forms (hydrated and hemiacetal) are quite stable in the basic media [39]. Therefore, 
under appropriate conditions, all forms of the DAC structure could react as free aldehydes. 
Periodate oxidation of cellulose could be performed under mild conditions (in darkness at 
room temperature or slightly elevated temperatures) in an aqueous system and can be 
stopped by adding ethylene glycol [40]. The morphology and structure of DAC products 
can be adjusted by the reaction conditions, such as reaction time, temperature, amount of 
sodium periodate, etc. [41, 42]

15.1.2.1 Applications of Positively Charged Nanocellulose in Water Purification
Due to the relatively straightforward route to prepare DAC, which has become a popular 
intermediate for further modification to make functional nanocellulose for water purifica-
tion. For example, the aldehyde groups in DAC can be converted to carboxylic groups [43, 
44], primary alcohols [45], or imines with primary amines through the Schiff base reac-
tion [46–49]. The amine modification will result in positively charged nanocellulose (e.g. 
c- DAC), which will be discussed later. The functionalized DAC materials can be used as 
coagulants for activated sludge [50] or adsorbents for removal of heavy metals [43, 46, 51], 
dyes  [52–54], and proteins  [55, 56]. Cellulose modification can also be done by grafting 
poly(methyl methacrylate) [57], and by making a composite with polylactic(acid) [58, 59].

In the following, we describe several example studies using two different nonwoody 
plant sources (sugarcane bagasse and raw jute) to prepare nanocellulose using different 
extraction methods: TEMPO- oxidation and NOP to prepare anionic nanocellulose, as well 
as periodate oxidation/Girard’s reagent T to prepare cationic nanocellulose. The resulting 
nanocellulose materials have shown to be very efficient for water purification such as 
adsorbent and membrane barrier layer materials.

15.2  Synthesis, Properties, and Application of NOCNF

The synthesis of NOCNF included the grinding of 10 g of untreated biomass and placed in 
a 3000 mL three- neck round- bottom flask with 210 mL (22.2 mmol) of nitric acid. The sam-
ple in the flask could completely soak before adding 14.4 g of sodium nitrite (14 mmol). The 
addition of sodium nitrite forms red gases inside the flask, so the mouths of the round bot-
tom flask were sealed with stoppers and parafilm. The reaction was performed at 50 °C for 
12 hours and was then quenched by adding 1 L deionized (DI) water. The supernatant liq-
uid was discarded to remove excess acid and decantation with 80% (70% ethanol [EtOH]) 
and 20% DI water was performed 4–5 times depending on the suspension of the fibers in 
water. The nanofiber suspension was then transferred to a dialysis bag (Spectral/Por, 
molecular weight cut- off [MWCO]: 6–8 kDA) and equilibrated until the conductivity of the 
water reached below 5 μS. The fibers were subsequently treated with 8% sodium bicarbo-
nate until pH reached 7.5 to generate the hydrophilic carboxylate functional groups with 
ionic charge. The carboxylate content of NOCNF was determined using the conductomet-
ric titration method.
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15.2.1 Remediation Experiments Using NOCNF

Metal salt stock solutions (i.e. lead ions (Pb2+ or Pb(II)), cadmium ions (Cd2+ or Cd(II)), 
uranyl ions (UO2

2+)) with various ion concentrations ranging from 50 to 5000 ppm were 
prepared for this study. The adsorption study was carried out as follows. 2 mL of the metal 
salt solution was mixed with 2 or 5 mL of a ~0.23 wt% NOCNF suspension. The clear water 
above the settled gel floc/precipitant was removed from the test tubes and diluted by a fac-
tor of 100. The resulting solution was analyzed using inductively coupled plasma mass 
spectrometry (ICP- MS) (SQ- ICP- MS, Thermo Fisher Scientific) with required dilution in 
the range of ppb. Based on the adsorption rates at various concentrations of metal ions 
(pH = 7), an isotherm curve was generated. The maximum adsorption capacity of NOCNF 
against different metal ions was determined using the Langmuir model of the adsorp-
tion data.

15.2.2 Properties of NOCNF

NOCNF was analyzed using the Fourier transform infrared spectroscopy (FTIR) and con-
ductometric titration methods to determine the functionality of NOCNF, where the results 
are shown in Figure 15.1(a). The FTIR spectrum of NOCNF showed the main characteris-
tic peaks at 3400 cm−1 for hydroxyl (- OH) stretching, 2900 cm−1 for C- H symmetrical 
stretching, 1232 cm−1 for C- OH bending at C6 position and 1204 cm−1 for C- O- C symmetric 
stretching; along with COO− stretching peak at 1594 cm−1 confirming the presence of car-
boxylate group in NOCNF. While the spectrum of the jute fibers exhibited other relevant 
peaks at 1515 cm−1 due to C = C aromatic symmetrical stretching in the lignin; 1739, 1460, 
1240, and 810 cm−1 representing xylan and glucomannan of hemicellulose. Notably, the 
intensity of these peaks at 1739, 1460, 1240, 810, and 1515 cm−1 was significantly reduced 
or completely disappeared in NOCNF, indicating that the treatment of NOP was effective 
in removing other biomass components, such as hemicellulose and lignin present in 
jute fibers.

Morphological analysis of NOCNF was performed by transmission electron microscopy 
(TEM) analysis, where the results are shown in Figure 15.1(b) and (c). It was shown that 
the average length of NOCNF fibers extracted from jute fibers was in the range of 
290 ± 40 nm and the average width was in the range of 4.47 ± 0.5 nm. In contrast, the TEM 
image of NOCNF extracted from spinifex fibers indicated that the average length was 
190 ± 90 nm and the average width was in the range of 4.0 ± 1.5 nm. The charge on the 
extracted NOCNF was measured using the conductometric titration method  [60]. 
Figure 15.1(d) showed the conductometric titration curve for NOCNF extracted from jute 
fibers where this curve represented the amount of NaOH added and the change in conduc-
tivity of NOCNF. The difference between the end points of the titration curve was used to 
determine the carboxylate content of NOCNF using Eq. 15.1. The results indicated that the 
carboxylate content of NOCNF extracted from jute fibers was 1.15 mmol/g, while the car-
boxylate content of NOCNF extracted from spinifex fibers was 0.78 mmol/g.

 
Carboxylate content mmol g/ /N V V W2 1 100 (15.1)
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 where N is the normality of NaOH, V2 and V1 is the final and initial volume in L of NaOH, 
W is the weight of the NOCNF dried fibers added in g.

15.2.3 Lead Removal by NOCNF

NOCNF extracted from untreated jute fibers using the NOP possessed high carboxylate 
content (1.15 mmol/g) and high surface charge (−70 mV), making them an excellent 
adsorbent for Pb(II) ion removal from water. Figure 15.2(a) shows the picture of two bot-
tles, one containing 5 g distilled water and 1 g (109,000 ppm) of lead acetate, and another 
containing 5 g of 0.23 wt% NOCNF suspension and 1 g (109,000 ppm) of lead acetate, 
respectively. Because of the high concentration of lead acetate, the solution was slightly 
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Figure 15.2 (a) Photograph showing the pure lead acetate solution (109,000 ppm) (left), and the 
mixture of NOCNF (11.5 mg) and lead acetate solution (109,000 ppm) (right); (b) the Langmuir 
isotherm fitting curve of Pb(II) adsorption data, (c) SEM images of the floc formed from the mixture 
of NOCNF and Pb(II) solution at 750 ppm (< 1000 ppm) of (inset left: EDS spectrum), and (d) SEM 
image of the floc formed from the mixture of NOCNF and Pb(II) solution at 1200 ppm (> 1000 ppm) 
(red circle presents the formation of lead crystals) (inset left: EDS spectrum). Copyright 2018, 
Springer Nature [17].
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cloudy but homogeneous. However, in the presence of NOCNF, a thick and white gel- like 
precipitant formed at the bottom of the bottle. This photograph clearly showed the effi-
ciency of NOCNF in capturing the Pb(II) ions, which acted as ionic cross- linkers for 
appositively charged nanocellulose. The remediation of Pb(II) by NOCNF was found to 
be so fast that it happened in a few minutes. The remediation experiments were per-
formed on a wide range of Pb(II) concentration in between 50 and 5000 ppm. The data 
obtained from the ICP- MS measurement were fitted by the Langmuir isotherm model. 
Based on the Langmuir model (Figure 15.2(b), the value of Ce/Qe was plotted against Ce, 
where the data could be fitted by a straight line (i.e. least squares regression line, LSRL) 
with the excellent R2 value of 0.978. This indicated that the Pb(II) adsorption results of 
NOCNF followed the Langmuir isotherm model that supported the monolayer adsorp-
tion mechanism. Based on this approach, the inverse of the slope against Ce/Qe versus Ce 
provided the adsorbent’s maximum adsorption capacity (Qm), which was found about 
2270 mg/g (the slope of LSRL was 4.409 × 10−4) for NOCNF. The mechanism of removal 
of Pb(II) ions was examined using the scanning electron microscopy (SEM)/energy dis-
persive X- ray spectroscopy (EDS) techniques in Figure 15.2(c) and (d). The study showed 
that the high removal efficiency of NOCNF was due to the combined effects of adsorp-
tion which was dominated at the concentration of Pb(II)  1000 ppm; and mineralization 
of lead crystals (in hydrolyzed form Pb(OH)2) which was effective at high Pb(II) concen-
tration (> 1000 ppm) as shown in Figure  15.2(c) and (d). At low concentrations of 
Pb(II)  1000 ppm, the image showed the aggregation of NOCNF in a very homogeneous 
fashion. However, on the addition of a high concentration of Pb(II) (≥ 1000 ppm), the 
flower- like aggregate structure (in red circle) appeared, indicating the formation of lead 
crystals during the remediation process. Their corresponding EDS spectra from SEM 
images (Figure 15.2(c) and (d), shown in inset left of corresponding images) also con-
firmed the adsorption and mineralization processes of Pb(II) in the presence of NOCNF. It 
was seen that the NOCNF floc formed with > 1000 ppm Pb(II) ion concentration revealed 
the electron dispersive X- ray (EDX) peaks for carbon (C), oxygen (O), sodium (Na, from 
carboxylate groups), and the Pb peak comparatively the same as C and O while the EDX 
spectrum of the NOCNF floc formed at high Pb(II) concentrations (≥ 1000 ppm) showed 
the larger Pb peak as compared to C, O, and Na. This further indicated that the adsorbed 
Pb(II) ions in the NOCNF scaffold behaved as nuclei when at high Pb(II) concentration, 
resulting in lead crystallization.

15.2.4 Cadmium Removal by NOCNF

NOCNF with high charge (−68 mV) and relatively high carboxylate content (0.78 mmol/g) 
were prepared from dry spinifex grass using the NOP. The extracted NOCNFs were studied 
for cadmium (Cd(II)) removal from water. It was found that a low concentration of NOCNF 
(0.20 wt%) was effective in removing a wide range of Cd2+ (cadmium ions) impurities from 
50–5000 ppm in a short time interval of  5 minutes. A photograph showing the Cd(II) solu-
tion (conc. ~ 5000 ppm) in water and Cd(II) (conc. ~ 5000 ppm) in NOCNF suspension is 
illustrated in Figure 15.3(a). The figure showed that the Cd(II) solution was clear and trans-
parent. However, the addition of NOCNF (0.20 wt%; 10 mg in 5 mL) into the Cd(II) solution 
caused the appearance of white precipitation at the bottom of the bottle in a few minutes 
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(< 2 minutes). This indicates that the negative charges on NOCNF were effective in captur-
ing the oppositely charged metal ions through electrostatic interactions leading to high 
adsorption capability. The remediation data were analyzed using the ICP- MS method and 
the results were fitted into the Langmuir isotherm model based on the monolayer adsorp-
tion mechanism. The data showed that the adsorption data fitted by the Langmuir model 
yielded a good R2 value of 0.986. Based on the Langmuir isotherm model, the coefficient of 
the LSRL of the Ce against Ce/Qe plot was 3.910 × 10−4 which is the reciprocal of the adsorp-
tion capacity (Figure 15.3(b)). Thus, the maximum adsorption capacity (Qm) obtained for 
NOCNF against Cd(II) adsorption was 2550 mg/g. A similar combined mechanism includ-
ing both adsorption and mineralization, observed in Pb (II) adsorption using NOCNF, was 
also found in the Cd(II) adsorption using NOCNF. Such a mechanism was further con-
firmed by SEM/EDS spectra, showing the appearance of pure adsorption when the Cd(II) 
concentration was below 500 ppm and additional mineralization when the Cd(II) concen-
tration was above 500 ppm. The SEM image of the floc containing NOCNF and Cd(II) ions 
(Figure 15.3(c) and (d)) at low concentrations (below 500 ppm) showed the appearance of 
nanofiber aggregates induced by the cross- linking of Cd(II) ions. In contrast, the SEM 
image (Figure 15.3(d)) of the floc formed at high Cd(II) concentrations (1000 ppm) exhib-
ited large aggregates substantially thicker than the nanofiber aggregates observed in 
Figure 15.3(c). The corresponding EDS spectra (inset graphs) showed that in both cases, 
the peaks of carbon (C), oxygen (O), and sodium (Na) were present which indicated the 
existence of NOCNF; while the peak of Cd was more prominent when the Cd(II) was at a 
higher concentration (1000 ppm). The presence of the intense Cd peak in EDS 
(Figure 15.3(d)) was due to the mineralization of cadmium. Most probably, the adsorbed 
Cd(II) ions on the NOCNF surface acted as nuclei, responsible for crystal growth in the 
presence of high Cd(II) concentration. A similar study was observed when the lead sulfate 
solution was added to polyethyleneimine polyelectrolyte to produce lead crystals [61]. TEM 
of the floc formed at high Cd(II) concentration (≥ 1000 ppm) confirmed the existence of 
cadmium nanocrystals (the black dots in Figure 15.3(e)) formed in the NOCNF scaffold. At 
low Cd(II) concentrations (< 500 ppm), the dominant adsorption mechanism is the electro-
static interaction between Cd(II) ions and NOCNF, whereas at high Cd(II) concentrations 
(≥ 1000 ppm), the mineralization process took place that greatly enhanced the adsorption 
capacity of NOCNF.

15.2.5 Uranyl Removal by NOCNF

NOCNF extracted from jute fibers with high surface charge (−70 mV) and high carboxylate 
content (1.15 mmol/g) prepared using the NOP were also studied for removal of a broad 
range (25–1250 ppm) of UO2

2+ ion impurities from water. Photographs of adsorption exper-
iments are shown in Figure 15.4(a). In this figure, the left bottle illustrated the UO2

2+ solu-
tion (2120 ppm), while the right bottle illustrated the mixture of 5 mL UO2

2+ solution with 
5 mL NOCNF suspension (0.23 wt%, 11.5 mg). Notably, the UO2

2+ solution was slightly yel-
low in color but completely transparent. However, the mixture containing NOCNF and 
UO2

2+ impurities exhibited a yellow- colored precipitate settled at the bottom of the bottle. 
The precipitation occurred in a very short time (less than 2 minutes of mixing). This experi-
ment indicated the excellent efficacy of NOCNF to remove the UO2

2+ impurities from water.
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inset left (red circles indicating the mineralized UO2 nanocrystals). Copyright 2017, American Chemical Society [27].
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It was found that NOCNF exhibited excellent efficiency between 80 and 87% when the 
UO2

2+ ion concentration was below 1000 ppm. In contrast, NOCNF showed a decrease in 
efficiency to about 60%, when UO2

2+ ion concentration was around 1250 ppm. The reason 
for this decrease was due to the saturation (neutralization) of the negative charges on the 
NOCNF surface. The data obtained from ICP- MS was fitted by the Langmuir isotherm 
model to obtain the maximum adsorption efficiency of NOCNF for the UO2

2+ ion removal. 
It was found that NOCNF exhibited the maximum adsorption capacity (Qm) of 1470 mg/g, 
based on the Langmuir model (Figure 15.4(b)). The mechanism of removal of UO2

2+ by 
NOCNF also involved both adsorption and mineralization processes, as indicated by the 
SEM/EDX results (Figure  15.4(c) and (d)). It was seen that the SEM image of the floc 
obtained by interactions of low concentration of UO2

2+ (500 ppm) and NOCNF exhibited 
nanofiber aggregates. However, the SEM image of the floc based on the high concentration 
of UO2

2+ ions (1250 ppm) exhibited large cloud- like aggregates that covered the entire 
NOCNF surface. The aggregates appeared especially at the edge of the fractured layer, 
clearly indicating the crystallization of U crystals. This was further confirmed by the TEM 
image of the floc containing the uranyl acetate solution (1250 ppm) and (0.23 wt%) NOCNF 
as shown in Figure 15.4(e). It was found that small black dots of UO2 crystals were evenly 
distributed on the NOCNF surface. Notably, to preserve the original morphology of the 
floc, no staining agent was used during the preparation of TEM samples.

The EDS spectra of the respective SEM images showed the corresponding population of 
different elements present on the specimen. The EDS spectrum of the SEM image in 
Figure 15.4(c) exhibited the peaks of carbon (C), oxygen (O), and sodium (Na) from NOCNF 
along with a distinct U peak that was comparatively similar to the peaks of C, O, and Na, 
corresponding to NOCNF. This indicated that the interactions between UO2

2+ and NOCNF 
occurred at about the same mass ratio at low UO2

2+ concentration (500 ppm). However, the 
EDS spectrum of the SEM image in Figure 15.4(d) indicated that when high UO2

2+ concen-
tration (≥ 1000 ppm) was used, the results showed that the U peak was significantly larger 
than those of C, O, and Na peaks (i.e. NOCNF), confirming the presence of a high mass of 
uranium impurities due to mineralization. Hence, the results verified that the mechanism 
of UO2

2+ removal by NOCNF included both adsorption and mineralization processes. At 
low concentrations of UO2

2+ (  500 ppm), the adsorption process was dominant; at high 
concentrations of UO2

2+ (≥ 1250 ppm), the mineralization process became the predomi-
nant effect. Figure 15.5(a) shows the TEM of the floc containing the NOCNF and UO2

2+ 
impurities where UO2 nanocrystals appeared as black dots. In Figure  15.5(b), simple 
gravity- driven microfiltration was used to remove the floc of UO2

2+ and NOCNF.

15.3  Preparation, Characterization, and Application 
of Nanocellulose- derived TFNC Membrane

15.3.1 Preparation of TEMPO- CNF with Different Degrees of Oxidation

CNFs were prepared from bleached jute following TEMPO- mediated oxidation method 
reported before. [20, 62] Briefly, 0.2 g NaBr and 0.03 g TEMPO reagent were firstly added to 
200 g suspension of 1 wt% dispersed delignified jute fibers. The oxidation process was initi-
ated by dosing a predetermined amount of NaClO solution (6, 10, and 20 mmol NaClO per 
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gram of dry cellulose for 0.85, 1.35, and 1.80 DO, respectively) and then maintained stirring 
for 24 hours with a controlled pH value (pH = 10). Finally, the oxidized fibers were centri-
fuged and washed several times with DI water until the pH value of supernatant reached 
7.0 after terminating the reaction with 5 mL ethanol. Ultimately, a high- pressure homoge-
nizer was used to defibrillate the microfibers into nanofibers. The final CNFs were dis-
persed in aqueous suspensions of 0.2 wt% for TFNC membrane preparation.

15.3.2 Preparation of Hierarchical TFNC Membranes

To maintain the high flux of TFNC membranes, a highly porous electrospun polyacryloni-
trile (ePAN) substrate (porosity > 80%) was selected to support a thin coating of CNFs. 
First, the ePAN substrate was soaked in hydrochloric acid solution (pH = 2) for 10 minutes 
to fill all the pores with an acid solution. Then, the extra acid solution inside the substrate 
was removed by rolling a glass rod on the surface of the ePAN substrate (fixated on a flat 
glass plate). Subsequently, different amounts of the 0.05 wt% TEMPO- CNF suspension 
were applied evenly on the substrate surface to create TEMPO- CNF barrier layers of differ-
ent thicknesses. Varying membrane surface charge was obtained by utilizing TEMPO- CNF 
of difference DO. During the barrier layer formation, a transparent TEMPO- CNF gel layer 
was formed on top of the substrate surface because of the acidic environment, which pre-
vents TEMPO- CNF to penetrate the pores of the ePAN substrate. Finally, all TFNC mem-
branes were thermo- treated at 115 °C for 20 minutes before testing.

15.3.3 Characteristics of the TFNC Membrane

The surface charge values of varying TFNC membranes were evaluated by the zeta poten-
tial measurement, where the results (Figure  15.6(a)) were used to demonstrate their 
essential impact on the antifouling properties of nanocellulose membranes. Because of 
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Figure 15.5 (a) TEM image of the floc formed between the interactions of NOCNF with UO2
2+ ions 

(1250 ppm). The black dots on NOCNF show the aggregation of UO2 nanocrystals (nucleating sites); 
(b) gravity- driven microfiltration; pictures show (A) the floc formed between the mixture of NOCNF 
and UO2

2+ ions (500 ppm); (B) the floc obtained by the filtration of (A) using a filter paper (average 
pore size: 40 μm). Copyright 2017, American Chemical Society [27].
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the abundant carboxylate groups on TEMPO- CNF, the surface charge of all tested mem-
branes was negative at neutral pH. Furthermore, the membrane zeta potential became 
lower (i.e. more negatively charged) as DO of TEMPO- CNF elevated. This trend could be 
attributed to the greater amount of carboxylate group exposed on the TEMPO- CNF mem-
brane surface with a higher DO of CNF. Meanwhile, the lower membrane zeta potential 
value resulted in more intensive electrostatic repulsion between the membrane surface 
and the foulants (the wastewater zeta potential was −12.6 ± 2.0 mV), decreasing the adhe-
sion of the foulant to the membrane and enhancing the antifouling properties of TEMPO- 
CNF membranes [63–65].

As shown in Figure 15.6(b), the thickness of the CNF barrier layer exhibited a linear 
relationship with the TEMPO- CNF area density (AD) while the pore size of the CNF- TFNC 
membrane remained similar regardless of the increasing CNF’s AD. The representative 
cross sectional SEM image (the inset in Figure  15.6(b)) of the CNF- TFNC membrane 
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(a) Figure 15.6 (a) Membrane 
zeta potential values of the 
0.85 DO, 1.35 DO, and 1.80 DO 
CNF- TFNC membranes with 
0.60 AD under a fixed ionic 
strength (1 mM KCl) using the 
same wastewater (zeta 
potential = −12.6 ± 2.0 mV) at 
neutral pH; (b) barrier layer 
thickness and pore size of 
the TFNC membranes with 
different CNF AD (the inset is 
the cross sectional SEM 
image of the 0.6 AD CNF- 
TFNC membrane) [66].
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(0.60 g/m2 AD) depicted the two- layer hierarchical structure, where the TEMPO- CNF bar-
rier layer was uniformly formed on top of the ePAN substrate. According to the MWCO test 
using dextran molecules, the mean pore size of all the membranes was 83 ± 4 nm, irrespec-
tive of DO and AD (barrier layer thickness). This observation indicated that CNF was ran-
domly stacked in the barrier layer, where the pore formation process was determined by the 
interfibrillar interactions (e.g. physical- hydrophobic aggregation and chemical cross- 
linking) during drying and thermal treatment [67, 68]. Although the increase in TEMPO- 
CNF content could build up the barrier layer thickness, the final pore structure in the 
nanofiber network remained unchanged.

15.3.4 Separation Performance and Fouling Behavior 
of Nanocellulose- TFNC Membranes

Membrane fouling is a major issue in wastewater treatment. In this demonstration, a 
unique class of low- fouling nanocellulose- enabled TFNC UF membranes was fabricated by 
coating negatively charged TEMPO- CNF on the porous ePAN substrate. Our laboratory 
was the first group to demonstrate that hydrophilic and charged TEMPO- CNF, containing 
abundant hydroxyl and carboxylated groups, can be used as a barrier layer material to 
develop high- flux and low- fouling UF membranes. This is because the surface of oxidized 
CNF via TEMPO- oxidation contains negatively charged carboxylated groups, which can 
enhance electrostatic repulsion between the CNF barrier layer and negatively charged fou-
lants, as in wastewater. The diameter of the CNF also plays a role in tailoring the mechani-
cal properties [69].

Figure 15.7 illustrates the fouling ratio (J/Jo, where J represents the current flux value 
and Jo represents the initial flux value) and flux recovery behavior of TEMPO- oxidized 
CNF- TFNC versus those of a conventional PVDF UF membrane for wastewater filtra-
tion. It was observed that both TFNC membranes (with a barrier layer of CNF having 
different DO) exhibited less fouling tendency and greater flux recovery ratio than those 
of the PVDF membrane. During the filtration process, the rejection ratio for all tested 
membranes was higher than 99.5% in terms of turbidity. It was interesting to note that 
the CNF- TFNC membrane with a higher negative charge (using CNF of higher DO) 
resulted in higher water flux after each wastewater run and more effective flux recovery 
after hydraulic cleaning.

The above results could be attributed to the lower zeta potential of the TEMPO- CNF 
barrier layer, which led to stronger repulsion between the TFNC membrane and nega-
tively charged foulants in wastewater, thus weakening the adhesion of foulants on the 
surface of the CNF barrier layer. In contrast, the commercial PVDF membrane suffered 
severe fouling (fouling decay: 53 ± 5%) upon contacting the wastewater and displayed 
the lowest flux recovery ratio (33 ± 3%) after hydraulic washing. This is because the rela-
tively high hydrophobic surface and the lack of charged functional groups of PVDF 
membrane made it vulnerable to both reversible fouling (i.e. the cake layer formed on 
top of the membrane) and irreversible fouling (i.e. the pore blocking occurred inside the 
membrane tunnel) [7]. We believe that the characteristics of NOCNF and TEMPO- CNF 
are very similar, in which both can enhance the antifouling property of the membrane 
by surface coating.
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15.4  Preparation, Characterization, and Applications 
of Cationic Dialdehyde Cellulose (c- DAC)

Preparation steps for positively charged nanocellulose were performed using the untreated 
sugarcane bagasse and involved the following steps:

15.4.1 Pretreatment of Sugarcane Bagasse

Raw sugarcane bagasse samples were cut into small pieces with a length between 2 and 4 cm, 
where these chopped samples were subsequently immersed in 1 M NaOH solution overnight 
under continuous stirring. After washing the alkali- treated bagasse with water, the fibers 
were soaked in 1.8 w/v% NaClO2 buffer solution (acetic acid and sodium acetate buffer solu-
tion, pH at around 4.5) and stirred at 70 °C for 2 hours. The NaClO2 delignification procedure 
was repeated 3–5 times to ensure the complete removal of lignin and hemicellulose. 
Afterward, the delignified sugarcane cellulose pulp (Delig_SC) was washed thoroughly using 
water and stored in the never- dried state in the refrigerator for future use [70].

15.4.2 Periodate Oxidation

DAC was prepared by adding 2.2 g sodium metaperiodate into 400 g of 1.25 wt% Delig_SC 
suspension (2 mmol/g sodium periodate [NaIO4]/dried cellulose ratio) under dark condi-
tions to prevent chemical degradation, followed by continuous stirring at 55 °C. After 
24 hours, 10 mL ethylene glycol was added to terminate the reaction. Afterward, the recov-
ered DAC fibers were washed with water by vacuum filtration until the conductivity of the 
filtrate was below 5 μS/cm. The resulting samples were stored in the suspension form. The 
formed iodate in the periodate oxidation was regenerated back to periodate using 1.25 M 
hypochlorite solution under the alkaline condition, according to a method reported by 
Liimatainen et al. [71]
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15.4.3 Preparation of c- DAC Adsorbent

c- DAC was prepared by functionalizing the DAC samples with Girard’s reagent T (GT). In 
brief, GT was added into the DAC suspensions with a GT/anhydroglucose unit (mole ratio 
of 3/1), where the pH value of the reaction mixture was adjusted to 4.5. The mixture was 
stirred continuously at room temperature for 72 hours. The resulting c- DAC sample was 
washed with water by centrifugation to remove the unreacted GT (the procedure was 
repeated several times until the conductivity of the supernatant was below 5 μS/cm). 
Finally, the washed c- DAC fibers were re- dispersed in water for further characterization.

15.4.4 Degree of Oxidation in DAC and Degree of Substitution in c- DAC

The aldehyde content in the DAC sample was obtained using the titration method [72]. 
Specifically, a DAC suspension (equals to 0.1 g of dry DAC) was added into 40 mL of 0.25 M 
hydroxylamine hydrochloride solution (pH = 4.5), where the mixture was stirred at room 
temperature for 24 hours. Subsequently, the released hydrochloric acid (HCl) from the 
Schiff’s base reaction was titrated with 0.05 M NaOH until the pH value of the solution was 
back to 4.5. The GT groups grafted onto the c- DAC sample were determined using the 
CHNS elemental analysis technique (Thermo Scientific, EA1112).

15.4.5 Hexavalent Chromium (Cr(VI)) Adsorption Test

The efficiency of c- DAC adsorbent on the Cr(VI) removal was investigated by adding c- DAC 
suspension (equivalent to 7.5 mg of dry c- DAC) into 15 mL of dichromate solutions (initial 
concentration C0 = 10–300 mg/L, pH = 6). The effect of the initial pH value on the Cr(VI) 
removal efficiency was investigated by adding c- DAC suspension into a fixed concentration 
of Cr(VI) solution (100 mg/L) at different pH values (2–10). All the tests were conducted in 
triplicate at room temperature (25 ± 1 °C) and shaken at 250 rpm for 24 hours.

The initial and final concentrations of the dichromate solutions were determined by a 
UV- VIS spectrophotometer (Thermo Scientific, Genesys 10S) using 1,5 diphenylcarbazide 
as an indicator at the wavelength of 540 nm [73]. The amount of Cr(VI) adsorbed per unit 
weight of c- DAC Qe (mg/g) was determined according to Equation 15.2:

 

Q
C C V

me
e0

 
(15.2)

where C0 and Ce (mg/L) are the initial and final dichromate concentrations, respectively, V 
(L) is the solution volume, and m (g) is the quantity of c- DAC on a dry sample basis added 
to the solution.

The synthesis of c- DAC adsorbent/coagulant is schematically illustrated in Figure 15.8. 
In this figure, the cationic DAC- derivative adsorbents/coagulants were prepared through 
two consecutive reactions: periodate oxidation and DAC cationization. According to the 
titration result, the DO of DAC was 18.91% and it contained 2.33 mmol/g aldehyde content. 
To modify the DAC samples into a cationic adsorbent for the removal of anionic contami-
nants, GT was grafted onto DAC and formed c- DAC. Table 15.1 summarizes the CHNS 
elemental analysis results of Delig_SC and c- DAC samples. It confirmed the successful 
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introduction of GT onto the cellulose materials as the nitrogen element (this was not 
observed in the pristine cellulose) took place in the c- DAC sample (2.4%).

Figure 15.9 illustrates the SEM and TEM images of the original c- DAC sample and the 
sample after the Cr(VI) adsorption (c- DAC_Cr). It was found that the GT cationization 
significantly changed the morphology of the cellulose fibers, as the fibers were defibrillated 
into nanofibers with a relatively homogeneous fiber size distribution (18.3 ± 6.0 nm). This 
could be attributed to the combined effect of (i) opening of glucose rings by periodate oxi-
dation and (ii) grafting of positively charged groups that caused the partial destruction of 
crystalline regions in cellulose [46]. It was also observed from the EDX- mapping measure-
ments (Figure 15.9(b) and (e)) that the chloride ions attached to the GT disappeared after 
the adsorption process where the chromium ions became noticeable. This observation was 
consistent with the TEM images of the c- DAC_Cr sample (Figure 15.9(f)), which exhibited 
some dark spots. These dark spots indicated the formation (mineralization) of chromium- 
based nanocrystals in the c- DAC scaffold after the adsorption process.

The chemical structure changes of sugarcane fibers after periodate oxidation and GT 
cationization were characterized by the FTIR technique, as the results are shown in 
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Figure 15.8 Schematic illustration for the synthesis of c- DAC adsorbent/coagulant.

Table 15.1 CHNS elemental analysis result of Delig_SC and c- DAC [46].

Sample

Average % (w/w)

GT content (mmol/g) DSa%N C H

Delig_SC 0.0 ± 0.0 41.0 ± 0.6 6.7 ± 2.0 0.00 0

c- DAC 2.4 ± 1.0 41.0 ± 1.1 7.2 ± 1.1 0.57 10.87

a DS denotes the degree of GT substitution.
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Figure 15.10. It was found that all three samples exhibited typical characteristic peaks for 
cellulose materials. In comparison, the spectrum of the DAC sample showed two addi-
tional characteristic peaks at 1730 and 887 cm−1, which could be attributed to the carbonyl 
group stretching and hemiacetal linkage formed from periodate oxidation, respectively [74]. 
After cationization, several new peaks were observed at 1689, 1559, and 926 cm−1 in the 
spectrum of c- DAC, which could be assigned to the carbonyl group on the hydrazide struc-
ture of the GT, imine bond formed between the aldehyde group on DAC and the GT rea-
gent, and the N–N bonds in the GT, respectively [46].
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Figure 15.9 SEM images, corresponding EDX spectra and TEM images of c- DAC adsorbent before 
and after Cr(VI) adsorption: (a, b, c) c- DAC and (d, e, f) c- DAC_Cr.
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15.4.6 Chromium Cr(VI) Adsorption by c- DAC

To investigate c- DAC adsorbent’s efficiency in removing anionic contaminants from waste-
water, the negatively charged dichromate was chosen as a representative adsorbate for the 
demonstration. The equilibrium adsorption isotherm of Cr(VI) onto the c- DAC adsorbent 
was measured and fitted by both Langmuir and Freundlich isotherm models. The relevant 
calculated parameters of the two models and the adsorption curves are summarized in 
Table 15.2 and Figure 15.11. It was found that the adsorption curve using the Langmuir 
model could fit the experimental data well with an excellent R2 coefficient value (0.9956). 
That indicates that the adsorption of Cr(VI) ions on c- DAC followed the monolayer adsorp-
tion mechanism. This agrees with the predicted mechanism that the electrostatic interac-
tions between the negatively charged dichromate and positively charged quaternary 
ammonium functional groups on the c- DAC surface are mainly responsible for the adsorp-
tion process. According to the Langmuir isotherm analysis, the calculated maximum 
adsorption capacity (Qm) was 80.45 mg/g, which confirmed that this DAC- derivative adsor-
bent is a competitive and promising adsorbent for the removal of negatively charged con-
taminants when comparing to the study [46].

Table 15.2 Calculated Langmuir and Freundlich isotherm model parameters estimated from the 
Cr(VI) adsorption results using c- DAC adsorbent [46].

Langmuir isotherm Freundlich isotherm

αL (L/mg) qmax (mg/g) RL
a R2 KF (L/g) n R2

0.1122 80.45 0.0289 0.9956 23.9144 4.2648 0.8803
a RL value is calculated using C0 = 300 mg/L.
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(a) 1800–1500 cm−1 and (b) 950–850 cm−1.
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Figure 15.12 shows that the zeta potential values of c- DAC sample decrease with the 
pH value of the environment increases. The highly positive charge at lower pH levels is 
attributed to the protonation of - OH and - NH2 groups on the c- DAC surface in the acidic 
environment. When the pH values increase, the protonation effect is less significant and 
abundant OH− ions in the aqueous surroundings would attach onto the surface of the 
c- DAC, therefore causing the zeta potential value to decrease. However, it is worthwhile 
to mention that the c- DAC material could maintain its positive surface charge in the 
wide pH range from 2 to 10. This is benefited from the grafted quaternary ammonium 
groups (N+(CH3)3) on the c- DAC surface, which cannot be deprotonated even under an 
extreme basic environment. The pH effects on the adsorption efficiency of Cr(VI) cor-
respond with the zeta potential measurement result: the adsorption capacity did not 
change significantly at the pH levels between 2 and 6, afterward it shows a slowly 
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decreasing trend with pH level increases from 7 to 10. This is due to both the change of 
existing chromium speciation forms and adsorbent surface charge in response to the pH 
environment [46].

15.5  Conclusion

In conclusion, this chapter describes several selective methods to prepare CNFs with vary-
ing functionalities: (i) anionic, (ii) cationic, and their applications in separation technolo-
gies as adsorbent and membrane materials. The use of CNFs as adsorbents can effectively 
remove a wide range of charged metal ions with excellent adsorption capability. In this 
application, the adsorbed ions can behave as ionic cross- linkers for CNF scaffolds and ren-
der the floc formation between CNF/metal ion. The resulting floc with a large effective 
dimension and relatively high density can be easily separated by low- energy microfiltration 
(e.g. by gravity) or sedimentation. The use of CNFs as the barrier layer of the membranes 
based on the TFNC format has led to a new class of low- fouling and high- flux UF filters. 
The nature of hydrophilicity and negative surface charge of CNF has resulted in low- fouling 
tendency, easy- cleaning characteristics, and long sustainability of the CNF- TFNC mem-
branes. This study can be further expanded to include other types of modified nanocellu-
lose, such as phosphorylated, sulfonated, and alkylated nanocellulose. In addition, the 
formation of organic/inorganic hybrid nanocomposite scaffolds created by nanocellulose- 
metal ion charge interactions can be another pathway to generate effective media for the 
removal of suitable contaminants from water.
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16.1  Introduction

With several million battery electric vehicles (BEVs) manufactured and sold since the 
mid- 2010s, the Li- ion battery (LIB) is the key new energy technology, which is enabling 
the transition from internal combustion engine vehicles (cars, buses, and trucks) to 
BEVs [1]. Today manufactured through advanced continuous manufacturing processes, 
battery cells comprised a graphite anode, a Li- containing cathode, electrolyte, and separa-
tor. The cells are assembled in modules, and the latter are further assembled into battery 
packs whose typical capacity in a small BEV as of mid-2020 averaged 30 kWh. Following 
the first main LIBs on the market in the 2005–2014 decade based on lithium cobalt oxide 
(LiCoO2, LCO) cathode, layered cathodes were commercialized. They include lithium 
nickel manganese cobalt oxide (LiNixMnyCozO2, NMC), lithium manganese oxide 
(LiMn2O4, LMO), lithium iron phosphate (LiFePO4, LFP), and lithium nickel cobalt 
 aluminum oxide (LiNi0.8Co0.15Al0.05O2, NCA) [2].

Likewise to any battery, the cathode and anode of LIBs are electronically insulated, but 
connected by an electrolyte and a separator. The cathodes and anodes of LIBs are com-
prised of active materials that can reversibly intercalate lithium ions. The anode is gener-
ally made of a copper anode coated with graphite, while the cathode uses an aluminum foil 
coated with one of the aforementioned “intercalating” lithium- metal oxides.

A typical EV LIB pack has a useful first life of 250,000 km [3], even though increasingly 
adopted fast- charging (at power values > 50 kW) reduces the battery pack duration since 
battery degradation rapidly accelerates with charging current [4].

The reduced ability to store and deliver electricity is chiefly due to a solid product forma-
tion during the charge and discharge cycles due to the reaction of the lithiated anode with 
the alkyl carbonate comprising the electrolyte solution mainly consisting of stable (such as 
Li2CO3) and metastable components (polymers, ROCO2Li, (CH2OCO2Li)2, and ROLi) [5].
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Prone to decompose exothermically at temperatures > 90 °C, releasing flammable gases 
and oxygen that may easily ignite [6], the latter products progressively deposit on the anode 
surface forming a passivating film. This film limits the electrochemical reaction by making 
graphite sites inaccessible for Li+ to intercalate, thus leading to an increase in internal 
ohmic resistance.

When the automotive battery pack loses 20% (15% for certain EV models) of its initial 
capacity, it becomes unfit for traction as the lower capacity of the battery affects the accel-
eration, range, and regeneration capabilities of the electric vehicle. The battery pack then 
is ready for stationary applications, which demand lower current densities.

Hence, modules of spent batteries retaining between 80–85% of their original capacity 
are collected, sorted out, and reassembled in new “repurposed” battery packs, ready for 
stationary usage [7], such as utility- scale grid applications as well as to power buildings 
coupled to rooftop photovoltaic arrays, and telecommunication towers.

After several years of service in stationary applications, the batteries are ready for recy-
cling. According to Melin [8], a leading expert in the lithium battery recycling market, by 
2025 about 75% of spent EV batteries will be reused in second- life solutions after retirement 
from vehicles, after which they will be sent to recycling to recover all the valued components.

In 2019, we published a circular economy insight on LIB reuse and recycling [9], fore-
casting that the first- generation LIB recycling processes, generally based on the first- 
generation recovery technologies in which a pyrometallurgical process to obtain different 
streams of raw materials is followed by a leaching process to extract metals [10], would be 
increasingly replaced by green chemistry processes producing highly pure (“battery- grade”) 
lithium, cobalt, and manganese compounds along with graphite, copper, and aluminum.

Aiming to offer a practical analysis of the situation, rather than an academic review, this 
chapter focuses on the LIB recycling industry whose ultimate goal is to use the battery- 
grade chemicals recovered from spent batteries to produce new battery cathodes rather 
than selling the highly pure chemicals recovered.

The technical details of LIB recycling technologies are presented and discussed in com-
prehensive recent books [11, 12], reviews [9, 10], and book chapters [13]. In this account, 
we offer a critical analysis of a large industry which only in 2019 processed over 100,000 
tonnes of spent LIBs generating revenues exceeding $1.5 billion [14], whose role in the key 
new energy technology goes beyond the role played by recyclers in any other segment of 
the global material recycling industry.

Two important research policies emerge from the present analysis, which are of direct 
relevance to policymakers in all industrialized countries, urgently called to establish the 
national LIB industries to end reliance on foreign countries for a technology whose impor-
tance goes beyond that of the internal combustion engine, which formed the basis of the 
wealth of all industrialized nations in the twentieth century.

16.2  The Lithium Battery Recycling Industry

Recycling of LIBs is carried out on a large industrial scale chiefly in China and South Korea 
with China recycling around 67,000 tonnes of LIBs in 2018 (69% of all the stock available 
for recycling worldwide, and 18,000 tonnes being recycled in South Korea [15].
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Rather than being “limited” or “antieconomic” as claimed in several reports regularly 
published in scientific journals citing data going back to 2010  [16], the LIB industry by 
mid- 2020  included already over 90 LIB recyclers, out of which 35 were in China, 20  in 
Europe, 15 in the United States of America and Canada, 8 in South Korea, 6 in Japan, and 
9 in other countries [17].

Aiming to maximize revenues, the early LIB recycling companies initially focused on 
recovering highly valued Co and Ni from layered oxides due to their high cobalt and nickel 
content. According to reputed industry’s analysts, the $1.5 billion LIB industry in 2019 will 
increase almost tenfold by 2025, when it should reach $12.2 billion (and $18.1 billion by 
2030) growing at a compound growth annual rate of 8.2% between 2025 and 2030 [14].

The first BEV industrially significant production and uptake started in China in the 
mid- 2010s [1] led to a first large increase in the price of lithium, cobalt, and graphite. 
For example, the price of 99% lithium carbonate went from slightly more than $5,000/
tonne as of January 2016 to $15,000/tonne as of September 2018 [18]. The price of 99% 
cobalt sulfate went from about $24,000/tonne as of January 2016 to $80,000/tonne as of 
January 2018 [19].

Since then, prices have significantly decreased. In 2019, for example, the price of battery- 
grade lithium carbonate averaged $13,000/tonne [20]. In any case, the recovery of valued 
minerals and graphite from spent LIBs became and remains a profitable economic activity. 
Using different technologies, all LIB recycling companies manufacture only battery- grade 
minerals. Indeed, it is the “lengthy processing and purification processes of the raw materi-
als to reach battery- grade” which determines the true cost to manufacture [21] LIBs.

16.3  Toward Zero- Emission Lithium Battery Recycling

In May 2020, citizens of Endicott, a village in the State of New York, continuing their pro-
tests against the project of a LIB recycling plant (Figure 16.1) created a group to organize 
opposition to the project [22]. Noting that the proposed site is adjacent to three baseball 
fields, a swimming pool, community green, and homes, protestors objected that the plant 
was permitted to release in the air human carcinogens such as 2,3,7,8- tetrachlorodibenzo- 
p- dioxin, chromium(VI), nickel, and formaldehyde (though within emission limits, control 
requirements, or compliance-monitoring conditions) [23].

This happens because the first- generation approach to LIB recycling uses incineration to 
convert all the metals in the battery into a metal- rich ore from which valued metals are 
subsequently extracted (“leached”) and precipitated via straightforward wet chemistry 
processes [10].

Incineration of plastics in the presence of metals such as copper catalyzes the formation 
of dioxins, which add to toxic micro-  and nanoparticulate inevitably formed during com-
bustion of plastics and other waste in incinerators. To mitigate pollution, waste- to- energy 
plants are equipped with filters and other pollution control devices [24].

Replacing the aforementioned pyrometallurgical approach to LIB recycling, hydrometal-
lurgy is an environmentally friendly technology by which all the valued substances in spent 
LIBs (including costly and strategically important pure graphite) are recovered and made 
available as battery- grade materials, with virtually zero emissions in air, water, and soil.
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In brief, batteries are pretreated using physical processes such as shredding and sieving 
followed by wet chemical processes involving the combination of metal dissolution and 
chemical precipitation.

For instance, a company based in Wendeburg, Germany, uses one such industrial process 
developed during three research projects funded by the German government through its 
Ministry of the Environment including LithoRec I and LithoRec II between 2009 and 
2015 [25].

In brief (Scheme 16.1), the spent batteries are first discharged feeding the residual elec-
trical energy into the grid through which the company is able to cover 50% of its first plant 
energy needs. Following disassembly of the battery packs, the batteries are crushed with a 
20 mm rotary shear crusher under a nitrogen atmosphere at 100–140 °C. The solvent in the 
electrolyte recovered from the crushed material by means of vacuum distillation, thereby 
preventing the formation of toxic gases, is sent to the chemical industry for further 
processing [25].

Unfortunately, from the green chemistry viewpoint, electrolytes used in LIBs are Li- salts 
of halogen- containing complex anions such as BF4

− and PF6
− dissolved along with flame 

retardants and thermal runaway inhibitors for improving thermal stability in an organic 
aprotic solvent such as ethylene carbonate (EC), ethyl methyl carbonate (EMC), and dime-
thyl carbonate (DMC). These fluoride- containing salts are toxic and potentially highly pol-
luting. Hence, intense researches are aimed to replace them, for example, with new 

Figure 16.1 Citizens of Endicott, State of New York, protesting against a new LIB recycling plant 
on May 16, 2020. [Photo by Jared Smolinsky, reproduced from noburnbroome.com].
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electrolytic salts such as safe, halogen- free LiB4H13 and LiB5H16 which are as conducting 
as existing LiBF4 and LiPF6 [26].

The company is not able to recover only two components: the ethyl carbonate electrolyte 
(5%) and the separator (4%).

The dried crushed material is separated into different material fractions on the basis of 
physical characteristics such as particle size, density as well as magnetic and electrical 
properties; these then undergo further metallurgical processing. The iron, copper, and alu-
minum fractions are recovered and sold for standard recycling.

The “black mass,” which contains the electrode- active materials and the conducting 
fluorine- containing salt, is initially processed to completely remove fluoride prior to leach-
ing, in order to prevent the formation of toxic hydrofluoric acid. Once all fluoride has been 
removed, Co, Li, Ni, and Mn are subsequently leached and precipitated in the mineral form 
preferred by the LIB industry to produce new cathodes, whereas graphite is recovered and 
sent for material purification prior to reuse.
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Scheme 16.1 Material recovery with the Duesenfeld recycling process. [Reproduced from Zhang J; 
Hu J; Liu Y; Jing Q; Yang C; Chen Y; Wang C (2019) Sustainable and Facile Method for the Selective 
Recovery of Lithium from Cathode Scrap of Spent LiFePO4 Batteries. ACS Sustainable Chemistry & 
Engineering 7:5626-5631. with kind permission, Copyright American Chemical Society.  
DOI-https://doi.org/10.1021/acssuschemeng.9b00404].
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It is relevant to learn that the company is the outcome of over 10 years of developmental 
research funded by the German Ministry of the Environment with the aim to develop a 
new industrial green recycling process at the onset of which some 30 researchers and engi-
neers worked for five years on the basic engineering and chemistry aspects during the 
aforementioned three different research projects [27].

By weight percentage (g material/g battery), a typical LIB based on layered oxides (and 
thus not referring to the cathodes in olivine LFP) comprises about: 7% Co, 7% Li (expressed 
as lithium carbonate equivalent (LCE), 1 g of lithium = 5.17 g LCE), 4% Ni, 5% Mn, 10% Cu, 
15% Al, 16% graphite, and 36% other materials [28].

Based on their higher energy density, most EV market experts concur that EV LIBs will 
soon be dominated by cobalt- containing cathodes such as lithium- nickel, manganese, 
cobalt (NMC) and lithium- nickel, cobalt, aluminum oxide (NCA). On the other hand, in 
2019, we forecasted that intrinsically safe and long- life LFP cathode technology was 
going to dominate the EV market for decades to come [1]. The forecast was based on the 
large potential for improvement in terms of the energy density of LFP- based cells and 
batteries.

In early 2020, the world’s second- largest LIB and world’s leading EV manufacturer 
announced the mass production of a new LFP cathode LIB in which the re- engineered 
electrochemical cells, acting also as structural elements, afford a 50% increase in the space 
utilization of the battery pack when compared to conventional lithium iron phosphate 
block batteries, retaining the excellent safety profile of said batteries [29]. The new electric 
sedan equipped with such a battery produced by the same company has 605 km autonomy 
on a single charge.

The intrinsic safety of LFP cathodes is due to the strong P–O covalent bond of phosphate 
which prevents oxygen release, while the olivine crystal structure of the oxide is retained 
upon prolonged charge–discharge cycles making the cathode directly recyclable.

This means that cobalt- free and intrinsically safe batteries based on the LFP cathode 
technology will regain expansion to passenger electric vehicles beyond the electric bus 
market segment where they largely dominate [30]. Indeed, the world’s first LIB manufac-
turer announced in February 2020 the launch of new lithium iron phosphate batteries, 
“which use no cobalt, the most expensive metal in EV batteries” with the company having 
“developed a simpler and less expensive way of packaging battery cells, called cell- to- pack, 
that eliminates the middle step of bundling cells” [29].

Under these circumstances, the discovery of Wang and coworkers  [31] at Beijing Key 
Laboratory of Green Recycling and Extraction of Metals, enabling direct cathode recycling 
by simply stirring at room temperature for 20 minutes, a suspension of powdered cathode 
plates in aqueous sodium persulfate (Eq. 16.1) assumes strategic relevance:

 LiFePO Na S O FePO Li SO Na SO4 2 2 8 4 2 4 2 4 (16.1)

The orthorhombic FePO4 leaching residue obtained adding 1.05 times the stoichiometric 
amount of persulfate to extract 99.8% of Li can be used as such to produce new LFP cath-
odes. Being recovered as battery- grade Li2CO3 (>99% pure) by the addition of Na2CO3 to 
the leachate followed by evaporation (Scheme 16.2), recovered lithium is ready to be pro-
cessed for the same purpose.
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The battery is first discharged and then dismantled recovering both the separator and the 
anode. The cathode plates cut into small pieces are then subjected to extraction with the 
persulfate aqueous solution. No acid or alkali is employed and no prior separation of cath-
ode active material and the Al foil (the most demanding procedure in the present recycling 
process of spent LIBs) is required due to the strong oxidative environment, with the rapid 
formation of a thin layer of Al2O3 and extremely low leaching of Al. The solid residue is 
sieved, recovering the aluminum scrap and the powdered FePO4, whereas the mother liq-
uor is freeze- dried to isolate pure Na2SO4·10H2O.

Allowing to also recover copper and aluminum (18% and 32% in weight of the LFP 
cell) [32], this green chemistry route is ideally suited for LFP cells also because it fixes the 
main problem with recycling LIBs based on LFP cathodes, namely the low content (0.6 wt%) 
of lithium in these cells [32].

Indeed, by taking into account the revenues generated by selling lithium carbonate, iron 
phosphate in olivine form, aluminum scrap and sodium sulfate, the team calculated [31] 
that revenues exceeding $510 per tonne of spent LFP battery can be generated (Table 16.1). 
Remarkably, no wastewater or air treatment costs would be borne by any company uptak-
ing this simple, safe, and highly efficient technology.

Similarly, efficient and rapid metal recovery processes now exist even for the most com-
plex quaternary cathode materials. For example, all metals can be readily and conveniently 
leached from a LiNi0.5Co0.2Mn0.3O2 cathode with excellent leaching efficiency (100% Li, 
93.38% Ni, 91.63% Co, and 92.00% Mn) using an environmentally friendly leachant mixture 
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sodium sulfate under neutral conditions for Li leaching and subsequent precipitation as battery- 
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Chemical Society].
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of 0.2 M phosphoric acid and 0.4 M citric acid at 90 °C with a solid–to–liquid ratio of 20 g/L 
with no need for reductant because citric acid acts both as leachant and reductant  [33] 
promoting the reduction of Co3+, Mn4+ and Ni3+, to Co2+, Mn2+, and Ni2+ while being 
entirely oxidized to CO2 and H2O.

A widely employed organic acid, citric acid is produced in over 2 million tonnes per year 
amount via molasses fermentation [34]. Its abundance and affordable cost ($290/tonne was 
the average price in 2019) would, therefore, enable to carry out the green extraction of Li, 
Co, Mn, and Ni from widely used NMC cathodes at the economically viable cost of $2055 
per tonne of cathode processed [33].

16.4  Outlook and Perspectives

Besides their widespread use in BEVs, LIBs are now massively used in energy storage sys-
tems (ESS) in conjunction with large photovoltaic and wind plants to make electricity 
obtained from non- programmable weather- dependent renewable energy sources of even 
higher quality and reliability when compared to power generated from fossil fuels [35].

These systems are ideally suited to reuse dismissed EV batteries, and will likely absorb 
most batteries dismissed from electric cars and buses since a large ESS system with state- of- 
charge limits in a 65–15% to minimize cycle aging, extends the project life to over 16 years 
allowing EV manufacturers to sell second- life batteries for <60% of their original price to 

Table 16.1 Economic analysis for recycling 1 tonne of spent LFP batteries in China (Reproduced 
from Ref. [31].

Product Weight (kg) Value ($/kg) Revenues ($)

Li2CO3 76.7 11.5 882.1

FePO4 293.8 1 293.8

Al scrap 76.1 0.3 22.8

Na2SO4•10H2O 639.1 0.115 73.5

Total 1272.2

Reagent Weight (kg) Value ($/kg) Cost ($)

Na2S2O8 236.2 1.05 248

Na2CO3 115.4 0.24 28.7

Energy Consumption (kWh) Value ($/kWh) Cost ($)

1667.5 0.15 250.1

Other costs Water consumption (tonne) Value ($/t) Cost ($)

Water 1.5 0.36 0.5

Labor 150

Equipment depreciation 70

Maintenance 15

Net value 510.8



16.4  utloook anrd  erssectiies 599

developers of highly profitable solar- plus- storage projects [36]. After that, and typically when 
a LIB reaches its end- of- life at 60% of its original capacity, the battery is ready for recycling 
making available highly pure lithium carbonate and other minerals to produce new LIBs.

Besides being economically profitable, lithium battery recycling is also needed from the 
lithium supply viewpoint. Lithium is abundant and most of the world’s Li natural sources 
remain unexploited [37].

What is in high and increasing demand is “battery quality,” namely lithium carbonate 
and lithium hydroxide of high purity (>99.5%) whose production and supply from existing 
refiners have not scaled up with demand, with the largest suppliers having struggled to 
bring new capacity online in recent years.

To understand the origins of today’s insufficient supply, one needs to understand that 
since 2017, when the demand of battery quality lithium exceeded 50% of the market for the 
first time, the lithium industry had to evolve from an extractive to a chemical industry, 
which required substantial investment in refining plants typical of the chemical industry.

For example, commenting projections issued by LIB market experts, who were reporting 
103 battery plants planned or under construction with a total capacity of 2028 GWh by 
2028, one of the world’s most reputed lithium market experts (Lowry) noted how:

All these planned factories will not be built on a timely basis. The total capacity 
would require 1.6 million tonnes of battery quality LCE, which the industry is not in 
a position to do by 2028 given the lack of investment and the fact current BQ capac-
ity is less than 250,000 tonnes. I continue to be surprised that OEMs and battery 
producers are blindly expecting a lithium supply miracle while many lithium min-
ing projects can’t move forward due to lack of financing [38].

Under these circumstances, the price of LIBs fell below $100/kWh in 2019 due to much 
more rapidly increasing production [39] to eventually drive the inevitable massive uptake 
of BEVs well beyond China. The LIB recycling industry will switch to green chemistry 
routes for the recovery of all battery components.

The low capital and operational costs of said hydrometallurgical routes already enable new 
companies to enter the LIB recycling industry, with distributed recycling minimizing trans-
portation of hazardous spent LIBs. Cutting transportation cost, this will increase the com-
petitiveness of a network of small recyclers in place of large, energy- intensive recycling plants 
using pyrometallurgical processes requiring expensive treatment of noxious emissions.

Substantiating these conclusions and supporting the present forecasts, by mid- 2020, a 
Canada- based company founded in 2016 in less than 4 years became the largest LIB recy-
cler in North America, with one plant in Kingston, Ontario, and another with a 10,000- 
tonne/year capacity under construction in the New York State [40]. Both these plants use a 
two- step process involving safe crushing of the spent LIBs followed by green chemistry 
extraction routes to recover nickel, cobalt, copper, aluminum, and lithium in the form of 
highly pure chemicals, leaching them one at a time in a series of conical bottom tanks 
under agitation, along with plastics, electrolytes, and graphite, without noxious gases to 
treat and no solid waste to manage  [28]. The innovative idea here was to carry out the 
shredding process in water so as to prevent ignition, followed by separating the size- reduced 
feed stream into a magnetic product stream and a nonmagnetic feed stream [28].
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Beyond the prices for cobalt sulfate and lithium carbonate, the key financial drives of the 
latter technology are plant operational expenses  [41]. Proving once again the need to 
increase sustainability a team of scholars with education in economic and management 
topics discovered in a feedback process between the chemical testing work and techno- 
economic analysis that minimization of the operating expenses (OPEX) required optimiza-
tion of acid and sodium hydroxide reagent consumption required for leaching and 
neutralization since the latter were identified as key OPEX drivers [42].

In closer detail, the optimized method developed to separate the copper and aluminum 
foils from the cathode and anode powders prior to leaching reduced the Al precipitated as 
aluminum hydroxide, resulting in a 15% reduction in total OPEX due to a 30% reduction in 
acid consumption and a similar reduction in NaOH consumption for neutralization [41].

The same scholars turned into entrepreneurs of LIB recycling would discover that greater 
economy comes from a flow rather than scale [43]. Hence, they would create a continuous 
recycling process whose cost is not just the aggregation of unit costs, but rather the outcome 
of smooth and economically sound integration of the parts in the final assembly, to provide 
customers with battery grade metal salts produced at the rate of customer demand [43].

Remarkably, both first-  and new- generation LIB recycling plants make use of conveyors 
in continuous processes whose overall economy is enhanced thanks to the aforementioned 
smooth integration of the unit steps.

It is thanks to such enhanced profitability due to economies of flow, and not to econo-
mies of scale, that first- generation technologies for the recycling of LIBs based on prelimi-
nary incineration (“pyrometallurgical” processes) will be progressively replaced by 
new- generation recycling routes based on emission- free green chemistry technologies 
including those mentioned in this account.

Eventually, LIB recycling plants extracting economic value from spent batteries through 
a distributed network of recycling companies in which collection and transportation costs 
are minimized will become ubiquitous.
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17.1  Introduction

Throughout the decades, the excessive dependence on nonrenewable fossil resources cou-
pled with the increasing carbon dioxide (CO2) levels in the atmosphere have led to unprec-
edented worldwide climate change events with negative impact on the planet ecosystems 
and environment, putting in risk the current and future generation thrive. This global issue 
has stimulated the development of more sustainable approaches envisaging the society 
growth with simultaneous protection of biodiversity and surrounding environment  [1]. 
Today, the development of novel technologies needs to address both economic and envi-
ronmental high standards, including high technological efficiency, high selectivity, and 
low energy consumption aligned with factual benefits to the environment and public 
health. The scientific progress notably in domains such as biotechnology, chemical engi-
neering, applied chemistry, biology, and physics has been enabling the rise of emerging 
technologies to produce energy, fuels, materials, and chemicals with potential to reduce the 
negative impact of the current industrial activity. In this context, the traditional processes 
that have been in use during the last few decades of the last century, which often do not 
address concerns to minimize the energy demand, the overexploitation of nonrenewable 
resources, the production and disposing of a wide range of toxic wastes in the landfill, are 
losing their place in the coming era. Bioeconomy approaches, circularity of resources, and 
process efficiency are the main strategies to push forward an economic growth independ-
ent of resource consumption. This new paradigm is expected to help society accomplishing 
a sustainable future [2, 3].

The sustainability of industrial plants has been thus pursued and one of the most critical 
and important steps that crosses many industrial sectors, as for instance oil industry, phar-
maceuticals, and metallurgy, is to replace or substantially modify the current extraction 
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and separation processes/steps by more sustainable ones. A myriad of scientific and tech-
nological challenges have been settled for the advancement of new extraction and separa-
tion strategies to meet sustainability guidelines. This includes which solvents and technical 
apparatus must be used to extract, separate, and purify chemical and biological compounds 
with lower carbon footprint than conventional processes, reduced or no toxicity, higher 
recyclability as well as maintaining or overcoming their separation efficiency [4]. In this 
sense, the application of green chemistry principles, proposed by Paul Anastas and John 
Warner [5], may stand as a useful tool. Green chemistry aims at designing more environ-
mentally benign chemical processes and methodologies, allowing the elimination or reduc-
tion of hazardous or toxic chemicals at any stage of laboratory or industrial production [6]. 
It contemplates 12 good practices as depicted in Figure 17.1 to achieve low impact on the 
environment and health, increasing the sustainability in chemical processing [5].

The importance of applying these principles is transversal in the design of new chemical 
processes and some of them can be applied in the development of extraction, separation, 

Figure 17.1 The 12 principles of Green Chemistry proposed by Paul Anastas and John Warner. 
Source: Reprinted with permission from [7].
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and purification technologies, such as the prevention of waste production, the enhance-
ment of atom economy, the improvement of energy efficiency of proposed processes, and 
the use of safer chemicals and solvents as well. On the basis of the last two principles, 
researchers have been working on the efficient extraction and separation processes by 
replacing conventional organic solvents with the so- quoted “green solvents” to build up 
sustainable technologies [4]. Most of the organic solvents being used nowadays in chemical 
processes rely on volatile, toxic, and polluting solvents that must be avoided. In this con-
text, green solvents rise as key tool in the extraction, separation, and purification steps, 
where ionic liquids (ILs) and deep eutectic solvents (DES) could be major players [4].

ILs are organic salts composed of an asymmetric organic cation coupled with an inor-
ganic or organic anion. By definition, their melting point should be below 100 °C, other-
wise being considered as regular salts. The fact that they possess low melting point allows 
some of them to be liquid at room temperature, and thus can be used as solvents for a 
plethora of applications. ILs possess a wide range of physicochemical properties, in which 
the high thermal stability, low vapor pressure and wide polarity, acidity, and basicity stand 
out as important features to classify them as green solvents. Their application in several 
separation and purification technologies has been deeply explored in the last two decades, 
including oil/water mixture separation [8], desulfurization of fuels [9], biomass extraction 
and fractionation  [10], protein separation and purification  [11], biotechnological broth 
stream separation [12], among others. However, their use in industrial processes is still 
limited. This is not related to their performance, which in most cases is significantly bet-
ter, but the costs to implement an IL- based technology are, in many cases, preventing 
industrial stakeholders to bet on these solvents. Nevertheless, the increasing research of 
their applications together with efforts to achieve an efficient recycling of these solvents 
can be a real opportunity in the future. Nevertheless, other classes of green solvents are 
emerging as less- expensive alternatives to ILs. DES are one of the most promising exam-
ples and they have been drawing attention of researchers in the last decade, due to their 
easy (and inexpensive) preparation and by sharing similar physicochemical properties 
with ILs [13].

17.2  Deep Eutectic Solvents (DES)

DES are by definition systems composed of at least two compounds, a hydrogen bond 
acceptor (HBA) and a hydrogen bond donor (HBD), which self- associate to form an eutec-
tic mixture characterized by a melting point (the eutectic point) lower than that of the ideal 
liquid mixture [14]. Figure 17.2 shows a representative phase diagram of two solids as a 
function of melting temperature demonstrating the eutectic point. The decreasing of the 
melting temperature is mostly a result of the hydrogen bonding interactions taking place 
between HBA and HBD components. Nevertheless, van der Waals interactions and electro-
static forces can also occur [15].

In 2004, Abbott et al. [16] were the first to introduce the potential of DES by demonstrat-
ing the formation of a liquid phase after mixing a variety of quaternary ammonium salts 
and carboxylic acids [16]. The depression in melting temperature makes most eutectic sol-
vents liquid at temperatures lower than 70 °C and some of them are liquid at room 
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temperature  [17]. DES can be prepared by mixing abundant and often inexpensive 
 compounds, which act as HBAs or HBDs, in a simple heating step [15].

The heating and stirring method is the most used methodology for the preparation of 
DES. The components are placed in a recipient with stirring bar, heated in water bath 
(50–90 °C) and kept under agitation until a clear liquid is formed. On the other hand, com-
ponents can be first dissolved in water and afterward the solvent is evaporated through a 
rotatory evaporator at 50 °C (30–90 minutes). The obtained liquid is then placed in a desic-
cator under vacuum to remove residual water content. Another option to remove water in 
one step is freeze- drying (2–24 hours). In addition, water can be replaced by other solvent, 
as long as components are still soluble and the solvent is easily distillable. Recently, Gomez 
et al. [18] introduced the preparation of DES by microwave irradiation. The authors argued 
environmental advantages by using this method, since it enables decreasing the prepara-
tion time from 60 minutes (conventional heating method) to 20 seconds, equivalent to 650 
time reduction of energy consumption [18]. Therefore, DES are easy to be prepared and it 
is a relevant advantage over IL synthesis, which needs more steps, including purification.
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Figure 17.2 Schematic representation of deep eutectic solvent formation. An example with 
cholinium chloride and urea is illustrated at the top, while a phase diagram is represented at the 
bottom (Tm: melting temperature). Source: Reprinted with permission from [14].
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DES reported to date are classified into four main types (I, II, III, and IV) [19, 20] depend-
ing on their constituents as follows [19]:

Type I – quaternary ammonium salt + metal chloride;
Type II – quaternary ammonium salt + metal chloride hydrate;
Type III – quaternary ammonium salt + hydrogen bond donor;
Type IV – metal chloride hydrate + hydrogen bond donor.

More recently, Abranches et al. [21] demonstrated that nonionic DES can be formed. In 
this case, phenolic compounds establishing phenolic hydrogen bonding with other molec-
ular species (as hydrogen bond acceptors) are also able to promote higher temperature 
melting depression than that of an ideal mixture. The mixture menthol:thymol was given 
as a main example of type V DES [21]. Among those classifications, type III DES are the 
most common, in which cholinium chloride:urea ([Ch]Cl:U) or cholinium chloride:lactic 
acid [Ch]Cl:LA are some examples. However, a wide number of possible combinations of 
HBA and HBD can be performed and some of them are portrayed in Figure 17.3.

Additionally, the application of so- called natural deep eutectic solvents (NADES) has 
been rising in the last few years. In this case, the HBA and the HBD constituting DES are 
naturally occurring molecules, such as [Ch]Cl, organic acids, amino acids, and sugars, 
combined in a specific molar ratio that form a liquid at ambient temperature. In fact, some 
of these combinations do exist in nature and seem to play an important role in living organ-
isms  [22]. Therefore, in addition to their potential as solvent alternatives to replace 
conventional organic solvents in many research areas, they might also bear interesting 
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biological properties  [23]. One of the most promising applications is the extraction of 
 bioactive compounds from biomass sources with NADES. The produced extracts with 
 biological activity can be further applied in new product formulations without further puri-
fication, due to the nontoxic character of the solvent [24].

In general, DES are nonreactive with water and most often show low or non- toxicity and 
biodegradability. Some physicochemical properties of DES, including melting point, den-
sity, viscosity, surface tension, conductivity  [25], biocompatibility, acidity, basicity, and 
polarity [26], can be tailored by changing the type and molar composition of HBAs and 
HBDs. This feature turns DES into designer solvents, which is relevant for their application 
in tailored technologies.

Viscosity is an important property for the selection of DES, since it directly affects the 
mass transfer and heat transfer in physical and chemical processes using these solvents. 
The nature of HBA and HBD, including the alkyl chain size or type of functional groups, 
the HBA:HBD molar ratio, and the water content, are crucial factors influencing DES vis-
cosity. For instance, the presence of a carboxylic or hydroxyl group in HBA and/or HBD 
structure allows establishing strong hydrogen bonds, resulting in increased viscosity. As an 
example, glycerol (Gly) contains three hydroxyl groups, which provide strong hydrogen 
bonding network and consequent low mobility of free species within DES [16, 27]. In this 
sense, Gly- based DES exhibit higher viscosity (700–900 mPa·s) than its ethylene glycol (EG) 
counterparts (110 mPa·s) [28].

Moreover, the chemical nature of HBA or HBD has a direct impact on the pH exhibited 
by DES. For instance, [Ch]Cl:Gly (1:2) and [Ch]Cl:EG (1: 2) showed pH values between 
4.08 and 4.40, while DES composed of organic acids disclose pH range from 1.20 to 
2.74 [29–31]. The acidity, neutrality, and basicity of DES are important properties to bear in 
mind in the extraction and separation processes with these solvents in different applica-
tions. On the other hand, a wide polarity range is attributed to DES. The polarities of most 
DES are similar to those of methanol (0.76) and greater than acetonitrile (0.49) and dime-
thyl sulfoxide (DMSO) (0.46) and strongly depend on the nature of HBD. For example, the 
polarity values for DES [Ch]Cl:EG (0.82), [Ch]Cl:Gly (0.84) are higher than short- chain 
alcohols (ethanol [0.66] and methanol [0.76]) [32, 33]. The higher polarities of these DES 
can be attributed to their high capacity for donating hydrogen bonds [34]. Moreover, DES 
can be also divided between their hydrophilicity and hydrophobicity, which are also vital 
properties influencing their choice for certain applications. For instance, the extraction of 
several substances (e.g. metal ions, polycyclic aromatic hydrocarbons, pesticides, phyto-
cannabinoids, and dyes) from aqueous solutions has been studied with hydrophobic 
DES [35–37].

Up to date, DES have been used in a myriad of chemical and physical processes, but in 
the beginning, their applications were limited to the pharmaceutical field [38] and to mate-
rials science in electroplating processes [39]. However, the biocompatibility and environ-
mentally friendly features of DES and NADES, in particular, have drawn attention to use 
them in other applications, as, for example, in biocatalysis [40] and extraction [41] pro-
cesses. This opened the window to apply them as solvents in the extraction, separation, and 
purification technologies, as they offer a sustainable solution to accomplish greener 
processes [25].
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17.3  Scope of the Chapter

This chapter specifically addresses the potential of DES to solve three distinct and emerg-
ing challenges in the current extraction and separation fields: (i) separation of aromatic 
compounds from aliphatic hydrocarbons; (ii) extraction of bioactive compounds from bio-
mass; and (iii) extraction and separation of metals from metallurgic and electronic wastes, 
which today are of utmost relevance from industrial and economic perspective. Distillation, 
acid–base neutralization, liquid–liquid and solid–liquid separation technologies with vola-
tile and toxic solvents have been used in these separations providing some disadvantages, 
such as energy- intensive processes, azeotrope formation (distillation), large amount of 
alkali and acid waste streams, large amount of wastewater with toxic and pollutant species, 
volatilization of organic solvents, and serious equipment corrosion. The high cost and lack 
of sustainability of these processes must be overcome. In this view, the application of DES 
as extraction and separation solvents may improve those separations to achieve high tech-
nical efficiency, high selectivity, low energy consumption, and low impact on the environ-
ment and public health. The DES’ ability to perform such separations will be scrutinized in 
this chapter and main factors governing their performance will be discussed as well. 
A series of innovative methodological approaches will also be described as possible tech-
nologies to be implemented in industry.

17.4  Extraction and Separation of Aromatic Compounds 
from Aliphatic Hydrocarbons

The separation of phenolic, non- phenolic, nitrogen- , and sulfur- based aromatic com-
pounds from oil mixtures is imperative to avoid technical hurdles in downstream process-
ing and to achieve more sustainable and less pollutant oils and fuels, as well as to recover 
those compounds for further valorization to achieve improved circularity of resources. 
However, these separations have revealed challenges due to the physicochemical affinity 
of aromatic contaminants from the predominantly hydrocarbon- like composition of 
 fossil oils.

17.4.1 Toluene and Benzene

The separation of aromatic compounds, such as toluene and benzene, from aliphatic 
hydrocarbons is generally made by distillation processes. However, this strategy is energy- 
intensive, while the compounds to distil present similar volatilities and leads to azeotrope 
formation between the aromatic compounds and other hydrocarbons [42]. An alternative 
separation that has been explored over the past years is the liquid–liquid separation due to 
easy handling and low- cost operation. The typical solvents that have shown good perfor-
mance on this specific separation are sulfolane (Sulf), Dimethyl sulfoxide (DMSO), N- 
methylpyrrolidone (NMP), and N- formylmorpholine (NFM), although they are not 
considered as green solvents due to their volatility, toxicity, flammability as well as they are 
difficult to recover [43]. In this context, the use of green solvents, including DES, as benign 
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alternative in the liquid–liquid separation of aromatic compounds, such as toluene and 
benzene, from aliphatic hydrocarbons has been addressed.

Recently, a study demonstrated the [Ch]Cl:phenol ability to extract toluene from both 
n- hexane and n- heptane as model systems at 30 °C and 85 kPa by liquid–liquid extrac-
tion [44]. The authors studied two molar ratios of [Ch]Cl:phenol (1:3 and 1:4) and observed 
that molar ratio 1:4 enabled higher toluene distribution coefficients (0.186–0.355) than 1:3 
(0.121–0.160). This means that toluene extraction from the aliphatic hydrocarbons was 
favored by higher phenol molarity in DES composition. On the other hand, a molar ratio of 
1:3 allowed higher selectivity at low concentrations of toluene  [44]. The application of 
[Ch]Cl:phenol as extraction solvent of toluene from aliphatic hydrocarbons was recom-
mended by authors, especially at low toluene concentrations, since they presented better 
results than other solvents like Sulf, ethyl triphenylphosphonium iodide ([ETPP]I):Sulf 
(1:4), 1,3- dimethyl- 2- imidazolidinone (DMI), and ILs as well [44]. The approach of liquid–
liquid separation using [Ch]Cl:phenol can be a good solution in the separation of aromatic 
and aliphatic hydrocarbons at an aromatic content lower than 20% of the total mixture, 
which is one of the bottlenecks in this separation [45].

In another work, liquid–liquid extractions of benzene from cyclohexane as well as toluene 
from n- heptane were evaluated using two DES formed by N- ethylpyridinium bromide 
([NEP]Br) as HBA, and NFM or levulinic acid (LevA) as HBD at a molar ratio of 1:3 [46]. 
The choice of these DES was based on specific characteristics, such as the aromatic structure 
of the HBA to enable π–π interactions with toluene and benzene, the high solubility of aro-
matic compounds in NFM, and the favorable interaction between the C=O bond of LevA 
with aromatic rings. In terms of selectivity and distribution coefficient, both DES showed 
reasonable separation results, although [NEP]Br:NFM showed the best performance. For 
instance, this DES enabled a selectivity and distribution coefficient of 23.8 and 1.733, respec-
tively, in the separation of benzene from cyclohexane. The separation was more effective at 
low  temperature (20 °C) and as much as DES amount was added into the system [46].

In 2016, Gouveia et al. conducted a study upon the separation of toluene from n- heptane 
via liquid−liquid extraction at 25 °C using DES formed by LevA (HBD) and ammonium 
salts, such as [Ch]Cl, benzylcholinium chloride ([BzCh]Cl) and tetrabutylammonium 
chloride ([TBA]Cl), as HBAs in the molar ratio of 1:2 (HBD:HBA) [47]. The ternary phase 
diagrams showed that [Ch]Cl:LevA and [BzCh]Cl:LevA are practically immiscible in n- 
heptane and both demonstrated miscibility with toluene. This miscibility is slightly higher 
for [BzCh]Cl:LevA, as a consequence of favored interactions between toluene and the aro-
matic ring of [BzCh]Cl as shown in Figure 17.4. On the other hand, the use of [TBA]Cl as 
HBA resulted in increased miscibility of DES ([TBA]Cl:LevA) in both toluene and  
n- heptane, probably due to the higher hydrophobicity character of [TBA]Cl [47].

The distribution coefficients of toluene in n- heptane liquid–liquid equilibrium ranged 
from 0.095 to 0.127 with [Ch]Cl:LevA, from 0.158 to 0.337 with [BzCh]Cl:LevA, and from 
0.480 to 0.742  with [TBA]Cl:LevA, while the selectivity values were found from 9.47 to 
23.90, from 12.31 to 39.11, and from 0.60 to 13.41, for each ternary system, respectively. 
Therefore, [BzCh]Cl:LevA presented better selectivity than [Ch]Cl:LevA and [TBA]Cl:LevA, 
and also higher distribution coefficients when compared with [Ch]Cl:LevA. Nonetheless, the 
results show that the distribution coefficient is influenced by the hydrophobicity of [TBA]Cl, 
since it increased for ternary systems formed by n- heptane + toluene + [TBA]Cl:LevA.  
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Therefore, [TBA]Cl (the most hydrophobic HBA) improved the distribution coefficient of 
toluene separation, while the aromaticity of [BzCh]Cl enhanced both distribution coeffi-
cient and selectivity. The authors stated that distribution coefficients can be related to the 
operation costs, while selectivity can be associated with the number of required extraction 
stages [47]. In this sense, a balance between those parameters is desired for a successful 
extraction process, which [BzCh]Cl:LevA seems to provide rather than other examined 
DES. This DES disclosed the highest selectivity (40.0) and a very low solubility in the n- 
heptane- rich phase, which minimize the loss of DES and, consequently, the contamination 
of the refined aliphatic stream.

Hundreds of HBA and HBD combinations can be used in separation processes, but what 
kind of DES exhibit ability to extract a specific aromatic compound from aliphatic hydro-
carbons? A more detailed study regarding toluene extraction from n- heptane with several 
DES was performed by Wang et  al.  [48]. By taking into account the freezing point, the 
hydrophilicity, viscosity, and corrosion properties, 24 potential DES were selected to sepa-
rate toluene from n- heptane. Their performance was evaluated in terms of selectivity and 
distribution ratios. A summary of the obtained data is depicted in Figure 17.5, where the 
influence of different variables concerning the HBA and HBD structures were exploited on 
this separation [48].

First, the influence of the HBA on the separation performance was studied  [48]. The 
selectivity for toluene extraction was greatly influenced by the alkyl chain length of HBA 
(in combination with lactic acid as HBD) and according to Figure 17.5Ia, it decreases in the 
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following order: [TEA]Cl > tetrapropylammonium chloride ([TPA]Cl) > [TBA]Cl > tetra-
methylammonium ([TMA]Cl) = trioctylmethylammonium ([TOMA]Cl). In Figure 17.5Ib, 
it is possible to note that alkyl chain of the HBA cation has more affinity for n- heptane than 
toluene, meaning that aliphatic/aliphatic interactions are favored over aromatic/aliphatic 
ones [48]. Furthermore, when using a HBA cation with a large central atom, such as phos-
phonium cations, the selectivity increases in comparison with the ammonium ones as seen 
in Figure  17.5IIa, while the distribution ratio of toluene shows the opposite order 
(Figure 17.5IIb). HBA’s phosphonium cations strongly interact with n- heptane molecules 
and simultaneously hamper the interaction with toluene molecules, due to steric hin-
drance, resulting in high selectivity. Concerning the HBA anion, the selectivity was higher 
for bromide- based quaternary ammonium salts than for the chloride counterparts, which 
indicates that large anions like Br− are more likely to interact with toluene than n- heptane 
molecules (Figure 17.5IIIa and b) [48].

The influence of HBD on the selectivity of toluene extraction from n- heptane is shown 
in Figure 17.5IVa. In combination with [Ch]Cl, the best results were achieved with the 
following HBDs: EG, lactic acid (LA), and triethylene glycol (TriEgly). Afterward, these 
HBDs were combined with selected HBAs (Figure 17.5IVb) and the obtained selectivity 
increased with longer HBA’s side chain up to a maximum point and then decreased 
sharply. Concluding, as the side chains of [Ch] is very short, the interaction with toluene 
and n- heptane is weak and consequently the distribution rate is small. The increase of the 
side chain length of HBA, to [TEA], for example, makes easier the interaction with 
n- heptane [48].

Larriba et al. demonstrated a step forward by applying DES in the extraction of benzene 
and toluene from reformer and pyrolysis gasoline models  [49]. Six cholinium chloride 
([Ch]Cl)- based DES pairing with EG, glycerol (Gly), levulinic acid (LevA), phenylacetic 
acid (PheAc), malonic acid (MaloA), and urea (U) as HBDs were applied in this study. 
Among the examined DES, the best performance was achieved with [Ch]Cl:LevA at a 
molar ratio of 1:3 mainly due to its extractive ability. Moreover, its suitable viscosity, den-
sity, and thermal stability favored the pumping of the solvent into the extractor, enabled 
fast phase separation, and efficient solvent recovery. This DES was able to extract benzene 
almost completely and removed significant amounts of toluene from reformer and pyroly-
sis gasolines. After generating liquid–liquid equilibrium data and performing simulation 
and optimization, the authors proposed a novel process for the separation of aromatic com-
pounds from aliphatic hydrocarbons with DES and their subsequent recovery as shown in 
Figure 17.6. Computational simulations showed that optimal conditions of flash distilla-
tion should be at 90 °C and 5 kPa to separate extracted aromatic compounds from residual 
aliphatic hydrocarbon content and to regenerate the solvent. At these optimal conditions, 
the recovery yields of aliphatic and aromatics between the vapor stream and feed stream 
for reformer gasoline were 98 and 78.9%, respectively, while 98.8 and 88.4% were achieved 
for pyrolysis gasoline, correspondingly. The solvent recovery was estimated to 99.2% in the 
end of the process [49]. In this scenario, the high separation efficiency exhibited by DES 
allows this technology to attend the regulations over the benzene content in commercial 
gasoline [50].

In conclusion, the liquid–liquid separation of aromatic compounds, like toluene and 
benzene, from aliphatic hydrocarbons with DES seems promising, especially at low 
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aromatic content. The results have shown that tuning the structure and properties of DES 
allows enhancing the selectivity of aromatic compound extraction to DES phase. 
Furthermore, DES seem to maintain their intermolecular structure arrangement, i.e. no 
dissociation of DES components is exhibited in these specific separations [47]. This is an 
advantage over aqueous systems, where DES components generally tend to dissociate in 
water [51, 52], losing for instance their extraction and separation performances at certain 
water contents.

17.4.2 Phenol and Derivatives

The presence of phenol and its derivatives in various hydrocarbonaceous streams, like coal 
liquefaction oil, coal tar, and petroleum, but also renewable biomass pyrolysis oil, is a major 
bottleneck in the processing of these oil raw materials to produce fuels and chemical com-
modities in the modern society. The high reactivity of phenols during oil processing causes 
degradation and formation of undesired resinous and solid products, leading to severe 
technical and operational problems in downstream processing  [53, 54]. Therefore, the 
removal of phenol and its derivatives from oily streams is of utmost importance in the effi-
ciency of oil processing.

The current separation of phenol and its derivatives from oil is mostly addressed by acid–
base reactions using strong alkaline (e.g. NaOH) and acidic (e.g. H2SO4 and H2CO3) solu-
tions. In alkaline solutions, phenol react with the oxides or hydroxides resulting in the 
formation of aqueous soluble phenoxide salts, thus allowing their removal from the oil 
mixture, and latter could be recovered by neutralization under acidic conditions. However, 
the use of these chemicals can bring serious environmental and technical damage [55]. The 
production of excessive volumes of wastewater containing phenol and derivatives, which 
are harmful to the environment and live organisms as well as the severe corrosion of the 
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Figure 17.6 Flow diagram of the proposed dearomatization process of reformer or pyrolysis 
gasoline using DES. Source: Reprinted with permission from [49].
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technical equipment are two main disadvantages  [56]. An alternative to conventional 
 phenol extraction processes that use the acid–base neutralization is the liquid–liquid 
extraction with organic solvents [57, 58]. Liquid–liquid extraction processes disclose advan-
tages over the traditional alkali and acid methods mentioned above, such as low cost and 
ease of operation. However, the use of volatile organic compounds as separation agents, 
such as benzene and chloroform, which are highly volatile, flammable, and toxic solvents, 
is also a disadvantage to bear in mind. Therefore, their replacement by other less polluting 
and safer solvents is demanding [59]. In this perspective, DES have been suggested as green 
and sustainable substitutes to perform this complex separation.

In this sense, Jiao et  al.  [60] used DES to separate phenol from coal tar. Extraction 
 efficiencies greater than 90% were obtained with [Ch]Cl:trifluoroacetic acid (TFA). In addi-
tion, this DES was recycled by back- extraction with excellent recycling properties, main-
taining the phenol extraction efficiency above 90% after 4 cycles without significant mass 
loss [60]. In this work, the authors revealed that HBD and HBA had significant influences 
on the extraction process, related to the electron attraction capacity of HBA and the acidity 
of HBD. An HBA with high electron capacity ([Ch]Cl) combined with a strong acid HBD 
(TFA) presented the highest phenol extraction. However, other factors may govern DES 
ability to extract phenol. In another study, Yi et al. [61] evaluated the interaction between 
phenol derivative compounds and DES through quantum chemical calculations and spec-
tral experiments to explore the possibility of extracting phenol from coal- based liquid oil 
using a [Ch]Cl:Gly. The computational results showed that hydrogen bonds between DES 
and phenol derivative compounds are the main driving force of this separation process. In 
addition, extraction experiments were performed and demonstrated that [Ch]Cl:Gly (1:1) 
is able to extract 98.3% of the phenol derivative compounds with only 4.2% of neutral oil 
entrained [61].

These last studies described the application of DES in the extraction of phenol from 
model oil and real oil samples within a normal liquid–liquid separation approach. The DES 
is prior prepared, by mixing HBA and HBD in suitable molar ratios, and it is subsequently 
applied in the separation step. However, in another perspective, phenol separation from oil 
mixtures through the in situ formation of DES has been demonstrated as a more disruptive 
strategy [62, 63]. The concept relies on adding an organic salt to the phenol/oil solution 
that leads the formation of a eutectic mixture between the organic salt (HBA) and phenol 
(HBD). The in situ formed phenol- based DES is immiscible with the oil- rich phase creating 
a biphasic mixture enabling the nonaqueous separation of phenol from oil  [62, 63]. For 
example, Pang et al. [62] added a known amount of [Ch]Cl into a model oil solution con-
taining toluene, p- xylene, hexane, and phenol. The resulting solution was heated, stirred, 
and after reaching equilibrium, two liquid phases were formed as a consequence of the 
polar eutectic mixture induced by the strong interaction between [Ch]Cl (HBA) and phe-
nol (HBD). No [Ch]Cl was found in the upper oil phase (hexane) in equilibrium with in situ 
formed DES, while a phenol removal efficiency of 92% was achieved [62]. After the separa-
tion of the in situ formed DES from the oil phase, diethyl ether was added to extract phenol 
from [Ch]Cl and the latter can be reused without mass and efficiency loss. This methodol-
ogy is highlighted in Figure 17.7 and shows sustainable advantages over the conventional 
separation methods. Nevertheless, a more benign alternative to diethyl ether to precipitate 
[Ch]Cl would be recommended.
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Besides [Ch]Cl, a variety of quaternary ammonium salts, such as ammonium chloride 
([NH4]Cl), [Ch]Br, [TMA]Cl, [TMA]Br, ([TEA]Cl), [TEA]Br, methyltriethylammonium 
chloride ([MTEA]Cl), [TPA]Cl, and [TBA]Cl were studied to separate phenol from model 
oils (hexane, toluene, and p- xylene) and the effects of cations and anions on phenol removal 
were inspected [62, 63]. For instance, Guo et al. [63] reported a phenol removal efficiency 
of 96% using [TMA]Cl, while [MTEA]Cl exhibited 99.9% efficiency. This means that 
increasing the alkyl chain length of the HBA cation favors the ability to form in situ DES 
and subsequently enhances the extraction of phenol from oil. The authors also highlighted 
that chloride- based quaternary ammonium salts are more efficient to remove phenol when 
compared with bromide counterparts. For example, the phenol removal efficiency was 
95.4% using [Ch]Cl, whereas 90.4% was obtained for [Ch]Br. The higher electronegativity 
and stronger interaction of the chloride ion with the phenol OH group than bromide may 
explain the observed results  [63]. It was later revealed that imidazole and amide com-
pounds can also strongly interact with phenol and cresols to form in situ DES immiscible 
with oil. These DES enabled phenol separation with an extraction efficiency of more than 
90% [60, 64].

The separation of phenol from non- phenolic aromatic compounds is also an issue that 
requires research and technology development. In this context, the use of DES for the 
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separation of phenol from toluene was studied by Byrne et al. [66]. The efficacy of [Ch]Cl 
and trialkyl- 2,3- dihydroxypropylammonium chloride salts as HBA for the in situ formation 
of DES when mixed with phenol was evaluated. The improvement in the separation perfor-
mance was achieved by the incorporation of butyl groups in the dihydroxypropylammo-
nium cation ([Bu3NCH2CH(OH)CH2OH]Cl), which allowed a simultaneous good 
association with phenol and increased immiscibility with toluene. Furthermore, as shown 
in Figure 17.8, the extraction efficiency of phenol at low concentrations (0.1 M) in toluene 
with [Bu3NCH2CH(OH)CH2OH]Cl was substantially higher than that found with [Ch]Cl 
and two other salt counterparts containing methyl and ethyl as alkyl chains 
([Me3NCH2CH(OH)CH2OH]Cl and [Et3NCH2CH(OH)CH2OH]Cl)  [66]. Therefore, the 
size of the alkyl chain in ammonium cations seems crucial to improve the separation of 
phenols from non- phenolic aromatic compounds like toluene. These results show that 
separation can be tuned by the inclusion of lipophobic/hydrophilic groups, overcoming the 
co- miscibility of longer chain functionalized ammonium salts with aromatic- rich feeds. 
This allows for successful extraction of phenol by in situ DES formation, while simultane-
ously hindering miscibility of quaternary ammonium salts with non- phenolic aromatics.

Recently, Yao et al. [67] discovered that two types of zwitterionic alkaloids, betaine (Bet) 
and L- carnitine (Carn), can also form DES with phenol allowing its separation from tolu-
ene. The authors studied the phase equilibrium of the two ternary systems: toluene + 
 phenol + Bet and toluene + phenol + Carn (at 25, 45, and 65 °C under atmospheric 
 pressure). The experiments showed three types of phase regions: liquid, liquid–liquid, and 
liquid–liquid–solid, in which the separation of phenol from oil mixtures is promoted in the 
last two phase regions. Among the studied zwitterionic alkaloids, Carn performed better 
separation of phenol from oils than Bet. For example, at the same temperature (65 °C) and 
same molar ratio (0.4) of zwitterionic alkaloids to phenol, the selectivity of Carn was six- fold 
higher than that of Bet (184.7 and 29.8, respectively). On the other hand, the authors have 
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shown that temperature increase did not favor the separation, decreasing the distribution 
coefficient and selectivity, while small amounts of toluene were dragged into the DES 
phase as well [67].

17.4.3 Sulfur-  and Nitrogen- based Aromatic Compounds

Sulfur and nitrogen- based aromatic compounds are contaminants in oil feedstocks and 
fuels that must be removed to avoid undesired emissions of polluting sulfur and nitrogen 
oxides produced during fuel combustion. For instance, sulfur dioxide is the main combus-
tion product of sulfur- based compounds and it has been recognized as a precursor of acid 
rain and air pollution. Since sulfur and nitrogen oxides emissions are a serious problem to 
the environment, many countries are implementing tight regulations concerning their 
emission to the atmosphere [68].

Although hydrodesulfurization is a widely used technique to remove sulfur from refined 
petroleum, it is not efficient to remove sulfur- based aromatic contaminants, such as thio-
phene, benzothiophene, and dibenzothiophene, from oil mixtures. High pressure and tem-
perature are often needed to increase the separation efficiency, but it drives in high 
operation cost and low effectiveness to attend the regulations [69]. Therefore, solvents that 
bring better interaction with those compounds, and thus higher removal efficiency, are 
highly pursued to facilitate this separation. DES could be used as solvent to comply with 
the most restrictive regulations concerning sulfur-  and nitrogen- based aromatic com-
pounds content in oil feedstocks and fuels, benefiting from their unique physicochemical 
properties toward an efficient separation.

Li et al. reported the efficiency of DES on the extractive desulfurization of a model fuel 
(n- octane), accessing the removal of benzothiophene [69]. [Ch]Cl, [TMA]Cl, and [TBA]Cl 
were chosen as HBA, while propionic acid (PA), MaloA, Gly, tetraethylene glycerol (TEG), 
EG, and polyethylene glycol (PEG) were selected as HBD. Among examined solvents, 
[TBA]Cl- based DES showed the highest removal efficiency, whereas [TBA]Cl:PEG at a 
molar ratio of 1:2 enabled the best result by removing 82.8% on one cycle and 99.5% after 
five extraction cycles. This means a sulfur content reduction to less than 8.5 ppm after a 
five- cycle process  [69], which complies with the requirements specified by DIRECTIVE 
2009/30/EC to achieve less than 10 ppm concentration of such compound [50].

In another work, 16 different DES were used as extraction media for the removal of thio-
phene and dibenzothiophene from n- heptane as model fuel [70]. Gly, EG, TriEgly, and PEG 
with different molecular weights (200, 300, 400, and 600 molar mass) were examined as 
HBD, while ammonium- based salts ([Ch]Cl, [TBP]Br, [TBA]Cl, [TBA]Br, [TEA]Br), 
[TPA]Br, and [THA]Br) were tested as HBA. The extraction procedure comprehended the 
mixture of DES and n- heptane containing small amounts of thiophene and dibenzothio-
phene, followed by stirring for 15 minutes at 25 °C and kept in equilibrium for 12 hours. A 
biphasic mixture was formed and the fuel- rich phase at the top was collected and analyzed 
by UV- VIS. The results showed that all DES successfully extracted the target compounds 
from n- heptane, yet [TBA]Cl:PEG400 revealed the best extraction efficiency (85.0%) [70]. 
The obtained data demonstrated that the HBD has greater influence than HBA on the des-
ulfurization of n- heptane, following the order: EG < TEG < PEG200 < PEG300 < 
PEG400≈PEG600. Concerning the effect of HBA on desulfurization process, the authors 
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concluded that the longer the alkyl chains of the quaternary ammonium salts, the greater 
the extraction efficiency is, especially for dibenzothiophene extraction. Moreover, 
[TBA]Cl:PEG400 can be totally recovered after a regeneration step and further reused with-
out substantially losing its extraction capacity [70].

The benefits of computational tools to better predict/understand the interactions respon-
sible for the extraction of sulfur- based aromatic compounds with DES were demonstrated 
by Wagle et al. [71]. The researchers investigated through quantum chemical calculations 
the advantages to oxidize benzothiophene and dibenzothiophene present in fuels prior to 
their extraction with [Ch]Cl:U and [Ch]Cl:EG, both at a molar ratio of 1:2. The obtained 
data showed that sulfur- based compounds may interact with HBD and cholinium cation 
from HBA through multiple weak noncovalent interactions, while no interaction with 
HBA’s chloride anion was predicted. The chloride anion remains linked to the cholinium 
cation and HBD species through strong hydrogen bonds. However, the authors revealed 
that the respective sulfoxide and sulfone oxidation derivatives establish stronger interac-
tions with DES, as the additional oxygen atoms act as an additional electron donor for 
hydrogen bonding with both HBA’s cholinium cation and HBD, which may enhance the 
partition of these oxidized sulfur- based compounds from liquid fuel to the DES phase [71]. 
However, these results were not validated by experimental data.

The oxidation of sulfur- based compounds to favor their extraction was experimentally 
tested by Jiang et al. [72]. The researchers reported the application of a ternary DES formed 
of [Ch]Cl, PEG, and boric acid (BA) in the extraction and oxidative desulfurization of diesel 
fuel. After optimizing the molar ratio of the ternary [Ch]Cl:PEG:BA (1:1:1.5), desulfuriza-
tion of diesel fuel up to 99.2% was achieved. In this case, a synergy between PEG and BA 
was proposed for enhanced fuel desulfurization. BA was referred to participate in the cata-
lytic oxidation of sulfur- based aromatic compounds, while PEG enables the extraction of 
oxidized compounds from diesel fuel [72].

Denitrogenation of oil mixtures with DES was evaluated too. Warrag et al. studied the 
influence of the hydrocarbon chain size of model oils on the pyridine removal with 
DES [73]. For such study, methyltriphenylphosphonium bromide ([MTPP]Br):EG binary 
DES at a molar ratio of 1:4 and [MTPP]Br:Gly:EG ternary DES at a molar ratio of 1:2:2 were 
tentatively applied for the extraction of pyridine from three different fuel models, namely 
n- hexane, n- heptane, and n- octane. Liquid–liquid equilibrium data were determined for 
the ternary systems formed by n- alkane + pyridine + DES at 25 °C and 1.01 bar. The pyri-
dine distribution coefficient was lower for Gly- based DES, while the extraction selectivity 
was higher. Nevertheless, selectivity decreased sharply for higher pyridine concentration in 
the model oil. Regarding the chain length of the model fuel, no effect on the distribution 
coefficient of pyridine was observed, while the selectivity for pyridine extraction in DES- 
rich phase was higher when using longer chain hydrocarbons (n- octane). Between the 
two  examined systems, the ternary DES (MTPPBr:Gly:EG) showed moderate viscosity  
(ƞ = 455 mPa.s), lower than the binary MTPPBr:Gly (ƞ = 1894 mPa.s), higher distribution 
coefficients (>3), and higher selectivity (>1150), characteristics that make it a good candi-
date for denitrogenation [73].

A different strategy was studied by Hizaddin et al. [74], who have shown a computational 
evaluation of the capacity of 94 DES for nitrogen- based aromatic compounds’ removal 
from model diesel fuel by COSMO- RS thermodynamical model [74]. The first step of such 
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study was checking the accuracy of COSMO- RS results for nitrogen systems by comparing 
the ternary LLE data predicted by the COSMO- RS method to those reported in the litera-
ture for the systems pyridine + n- heptane + 1- ethyl- 3- methylimidazolium thiocyanate and 
pyridine + n- heptane + 1- butyl- 3- methylimidazolium trifluoromethanesulfonate. The root 
mean square deviation (RMSD) result between calculated and experimental tie lines of the 
mentioned systems was equal to 2.08 and 4.98%. Similarly, the calculation method was vali-
dated to DES systems comparing COSMO- RS results and LLE experimental data of toluene 
+ n- heptane + [TBP]Br:EG (1:2) ternary system at 40 °C. The RMSD was equal to 4.91% 
and, according to the authors, proved that COSMO- RS prediction is good for systems con-
taining nitrogen compounds and DES. With the validation of COSMO- RS calculation, the 
authors started the second step that was the activity coefficient calculation at infinite dilu-
tion followed by the prediction of the selectivity, capacity, and performance index of the 
following compounds: pyrrole, indole, indoline, carbazole, and benzocarbazole (nonbasic 
compounds) and pyridine, quinoline, and benzoquinoline (basic compounds)  [74]. The 
equation and definitions are presented in Table 17.1.

The authors observed that the heterocyclic structure of nitrogen- based compounds influ-
enced the selectivity and capacity values, whereas basic compounds exhibited higher val-
ues for both parameters than nonbasic compounds. Moreover, the selectivity and capacity 
values decreased with the number of aromatic rings in the compound structure [74]. This 
study demonstrated that computational tools could be relevant to better understand the 
interactions between components that are not always easy to comprehend only with exper-
imental data.

The application of DES in the integrated desulfurization and denitrogenation process 
was also examined and an illustrative concept is presented in Figure 17.9 [75]. Different 
DES were prepared, including [TBA]Cl, [TBA]Br, or [TBP]Br as pairing HBAs and PEG400 
or Sulf as HBDs, to remove simultaneously sulfur- based aromatic compounds, represented 
by thiophene and dibenzothiophene, and nitrogen- based aromatic compounds, such as 
pyridine and carbazole, from n- heptane and simulated fuels [75].

Table 17.1 Equation of selectivity, capacity, and performance index at infinite dilution and 
definition of them [74].

Equation Definition

S S12 12
2

1

,max

DES phase

The maximum selectivity, S12,max, can be defined as the ratio 
between the activity coefficients at infinite dilution for diesel 
(2) to that of nitrogen- based compound (1) in DES.

C1
1

1

DES phase

Capacity is an estimation of DES amount needed for 
removing the nitrogen- based compounds. Operationally, it 
defines the maximum amount of nitrogen- based compounds 
that can be dissolved in the DES.

PI S C12 1
2

2
1

DES phase

It is the product of maximum selectivity and maximum 
capacity.
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In a first step, the authors made a screening with four DES ([TBA]Cl:PEG400, 
[TBA]Cl:Sulf, [TBA]Br:Sulf, and [TBP]Cl:Sulf) to remove single nitrogen-  or sulfur- based 
aromatic compounds from n- heptane  [75]. Sulfur- based aromatic compounds were the 
hardest to be removed, with thiophene exhibiting the lowest removal efficiency (≈65%) in 
[TBA]Cl:Sulf, while approximately 90% was obtained for pyridine extraction using the 
same DES. Due to the low polarity of the sulfur- based compounds, their interaction with 
tested DES is not strong, which explains their low extraction yields in DES- rich phase. 
Nevertheless, [TBP]Br:Sulf (1:4) presented simultaneously good capacities for the removal 
of both sulfur-  and nitrogen- based aromatic compounds. Moreover, this DES exhibited the 
lowest viscosity and the highest density among all studied DES, showing the most attrac-
tive properties to carry out a liquid−liquid extraction.

These beneficial features allowed [TBP]Br:Sulf (1:4) to be selected as extracting solvent 
for the removal of a mixture of thiophene, dibenzothiophene, pyridine, and carbazole as 
the following step [75]. These nitrogen-  and sulfur- based compounds were dissolved in n- 
heptane to observe competition during the removal, and afterward, different hydrocarbons 
were added to n- heptane to simulate gasoline and diesel. Figure 17.10 shows the extraction 
efficiencies of each model compound from different fuel matrices in comparison to single 
extractions from n- heptane. It is possible to note that the removal of nitrogen- based com-
pounds was favored in the presence of those constituted by sulfur, increasing from 99 and 
97 to 100% for both pyridine and carbazole, respectively. On the other hand, the extraction 
of thiophene and dibenzothiophene slightly decreased from 67 and 88 to 63 and 86%, when 
comparing simultaneous and single extractions in n- heptane, respectively. This means that 
extraction of sulfur- based aromatic compounds with [TBP]Br:Sulf (1:4) were impaired by 
the presence of those containing nitrogen. Yet, the extraction efficiencies of target com-
pounds in simulated gasoline and diesel were not affected by nitrogen- based compounds, 
while it slightly improved for thiophene in simulated gasoline and suffered small reduction 
for both sulfur- based compounds in simulated diesel [75].

Feed fuel

D
is

til
la

tio
n

D
E

S
 +

 w
at

er

W
at

er

DES Clean
fuel

S/N

DES+S+N

Figure 17.9 Integrated desulfurization and denitrogenation process using DES. Source: Reprinted 
with permission from [75].
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The number of extraction cycles that are required to bring the target compound’s con-
centration to a desired level according to environmental regulations were also investigated 
by the same research team [75]. The authors observed that nitrogen- based aromatic com-
pounds can be removed to the desired levels in a single extraction cycle, while for sulfur- 
based aromatic compounds, four extraction cycles were required to achieve less than 
10 ppm concentration [75]. However, after five cycles of reuse, [TBP]Br:Sulf (1:4) lost 78 
and 44% of its capacity to extract thiophene and dibenzothiophene, correspondingly, and 
maintained almost the same extraction capacity for nitrogen- based compounds as illus-
trated in Figure 17.11. Nevertheless, [TBP]Br:Sulf (1:4) can be regenerated by water addi-
tion, causing the precipitation of dibenzothiophene and carbazole and the formation of a 
second liquid phase rich in thiophene that can also be separated. [TBP]Br:Sulf (1:4) can 
then be dried and reused, recovering its total extraction capacity for sulfur- based aromatic 
compounds as shown in Figure 17.11 [75].

In another study, [Ch]Cl:Gly at 1:1.5, 1:2, and 1:3 molar ratios were tested for denitro-
genation and desulfurization of a model gasoline sample composed of three aliphatic 
hydrocarbons (n- hexane, n- heptane, and isooctane)  [76]. Pyridine and thiophene were 
used as representatives of nitrogen-  and sulfur- based aromatic compounds, and toluene as 
non- phenolic aromatic compound. The results showed that [Ch]Cl:Gly was more efficient 
to extract pyridine than thiophene and toluene. After one extraction step, a denitrogena-
tion efficiency of 58.0% was achieved, while an efficiency of 99.6% was achieved after five 
extraction steps. After five steps, a removal efficiency of 90.0 and 29.7% for thiophene and 
toluene was also achieved, respectively. Furthermore, the removal efficiency showed to be 
independent of the HBA:HBD molar ratio [76].
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Figure 17.10 Comparison between single and simultaneous removal of thiophene (Th), 
dibenzothiophene (DBT), pyridine (Py), and carbazole (Carb) from n- heptane or simulated gasoline 
and diesel by the solvent [TBP]Br:Sulf (1:4). Source: Reprinted with permission from [75].
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In another study, liquid–liquid equilibrium data at 25 °C and atmospheric pressure were 
determined for pseudo- ternary systems composed of hydrocarbons (n- hexane, n- heptane, 
isooctane, or toluene), pyridine, or thiophene, and DES formed of betaine:propylene glycol 
(Bet:PG) at a molar ratio of 1:4 or 1:5 [77]. It was observed that Bet:PG is highly selective 
for pyridine and thiophene at both ratios, since the amount of hydrocarbons in the DES- 
rich phase was negligible. However, solute distribution ratios indicated that Bet:PG in both 
ratios is more efficient to remove nitrogen- based compounds than the sulfur- based ones. 
The distribution ratios for pyridine ranged from 1.8 to 4.4, while for thiophene, the ratios 
were lower than 0.6 [77].

17.5  Extraction and Separation of Bioactive Compounds

Bioactive compounds are defined as secondary plant metabolites eliciting pharmacological 
or toxicological effects in human and animals [78]. They can be found in different organ-
isms, i.e. plants, microorganisms, algae, and fungi [38]. Mbous and coworkers stated that 
these compounds are necessary for several vital mechanisms, such as stress- response and 
natural defense mechanisms [38]. Many studies point out that such compounds can reduce 
the risk of diabetes, cancer, inflammation, neurodegenerative and cardiovascular diseases, 
among many others [79–82]. In this sense, bioactive compounds have a prominent place at 
pharmaceutical, cosmetic, agrochemical, and chemical industries  [83]. Moreover, some 
bioactive compounds are necessary for food industry, to manufacture biologically active 
substances, additives, surfactants, nutritional supplements, flavor enhancers, coloring, 
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Figure 17.11 Reusability of [TBP]Br:Sulf (1:4) in the extraction of thiophene (Th), 
dibenzothiophene (DBT), pyridine (Py), and carbazole (Carb) at the same time from the simulated 
gasoline, without regeneration for five cycles and after regeneration. Source: Reprinted with 
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among others. They are also used as antioxidants to enhance the properties of foods for 
nutritional purposes or preservation [84].

There are different families and classes of bioactive compounds existing in nature. An 
interesting classification distributes them into three major groups: phenolic compounds, 
terpenes, and alkaloids [85]. Inside these groups, an incredible variety of molecules can be 
found, more than two hundred thousand [86], to which are accredited many health bene-
fits. Unfortunately, they are not free compounds and need to be extracted for further use in 
different applications. The huge number of identified bioactive compounds, their struc-
tural diversity, and polarity, make evident that the methods necessary to extract them are 
specific to each and every type [87].

The traditional techniques employed at lab scale for the extraction of bioactive com-
pounds are solvent extraction either with Soxhlet or by maceration and hydrodistillation. 
Water and simple alcohols have been intensively used in these extractions, but they lack 
selectivity for target compounds. [85, 88]. Moreover, many hydrophobic compounds are of 
extreme interest in this research field, where water and alcohols exhibit poor extraction 
efficiency. In this context, non- environmentally friendly organic solvents are often used for 
this purpose, which should be avoided due to its negative impact on both health and 
environment.

In this regard, the application of DES as selective solvents could be a solid alternative and 
solution to accomplish green extracts with enriched target bioactive compounds. 
Furthermore, the application of DES and mostly NADES toward the extraction of bioactive 
compounds has been addressed as an advantage in contrast to other water and ethanol not 
only because of the higher extraction yields accomplished with these solvents, but also due 
to their ability to extract both nonpolar and polar compounds. In addition, the fact that 
NADES are composed of primary metabolites, their separation from extracted bioactive 
compounds could be unnecessary in the formulation of new products [24].

DES have many of the desired properties for the extraction of target bioactive com-
pounds, but one of the most critical features of these solvents is their viscosity. In general, 
this makes difficult the mass transfer of bioactive compounds from intricate matrices to the 
extraction media, while it is also a problem in downstream processing, such as decantation, 
dissolution, and filtration steps. Nevertheless, the viscosity can be tuned by choosing 
appropriate HBAs and HBDs or by adding water or another benign solvent, such as 
ethanol [88].

17.5.1 Phenolic Compounds

As an example, vanillin is one of the most tracked phenolic compounds for commercializa-
tion as flavoring agent in the formulation of food and cosmetic products [89]. In this regard, 
González et al. attempted its extraction from vanilla pods with 14 different NADES [90]. 
The researchers showed evidences that some NADES, such as CitA (citric acid):Fru:Glucose 
(Glu), Fru:Glu, malic acid (MalA):Glu, and MalA:Fru:Glu, performed better (7.6, 10.1, 
16.7, and 16.3 mg/gbiomass, respectively) than ethanol (4.4 mg/gbiomass) in the extraction of 
vanillin from pods. The authors have mentioned that this is a clear advantage since this 
type of NADES are safe in high doses and have received GRAS certification. Therefore, the 
extract containing vanillin and NADES can be included directly in food products [90].
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On the other hand, flavonoids are a specific family of phenolic compounds with high 
market value, due to their bioactive properties, including antioxidant, antimicrobial, and 
antifungal activities  [88]. Flavonoids can be found in several biomass sources and their 
extraction with DES has been tackled intensively over the past few years [91]. In this path, 
Bi et al. [92] examined the capacity of alcohol- based DES for the extraction of two specific 
flavonoids, myricetin and amentoflavone, from Chamaecyparis obtusa leaves. In general, 
the extracted amount of amentoflavone was higher than that of myricetin in all cases. The 
authors have shown that the fact that amentoflavone has a larger molecular size and greater 
hydrophobicity than myricetin favored its extraction in these alcohol- based DES. [Ch]Cl:1,4- 
butanediol at 1:5 ratio was found to be the best alcohol- based DES in this extraction, reach-
ing maximum yields of 0.031 and 0.518 mg/g of myricetin and amentoflavone, respectively, 
after optimal conditions of water content, solid/liquid ratio, temperature, and time deter-
mined by response surface methodology (RSM). These extraction yields of these flavonoids 
were similar to that obtained with conventional methanol extraction [92].

In another study, Zhuang et al. [93] evaluated the capacity of 12 NADES composed by 
different HBAs, namely [Ch]Cl, Bet, and L- proline (Pro), and HBDs (carboxylic acid, alco-
hols, amides, and sugars) for the extraction of flavonoid glycosides (myricitrin and querce-
tin) and aglycones (amentoflavone and hinokiflavone, both less polar) from dried leaves of 
Cupressus tree (Platycladi Cacumen). All DES were more efficient to extract flavonoid gly-
cosides from than water, methanol, or a mixture of both. Besides, some DES, like [Ch]Cl:LA, 
also showed better results on the extraction of the corresponding aglycones than metha-
nol [93]. In fact, among all the examined DES, [Ch]Cl:LA presented the best performance 
for simultaneous extraction of flavonoids in both glucoside and aglycone forms. At the end, 
flavonoids were recovered from DES by microporous resin LX- 38 with yields ranging from 
77.4 to 98.9%. Regarding the difference extraction performances disclosed by DES, the 
authors stated that the polarity of applied solvents revealed a higher influence on flavonoid 
extraction rather than the extraction time or solid/liquid ratio [93]. This means that the 
choice for HBA and HBD in DES composition is of extreme importance in flavonoid 
extraction.

Similar findings were reported in the extraction of phenolic compounds with different 
polarities from mulberry leaves with the same kind of solvents [94]. DES based on [Ch]Cl, 
Bet, and Pro as HBA and amides, alcohols, and carboxylic acid as HBDs (U, EG, Gly, CitA, 
MalA, LevA, and LA) were examined. A total of 13 phenolic compounds were identified in 
a screening approach and the best yields were obtained with [Ch]Cl- based DES 
(Figure 17.12). Among them, [Ch]Cl:CitA enabled the extraction of phenolic compounds 
with a broadest range of polarity and allowed better extraction (22.66 mg/gbiomass) than con-
ventional methanol extraction system (15.29 mg/gbiomass) [94].

The higher efficiency of [Ch]Cl:CitA when compared with methanol and water was also 
correlated with ability to disrupt the morphology of mulberry leaves, as demonstrated by 
scanning electron microscopy (Figure 17.13). The authors noticed that [Ch]Cl:CitA was 
able to disrupt the cell wall structure in mulberry leaves at great extent, while water main-
tained its integrity and methanol caused only a slight disruption [94]. A similar behavior 
was observed in catechin extraction from green tea powder using Bet:Gly:Glu [95].

In another work, 20 NADES were applied in the extraction of isoflavones (ononin, sis-
sotrin, formononetin, and biochanin A) from chickpea sprouts (Cicer arietinum L.) [96]. 
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The best extraction yield was obtained with [Ch]Cl:PG at a molar ratio of 1:1, reaching an 
optimal extraction of 8.24 mg/gbiomass total flavonoid content, from which 0.58, 1.53, 1.64, 
and 2.44 mg/gbiomass yields were achieved in the extraction of ononin, sissotrin, formonon-
etin, and biochanin A, respectively. [Ch]Cl:PG was the less polar among the examined 
DES. Furthermore, authors tested the antioxidant activity of the extracts measured by 
2,2- diphenyl- 1- picrylhydrazyl (DPPH) and 20- azinobis- (3- ethylbenzthiazoline- 6- sulfonate) 
(ABTS) free radical scavenging methods and they confirmed the highest antioxidant capac-
ity of this extract in contrast to those obtained with other DES [96].

Indeed, the antioxidant capacity and other bioactive properties of extracts produced with 
DES treatment is imperative for food, cosmetic, and pharmaceutical applications. However, 
the toxicity and biocompatibility of DES is equally or more important in the formulation of 
new bioactive products. By bearing this in mind, Li et al. [95] evaluated the extraction of a 
epigallocatechin- 3- gallate (EGCG), a potent antioxidant catechin derivative, from green tea 
(Camellia sinensis) with different binary and also ternary NADES compatible to cosmetic 
formulations. Among the examined solvents, the ternary system Bet:Gly:Glu (4:20:1) dis-
closed the best performance allowing an extraction yield of EGCG up to 81% at room tem-
perature for 6.5 minutes (ultrasound- assisted extraction). Not only the EGCG yields were 
higher than conventional methods involving high temperature and prolonged extraction, 
but also EGCG stability increased in the presence of this ternary NADES when compared 
with methanol [95].

(a) (b)

(c) (d)

Figure 17.13 Scanning electron micrographs of mulberry leaves before (a) and after treatment 
with: water (b); methanol (c); and [Ch]Cl: CitA (d). Source: Reprinted with permission from [94].
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Disrupting the intricate biomass matrix is one of the keys to improve the extractability of 
phenolic compounds. As mentioned before, some DES are able to achieve a high degree of 
cell wall disruption and some of them allowed better extraction yields of these compounds 
when compared with water and methanol in conventional heating processes. This behavior 
can be further enhanced when assisted with alternative heating methods, such as micro-
wave-  and ultrasound- assisted technologies, enabling higher extraction yields, or at least 
reaching the same yields but reducing significantly the time of extraction. In this regard, a 
microwave extraction of phenolic compounds with [Ch]Cl:maltose (Malt) was performed 
by Wei et  al.  [97]. Good extraction and recovery yields of fourteen different phenolic 
 compounds from Cajanus cajan were achieved at 60 °C. These extraction trials produced 
phenolic recovery yields that surpassed 90.0% and the isolation of those compounds was 
achieved through chromatographic separation using a silica gel column with yields higher 
than 97.0% [97].

Another study reported quercetin extraction with 127.0 mg/gbiomass yield from Flos sopho-
rae at ambient temperature assisted with ultrasound and using Pro:Gly as the extracting 
solvent  [98]. Water was then applied as an anti- solvent allowing to isolate 92.0% of the 
extracted quercetin [98].

Another important aspect to take into account in the extraction of phenolic compounds 
is the presence of water. In some cases, one of the disadvantages in using DES and/or 
NADES as extraction solvents is their inherent viscosity. In order to circumvent this techni-
cal limitation that has direct impact in the extraction step as well as in the further down-
stream processing (separation and purification), water can be added to reduce the viscosity 
exhibited by a high number of DES. Nevertheless, a rational addition of water must be 
carried out to avoid a loss of extraction performance. For instance, the extraction of antho-
cyanins forms wine lees revealed that the addition of water to NADES at certain levels 
improved the extraction efficiencies, by reducing the viscosity of the solvent and subse-
quently allowing better mass- transfer rates [99]. However, more than 50% water content 
was unfavorable, possibly due to the weakening of the interactions between NADES and 
the target compounds. Furthermore, the water content that provided optimal extraction of 
anthocyanins was significantly different between examined NADES. Among studied 
NADES, ChCl:MalA at 35.4 wt% water content exhibited the highest anthocyanin extrac-
tion from wine lees (6.55 mg/gbiomass) [99].

In this context, other studies demonstrated that DES aqueous solutions may favor the 
extraction of phenolic compounds from biomass. A study showed the extraction of hydrox-
ysafflor yellow A, cartormin, and carthamin from Carthamus tinctorius L. using Pro:MalA 
and [Ch]Cl:Suc aqueous solutions at 40 °C [100]. The effect of water was more pronounced 
in the extraction with the highly viscous [Ch]Cl:Suc, in which 25 wt% water content trig-
gered the extraction yield of those phenolic compounds. Higher amount of water did not 
favor the extraction of the less polar carthamin. After extraction, the phenolic compounds 
were recovered through a chromatography column of silica gel reaching 90.0% recovery of 
both hydroxysafflor yellow A and cartormin, while the less polar compound carthamin was 
recovered in the range of 75.0–84.0% yield [100]. Giving the importance of water in the 
extraction of phenolic compounds with DES, other researchers attempted optimization of 
phenolic compound extraction placing water content as variable. Xia et al. [101] used ultra-
sonic extraction technique and employed [Ch]Cl:EG aqueous solutions as solvent to extract 
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rosmarinic acid and salviaflaside from Prunella vulgaris. Maximum extraction yields were 
obtained for rosmarinic acid (3.7 mg/gbiomass) and salviaflaside (1.0 mg/gbiomass) at water/
DES ratio of 36 and 30% (v/v), correspondingly [101].

Adding water to DES may influence the molecular arrangement of HBA and HBD as well 
as the physicochemical properties of DES affecting their capacity for the extraction of tar-
get compounds. On the one hand, the addition of water can improve the extraction perfor-
mance of DES, especially at low water contents, by reducing the viscosity and increasing 
the polarity of the solvent as well as improving the thermodynamic performance to some 
extent. However, water can disrupt interactions between DES constituents, competing for 
interactions between DES and target compounds. Dai et al. [102] demonstrated through 
FTIR and 1H NMR analyses that intensive H- bonding interactions exist between the DES 
components and dilution with water gradually weakens those interactions up to a certain 
point (around 50% [v/v] water content), where HBA and HBD are totally solvated by water 
molecules. The authors also found out that a small amount of water could reduce the vis-
cosity of DES to the range of water and increase the conductivity by up to 100 times for 
some DES [102], reason to enhance the extraction performance for polar compounds. In 
another work, a synergy between microwave irradiation and DES aqueous solution in 
anthraquinone extraction from Rheum palmatum was found [103]. It was observed that 
heating rates of most of the examined DES decreased under microwave irradiation with 
increasing water content as a consequence of increased heat capacity. This behavior 
allowed high- efficiency extraction for thermally sensitive compounds, such as anthraqui-
nones. Among different aqueous solutions of [Ch]Cl- based DES combined with different 
HBDs (e.g. alcohols, amides, and carboxylic acids), [Ch]Cl:CitA aqueous solution was the 
most efficient to extract these phenolic compounds from biomass. At 20% water content in 
DES, HBA:HBD molar ratio of 1:1 and 16 minutes of residence time, maximum yields of 
2.29, 2.32, 35.44, and 20.80 mg/gbiomass of aloe- emodin, emodin, chrysophanol, and  physcion 
were achieved, respectively [103].

17.5.2 Terpenic Compounds

Terpenoids (e.g. linalool, α- terpineol, and terpinyl acetate) and terpenes (e.g. limonene) are 
natural organic molecules found in several biomass materials  [104]. Both terpenes and 
terpenoids are broadly explored in the pharmaceutical, cosmetic, and food industries, and 
therefore present a high commercial value similar to phenolic compounds [104]. In gen-
eral, these compounds are hydrophobic and their extraction with conventional solvents, 
like water and alcohols, are often inefficient. The reference technique for the extraction of 
terpenic compounds is hydrodestillation, in which steam allows the formation of azeotrope 
between terpenic compounds and water and subsequent extraction of those compounds 
from plant matrices. However, alternatives to this energy- intensive process have been stud-
ied, including the application of DES. For instance, a study reported the extraction of three 
terpenoids, linalool (2.0 ng/mL), α- terpineol (3.2 ng/mL), and terpinyl acetate (2.1 ng/mL), 
from Chamaecyparis obtusa leaves using headspace- solvent microextraction with 
[Ch]Cl:EG at 100 °C for 30 minutes [105]. Product recoveries ranging from 79.4 to 100.0% 
were reported [105]. In another study, conducted by Ozturk et al. [104], favorable yields in 
the extraction of limonene and linalool from essential oils with a liquid–liquid separation 
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using [Ch]Cl:Gly as the extraction solvent were demonstrated  [104]. The pure DES 
 presented better yields as opposed to DES aqueous solutions, which can be associated with 
the nonpolar character of the major fraction of terpenic compounds. Nevertheless, the pres-
ence of water increased DES polarity and subsequent selectivity for linalool extraction [104].

In a comprehensive work, Duan and coworkers evaluated the ultrasound- assisted extrac-
tion of several bioactive molecules, including triterpenic saponins (Ginsenoside RG1, gin-
senoside RB1, and notoginsenoside R1) from five Chinese herbal medicines, namely 
Berberidis Radix, Epimedii Folium, Notoginseng Radix et Rhizoma, Rhei Rhizoma et Radix, 
and Salviae Miltiorrhizae Radix et Rhizoma, using DES as extracting solvents [106]. In this 
case, these compounds are amphiphilic, which means they present hydrophobic and 
hydrophilic parts. A screening of 43 DES using different HBA ([Ch]Cl, Bet, and Pro) and 
HBD constituents (amides, carboxylic acids, alcohols, and sugars) at different molar ratios 
was approached. The combination of HBAs and HBDs produced DES with a large spec-
trum of physical properties, including viscosity and polarity, and consequently different 
extraction abilities were achieved [106]. Interestingly, the best result for saponin extraction 
was achieved with amide- based DES, while the worst was found to carboxylic acid- based 
DES. This clearly shows that DES can be fine- tuned toward the selective extraction of spe-
cific compounds from biomass to the detriment of others, which are simultaneously 
extracted when using conventional polar solvents like water and methanol [106].

A different methodological approach was attempted by Cai et  al.  [107], who applied 
aqueous biphasic systems formed by ethanol and DES for the salting- out extraction, pre-
concentration, and preliminary purification of ursolic acid from Cynomorium songaricum 
Rupr. DES acted as adjuvants in ethanol extraction of the triterpenic acid assisted by ultra-
sound and allowed the formation of a biphasic system toward ursolic acid separation as 
depicted in Figure 17.14. [Ch]Cl as HBA and 10 different HBDs were used in DES prepara-
tion, and their action in the extraction and separation of ursolic acid were evaluated. 
Among the studied DES, [Ch]Cl:OxaA presented the best result allowing the higher triter-
pene extraction and enabling the separation of the ursolic acid at the top phase of the 
biphasic system by nearly 99% yield. The top phase was separated, ethanol was evaporated, 
and 96.6% ursolic acid was precipitated with water reaching a total purity of 73.6% [107].

17.5.3 Alkaloids

Another class of compounds possessing bioactive properties and a high value for pharma-
ceutical industry are alkaloids. Similar to phenolic compounds and terpenes, their extrac-
tion from different biomass sources has also been attempted with DES [106, 108].

Jiang et al. [108] studied the application of DES in the extraction of five alkaloids, includ-
ing morphinane, protoberberine, bisbenzylisoquinoline, indole, and quinolizidine, from 
different herbal medicines (Caulis sinomenii, Coptis chinensis, Stephania tetrandra, 
Tetradium ruticarpum, and Sophora flavescens). Binary and ternary DES possessing differ-
ent polarity, viscosity, and pH were screened for alkaloid extraction  [108]. Interestingly, 
[Ch]Cl:LA showed high extraction performance for almost all studied alkaloids with the 
exception of bisbenzylisoquinoline (no extraction). In addition, authors demonstrated that 
the pH of DES influences the extraction of alkaloids. DES containing acidic HBDs (LA or 
LevA) allowed better alkaloid extraction than neutral- based DES (amides and sugars). This 
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behavior was not surprising, since it is widely known that under acidic conditions,  alkaloids 
are predominantly in the cationic/salt form enabling higher solubilities. Yet again, viscosity 
and polarity also influenced the alkaloid extraction yield, where the more polar and less 
viscous DES, such as [Ch]Cl:LA, enhance this extraction [108].

Several alkaloids, including jatrorrhizine hydrochloride, berberine hydrochloride, and 
palmatine hydrochloride, were favorably extracted with carboxylic- based DES. The best 
extraction yields were achieved with [Ch]Cl:LA as well. The results with acidic DES were 
better than that with methanol, which again can be associated with cationic/salt form of 
alkaloid structure at low pH [106].

17.6  Extraction and Separation of Metals

17.6.1 Metals from Metallurgic Wastes

Metals are finite commodities and represent an important source of economic value [109]. 
The extraction of metals from ores is usually energy intensive and requires either high 
temperature melting (pyrometallurgy) or leaching, or the consumption of large amounts of 
strong acids and bases. These processes usually produce wastes, in gaseous, liquid (aque-
ous), or solid form, which require extensive and expensive treatments before being dis-
posed of in a landfill, where they still present considerable environmental risks. Aside from 
that, the treatment of these wastes also needs high consumption of energy and/or hazard-
ous chemicals [110, 111]. Therefore, the development of sustainable processes for metal 
production with minimal waste and/or selective metal extraction technologies for waste 
valorization is thus necessary for the implementation of a global circular economy [112, 113].

Hydrometallurgy is one of the most used techniques involving the separation of metals 
from mines and wastes using aqueous solutions. It is often preferred due to its ability to 
recover metals from a variety of sources, allowing the use of low process temperatures, the 
recycling of used reagents during the separation process, and low energy consump-
tion [114]. A crucial step of any hydrometallurgical process is solvent extraction, in which 
metals are selectively divided into immiscible liquid phases, usually consisting of an acidic 
aqueous solution and an organic solvent [115]. However, this process still causes mining 
and metal processing industry to accumulate large amounts of metal- based wastes. 
Therefore, new technologies for the extraction and separation of metals have been proposed.

An alternative is the solvometallurgy, a division of extractive metallurgy that uses 
 nonaqueous solvents, such as molecular organic solvents, ILs, or DES, instead of aqueous 
solutions  [116]. Solvometallurgy has the advantage of being less energy- intensive than 
pyrometallurgy and has shown better selectivity than hydrometallurgy in the recovery of 
other wastes, including those from zinc industry [117–120]. Notable advances in the devel-
opment of metal extraction systems have been made from traditional solvent extraction 
with common organic solvents, to the most recent developments based on the separation 
of metals mediated by green solvents, including ILs and DES [4, 115, 121].

An example was proposed by Rodriguez et al. [122] by using DES in the selective leach-
ing of zinc from the goethite residue, a generated by- product from industrial zinc produc-
tion. The study showed that carboxylic acid- based DES can leach more metal content than 
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those composed of polyol and amide. For instance, the leaching efficiency of zinc increased 
in the following order [Ch]Cl:U < [Ch]Cl:EG < [Ch]Cl:LevA. In addition, for DES com-
posed of the same HBD (LevA), the leaching efficiency of zinc and iron increased with the 
size of the central atom of the HBA quaternary salt. For example, the iron leaching effi-
ciency for [Ch]Cl:LevA was 2.2%, while around 20.0% efficiency was achieved with 
[TBP]Cl:LevA. Since the phosphonium cation ([TBP]) exhibits lower electronegativity than 
nitrogen counterpart ([Ch]), weaker intramolecular interactions are provided between 
DES components, making both [TBP]Cl and LevA more available for interaction with met-
als. Nevertheless, the authors recommended the use of [Ch]Cl:LevA, since the best com-
promise between efficiency and selectivity of zinc leaching against iron was achieved as 
depicted in Figure 17.15 [122, 123].

In another work, a ternary DES, [Ch]Cl:U:EG (2:4:1), was applied for zinc recovery from 
zinc oxide (ZnO) dust, a by- product from metallurgic industry [124]. The best result laid on 
85.2% recovery of total ZnO from the initial residue (containing iron, calcium, aluminum, 
and silica as contaminants) when using slurry concentration of 50 g/L, 80 °C, and 600 rpm 
as main conditions. The researchers reported that DES acts as a complexing and solvent 
agent during leaching of ZnO dust. Electrospray ionization (ESI) mass spectra showed the 
formation of [ZnO·ureaCl]− complexes and were referred to improve the zinc extraction. 
Bearing this in mind and since the role of EG was not reported in this study, a marginal 
effect of EG on zinc extraction can be inferred. After extraction, metal zinc can be elec-
trodeposited directly from leach solutions through electrowinning. The [ZnO·ureaCl]− 
complexes can be electro- reduced at electrowinning apparatus cathode generating metal 
zinc and releasing O2− ions. Approximately, 82.6% of extracted ZnO was obtained as metal 
zinc after this process. No further purification of metal zinc was needed, while DES can be 
recycled in new extraction steps [124].

In a later study, Zürner et  al.  [125] investigated the leaching behavior of three DES, 
namely [Ch]Cl:EG (1:2), [Ch]Cl:U (1:2), and [Ch]Cl:OxaA (1:1), to selectively separate 
indium and tin from a pyrometallurgical residue, the flue dust (containing also iron, zinc, 
lead, and copper) from zinc smelters. DES composed of [Ch]Cl and OxaA were considered 
the most efficient by attaining extraction yields of 83% for iron, 88% for zinc, 93% for lead, 
76% for copper, but most importantly 92 and 88% for indium and tin, respectively. The 
authors also proposed a two- stage precipitation procedure to separate target metals (indium 
and tin) from other metal components (iron, zinc, lead, and copper). In this procedure, the 
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DES leachate was diluted with water, resulting in the formation of a precipitate mostly 
composed of ZnC2O4·2H2O and PbC2O4. A second step allowed the precipitation of iron by 
photoinduced reduction. In this step, iron (III) oxalate complexes, formed in the DES lea-
chate, are reduced and subsequently precipitated as FeC2O4·2H2O. Both indium and tin 
were not detected in any of the precipitates, remaining in the DES aqueous solution. The 
advantage of this process relies on the high chloride concentration provided by [Ch]Cl:OxaA 
that improves the stability of the indium and tin in solution, probably due to the formation 
of stable complexes, which inhibit coprecipitation with iron [125].

In another approach, NADES formed by the combination of [Ch]Cl with fructose (Fru), 
sucrose (Suc), Gly, or EG were used to extract lead from soils contaminated by mining 
activities [126]. A natural biodegradable surfactant saponin, extracted from the pericarp of 
the soap nut fruit, was mixed with DES to promote metal’s solubilization through a micel-
lar mechanism. The obtained results showed that metal removal improves as the concen-
tration of DES and saponin increases. A lead extraction above 72.7% was achieved using 
40 wt% of [Ch]Cl:Fru and 1 wt% saponin mixture [126]. Moreover, the comparison of XRD 
spectra and SEM images between lead- contaminated soil and soils treated with DES or 
mixture of DES/saponin (Figure 17.16) demonstrated no relevant changes in soil composi-
tion and texture, i.e. the soil minerals did not suffer corrosion or mining changes after DES 
treatment [126]. Therefore, DES can be used safely in lead extraction without affecting soil 
properties.
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17.6.2 Recovery of Metals from Electronic Waste

Electronic and electrical equipment wastes are now becoming a major concern in devel-
oped and developing countries. The primary sources are printed circuit boards, cathode ray 
tubes, magnets, all types of batteries, discharge lamps, liquid crystal displays, computer 
and peripherals, wind turbines, among others. On the one hand, these wastes are hazard-
ous to environment due to toxic composition, and, on the other, they contain many useful 
and valuable materials, including metals  [127]. Thus, a green and sustainable recovery 
approach of metals from electronic wastes is of utmost importance to recycle and reuse 
these materials.

As an example, the common use of lithium- ion batteries (LIB) in portable electronic 
devices and electric vehicles drives to an exponential growth in battery consumption and 
discard. Among recycling technologies, processes that use mild conditions and provide high 
recycling efficiencies are gaining increasing interest. In this sense, the process of solvomet-
allurgy using DES to recover cobalt and lithium from batteries has been studied [128–130]. 
Peeters et  al.  [128] observed that DES composed of [Ch]Cl and carboxylic acids (CitA, 
MaliA) at a molar ratio of 1:1 with 20 wt% water content can be considered an effective 
leacher solution for lithium cobalt oxide (LiCoO2) in the presence of metallic aluminum and 
copper. The use of DES takes advantage over the conventional leaching with hydrochloric 
acid as reducing agent, by avoiding toxic chlorine gas formation. With [Ch]Cl:CitA at mild 
leaching conditions (60 °C, 900 rpm, 20 wt% water), a cobalt recovery over 80%, in the form 
of oxalate, was achieved after addition of an oxalic acid aqueous solution, and approximately 
95% of aluminum (III) and lithium (I) remained in the DES solution, which could be recov-
ered via nonaqueous solvent extraction and/or precipitation [128].

Roldán- Ruiz et al. [129] studied [Ch]Cl:p- toluene sulfonic acid (pTSA) and their aqueous 
solutions to recover cobalt from the cathode part of LIBs (LiCoO2). In comparison with 
organic acids, this DES offered a significant reduction in the ratio of solute to solvent 
required for the complete dissolution of cobalt. The recovery efficiencies of cobalt from 
spent LIB were up to 94%. Afterward, cobalt was recovered from DES solutions using 
sodium carbonate and ammonium carbonate as precipitating agents. A final calcination of 
precipitates was performed to obtain Co3O4 to be used in new batteries.

In another work, an illustrative example was given by Tran et al.  [131] as depicted in 
Figure 17.17. The authors proposed a previous disassembly of spent LIB, whereas the cath-
ode waste (major fraction) is impregnated and heated in DES. At this step, cobalt and lith-
ium are extracted from other cathode components, like aluminum foil, binder, and 
conductive carbon. The leachate is filtered and extracted cobalt can be separated from 
lithium through precipitation and/or electrodeposition. With this method, authors have 
shown that [Ch]Cl:EG can efficiently extract metals (cobalt and lithium) from these batter-
ies, reaching extraction efficiencies up to 99% after heating at 180 °C for 24 hours [131]. 
However, the recovery of remaining lithium from DES solution was not covered in this 
study, which is also a bottleneck.

In addition, Wang et al. [130] stated that although DES have shown ability to dissolve a 
wide range of metal oxides through coordination, their weak reducing power requires rais-
ing the temperature and extending the duration of the process to allow an effective metal 
extraction, which in authors’ opinion is not efficient. The researchers mentioned that 
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lithium and cobalt can be dissolved in DES not only by coordination, but also mediated by 
chemical reduction, particularly the reduction of Co(III) to Co(II) to enable higher dissolu-
tion of this metal in DES without high temperature and prolonged treatment. In this sense, 
a simple and robust experimental method based on electrochemical principles (cyclic vol-
tammetry) was performed to quickly determine the reducing power of examined DES. The 
reduction potential of the [Ch]Cl:U was determined as more negative than that of the 
[Ch]Cl:EG, which indicated stronger reducibility of metal exhibited by [Ch]Cl:U than 
[Ch]Cl:EG under the same extraction conditions. In experimental extractions of Li and Co 
from LIBs with those DES, the extraction efficiency of both metals by [Ch]Cl:U was much 
higher than that of the [Ch]Cl:EG. The [Ch]Cl:U was found to extract lithium and cobalt 
up to 95% efficiency from spent LIBs at 180 °C for 12 hours as optimal conditions [130]. The 
DES containing leached cobalt was recovered by cobalt precipitation with consecutive 
additions of Na2CO3, oxalic acid, and NaOH solutions.

17.6.3 Hydrophobic DES: An Alternative Tool for Metal Separation

The concept of hydrophobic DES (HDES) was introduced by van Osch and colleagues [132] 
in 2015 when they combined several quaternary ammonium salts with decanoic acid and 
obtained a water- immiscible solvent. This type of DES was applied to extract water- 
insoluble volatile organic compounds exhibiting high yield and extraction efficiency [132]. 
Since then, progressive research on the application of HDES has been performed in a wide 
range of scientific fields, whereas promising results have been particularly achieved in the 
separation of metals, mainly from aqueous streams.
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In 2016, HDES were used for the first time to remove metal ions from non- buffered 
water [36]. In this study, HDES composed of decanoic acid (DecA) and lidocaine (Lid) were 
used in several molar ratios (2:1, 3:1, and 4:1) and the distribution coefficients of the ions 
composing the metal chloride salts were determined for cobalt chloride (CoCl2), iron chlo-
ride (FeCl2), nickel chloride (NiCl2), manganese chloride (MnCl2), copper chloride (CuCl2), 
zinc chloride (ZnCl2), sodium chloride (NaCl), potassium chloride (KCl), and lithium chlo-
ride (LiCl). The obtained results are highlighted in Table 17.2, which show different selec-
tivity of DecA:Lid at different molar ratios on the distribution of metal cations and chloride 
anions between DES and water phases. High distribution coefficients were achieved as a 
consequence of possible ion- exchange extraction mechanism, in which the positively 
charged metal ion is most likely exchanged for positively charged lidocaine. It can be seen 
that metal cations are selectively extracted to the DES phase to the detriment of chloride 
anion. On the other hand, transition metals (Co, Ni, Zn, and Cu) are favorably extracted to 
DES phase rather than alkali metals (Li, K, and Na) [36].

The use of a hydrophobic DES capable of removing metal ions from aqueous media seems 
promising application in various industrial processes. For instance, in pulp and paper indus-
try, hydrophobic DES may remove transition metal ions such as Mn(II) and Fe(II) from fiber 

Table 17.2 Distribution coefficients (D) of metal cations and chloride anions over the hydrophobic  
DES and water phases. For D = 0, the ion remains in the aqueous phase, while the ion is completely  
extracted to DES phase when D = 1.

Entry

Distribution coefficients (D)

DecA:Lid (2:1) DecA:Lid (3:1) DecA:Lid (4:1)

Exp. 1 Co >0.996 ± 0.001 >0.996 ± 0.001 0.983 ± 0.002

Cl 0.113 ± 0.002 0.078 ± 0.008 0.101 ± 0.059

Exp. 2 Fe >0.992 ± 0.001 >0.991 ± 0.001 >0.991 ± 0.001

Cl 0.197 ± 0.003 0.080 ± 0.001 0.113 ± 0.007

Exp. 3 Mn >0.992 ± 0.001 0.3991 ± 0.001 0.983 ± 0.004

Cl 0.086 ± 0.002 0.081 ± 0.027 0.065 ± 0.011

Exp. 4 K 0.457 ± 0.001 0.397 ± 0.011 0.457 ± 0.001

Cl 0.141 ± 0.001 0.078 ± 0.031 0.072 ± 0.001

Exp. 5 Co 0.990 ± 0.001 0.946 ± 0.012 0.777 ± 0.008

Ni >0.996 ± 0.001 0.983 ± 0.001 0.880 ± 0.004

Zn >0.995 ± 0.001 >0.995 ± 0.001 >0.995 ± 0.001

Cu >0.996 ± 0.001 >0.996 ± 0.001 >0.996 ± 0.001

Na 0.195 ± 0.001 0.140 ± 0.009 0.127 ± 0.040

K 0.211 ± 0.028 0.161 ± 0.018 0.134 ± 0.005

Li 0.266 ± 0.015 0.166 ± 0.001 0.128 ± 0.036

Source: Reprinted with permission from [36].
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suspensions before bleaching with hydrogen peroxide, replacing ethylenediaminetetraacetic 
acid and other non- benign chemicals often used for that purpose [133].

HDES were also used for the recovery of indium and transition metals from chloride 
media [36, 134] as well as Cu(II) separation from other transition metals, such as Co(II) 
and Ni(II) [135]. In this last study, Schaeffer et al. [135] evaluated the extraction of Cu (II) 
from aqueous solution and its separation from other transition metals Co (II) and Ni (II) 
using HDES based on terpenes, menthol, or thymol, combined with long- chain carboxylic 
acids (Figure 17.18). The authors discovered that the efficiency of these DES in the extrac-
tion of Cu (II) from aqueous solution is correlated with the alkyl chain length of the car-
boxylic acid. The increase of the alkyl chain length decreased the extraction efficiency. The 
results also revealed that a higher carboxylic acid content in DES composition did not favor 
the extraction yield, suggesting that only a fraction of the acid is involved in the extraction 
of Cu (II) [135]. Although the mechanism of metal extraction from aqueous solution with 
these HDES was not covered in this study, the researchers reported an important role of the 
carboxylic acid in this process, since thymol and menthol, without carboxylic acid, were 
unable to extract Cu (II) from aqueous solution.

The capacity of quaternary ammonium- based HDES for the extraction of Au(III) chlo-
ride present in hydrochloric acid solution (AuCl4

− form) has been also reported in the lit-
erature [136]. This study showed that [TMA]Br, [TEA]Br, [TPA]Br, [TBA]Br, and [TOMA]Br 
combined with n- hexanoic acid can be used for that purpose. Their low viscosity was high-
lighted as an advantage for this type of extraction. Among the examined DES, [TOMA]Br:n- 
hexanoic acid showed the best gold extraction capacity (96.8%). The mechanism of gold 
removal was based on an anion exchange mechanism as illustrated in Figure 17.19. The 
anion exchange mechanism lied on strong hydrogen bonding between Br− and n- hexanoic 
acid forming [C5H13- COOH⋯⋯Br]− complex, enabling higher ionic interaction between 
HBA cation (e.g. [TOMA]+) and AuCl4

−. In addition, Au (III) extracted in the DES phase 
can be easily recovered by stripping with sodium borohydride (NaBH4) solution, while DES 
can be reused up to 5 times without losing efficiency [136].

All these studies expand the potential of HDES for integrated extraction–separation 
stages of various metal ions. The hydrophobicity and good interaction with desired 
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metals exhibited by this type of DES are suitable properties for the recovery of these 
valuable compounds from acidic aqueous solutions generally used in metal extraction 
processes.

17.7  Conclusions

It is unavoidable that the current separation technologies face new challenges to achieve 
sustainable performances. The application of the so- rated green DES (and NADES) toward 
the selective extraction and separation of valuable compounds from a myriad of liquid 
streams and solid matrices can be foreseen as an alternative solution. In this sense, some of 
the most promising separation approaches with DES and latest results were herein reported 
and discussed to open new windows of opportunity in both research and industry fields.

The separation of aromatic compounds from aliphatic hydrocarbons with DES revealed 
to be an advance toward green separation. This technology allows remarkable solvent loss 
prevention during the extraction process, since in some cases, DES are not detected in the 
hydrocarbon- rich layer. The new methodological approach of in situ formation of DES to 
recover phenol from oil mixtures appears as one of the most exciting technologies to follow 
up. Furthermore, according to Warrag and coworkers “desulfurization of fuels using DES 
will provide a promising green and inexpensive option with a potential for industrial appli-
cation” [42]. On the other hand, the extraction of added- value bioactive compounds (e.g. 
phenolic, terpenes, and alkaloid compounds) from biomass matrices with DES disclosed 
high selectivity and, in some cases, best performances than conventional extraction pro-
cesses using water and methanol as solvents. Particularly, the application of NADES for the 
extraction seems quite auspicious, since no intensive downstream processing (separation 
and purification steps) of obtained extracts might be needed, due to nontoxic character of 
these solvents. In fact, most of the compounds composing NADES are certified Generally 
Recognized as Safe (GRAS). At last and not the least, the separation of metals from 
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metallurgic and electronic wastes is today a big challenge and once more DES arise as mul-
tifunctional tools capable of performing selective interaction with particular types of met-
als. Among the distinct alternatives, hydrophobic DES stand as thrilling technology that 
enables easier separation of metals from aqueous streams.

This chapter reviewed some of the best DES performing extraction and separation 
of aromatic compounds, metals, and bioactive compounds. However, despite all the 
advantages offered by DES in these key separation technologies, there is still room for 
testing, learning, and improvement. One must also bear in mind a good choice of DES 
components that respect environment and sustainability. For instance, there were 
studies revised in this chapter that use phenol to make up DES, which is questionable, 
since it is considered a toxic substance. At scientific point of view, it could be relevant 
to use all types of DES to understand the chemistry behind separation, but at indus-
trial application perspective, DES that do not fulfill the environmental standards must 
be avoided.

The multiple combinations of HBD and HBA as well as the wide range of HBD/HBA 
molar ratios allow designing new tailored solvents with tuned physicochemical properties, 
such as viscosity, polarity, acidity, basicity, and reactivity, to achieve a maximal separation 
performance (efficiency versus selectivity). The viscosity is one of the major bottlenecks of 
DES application that not only influences the extraction and separation efficiencies, but also 
present high impact on downstream processing, creating technological barriers during fil-
tration and purification steps, for example. The addition of water or other benign solvents 
like ethanol allows reducing DES viscosity and fine- tune their extraction and separation 
abilities. There were cases reviewed in this chapter that co- solvent substantially aided DES 
separation efficiency.

Furthermore, more efforts should be made in the recovery of target compounds from 
DES and subsequent recycling of the solvent, which are equally or far more important than 
extraction and separations steps, to increase the sustainability of the whole process. Only 
few studies have tackled the recovery and reuse of DES. Back- extraction, flash distillation, 
and precipitation (e.g. [Ch]Cl) were some examples of developed recovery processes, but 
there is still low amount of data regarding these stages of the process to consider DES as 
good recyclable solvents. In this sense, it is a hot topic research that must be addressed in 
the future.
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Trifluoroacetic acid TFA
Tetrapropylammonium TPA
Tetramethylammonium TMA
Trioctylmethylammonium TOMA
Urea  U

 Acknowledgments

This work was developed within the scope of the project CICECO- Aveiro Institute of Materials, 
FCT Ref. UIDB/50011/2020 & UIDP/50011/2020, financed by national funds through the 
FCT/MCTES. The authors would like to thank the Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior  – Brasil (CAPES)  – Finance Code 001, FAPESP [2014/21252- 0], 
CNPq [169459/2017- 9, 200627/2018- 0, 310272/2017- 3, 306666/2020- 0], Banco Santander S. A., 
PROCAD (88887.200617/2018- 00), CAPES/PRINT(88881.310551/2018- 01). André M. da 
Costa Lopes thanks his research contract funded by Fundação para a Ciência e Tecnologia 
(FCT) and project CENTRO-04-3559-FSE-000095 - Centro Portugal Regional Operational 
Programme (Centro2020), under the PORTUGAL 2020 Partnership Agreement, through 
the European Regional Development Fund (ERDF).

 References

 1 Colin, R. and BjØrn, K. (2006). Basic Biotechnology, 3e, 1–666. New York: Cambridge 
University Press.

 2 D’Amato, D., Droste, N., Allen, B. et al. (2017). Green, circular, bio economy: a comparative 
analysis of sustainability avenues. J Clean Prod 168: 716–734.

 3 Maina, S., Kachrimanidou, V., and Koutinas, A. (2017). A roadmap towards a circular and 
sustainable bioeconomy through waste valorization. Curr Opin Green Sustain Chem 
8: 18–23.

 4 Clarke, C.J., Tu, W.- C., Levers, O. et al. (2018). Green and sustainable solvents in chemical 
processes. Chem Rev 118 (2): 747–800.

 5 Anastas, P.T. and Warner, J.C. (1998). Green Chemistry: Theory and Practice. New York: 
Oxford University Press.

 6 Khandelwal, S., Tailor, Y.K., and Kumar, M. (2016). Deep eutectic solvents (DESs) as 
eco- friendly and sustainable solvent/catalyst systems in organic transformations. J Mol Liq 
215: 345–386.

 7 Whiteker, G.T. (2019). Applications of the 12 Principles of green chemistry in the crop 
protection industry. Org Process Res Dev 23: 2109–2121.

 8 Pei, X., Xiong, D., Pei, Y. et al. (2018). Switchable oil- water phase separation of ionic 
liquid- based microemulsions by CO2. Green Chem https://doi.org/10.1039/C8GC00801A.

 9 Ibrahim, M.H., Hayyan, M., Hashim, M.A., and Hayyan, A. (2017). The role of ionic liquids 
in desulfurization of fuels: a review. Renew Sust Energ Rev 76: 1534–1549.

 10 Da Costa Lopes, A.M., Lins, R.M.G., Rebelo, R.A., and Łukasik, R.M. (2018). Biorefinery 
approach for lignocellulosic biomass valorisation with an acidic ionic liquid. Green Chem 
20 (17): 4043–4057.



  References 645

 11 Vicente, F.A., Bairos, J., Roque, M. et al. (2019). Use of ionic liquids as cosurfactants in 
mixed aqueous micellar two- phase systems to improve the simultaneous separation of 
immunoglobulin G and human serum albumin from expired human plasma. ACS Sustain 
Chem Eng 7 (17): 15102–15113.

 12 Yu, H., Cui, K., Li, T. et al. (2019). Recovery of butanol from ABE fermentation broth with 
hydrophobic functionalized ionic liquids as extractants. ACS Sustain Chem Eng 7 (10): 
9318–9329.

 13 Liu, X., Xu, D., Diao, B. et al. (2018). Separation of dimethyl carbonate and methanol by 
deep eutectic solvents: liquid–liquid equilibrium measurements and thermodynamic 
modeling. J Chem Eng Data 63 (5): 1234–1239.

 14 Martins, M.A.R., Pinho, S.P., and Coutinho, J.A.P. (2019). Insights into the nature of 
eutectic and deep eutectic mixtures. J Solut Chem 48 (7): 962–982.

 15 Zdanowicz, M., Wilpiszewska, K., and Spychaj, T. (2018). Deep eutectic solvents for 
polysaccharides processing. a review. Carbohydr Polym 200: 361–380.

 16 Abbott, A.P., Boothby, D., Capper, G. et al. (2004). Deep eutectic solvents formed between 
choline chloride and carboxylic acids: versatile alternatives to ionic liquids. J Am Chem Soc 
126 (29): 9142–9147.

 17 Zhang, Q., De Oliveira, V.K., Royer, S., and Jérôme, F. (2012). Deep eutectic solvents: 
syntheses, properties and applications. Chem Soc Rev 41 (21): 7108–7146.

 18 Gomez, F.J.V., Espino, M., Fernández, M.A., and Silva, M.F. (2018). A greener approach to 
prepare natural deep eutectic solvents. ChemistrySelect 3 (22): 6122–6125.

 19 Smith, E.L., Abbott, A.P., and Ryder, K.S. (2014). Deep eutectic solvents (DESs) and their 
applications. Chem Rev 114 (21): 11060–11082.

 20 Abbott, A.P., Al- Barzinjy, A.A., Abbott, P.D. et al. (2014). Speciation{,} physical and 
electrolytic properties of eutectic mixtures based on CrCl3·6H2O and urea. Physiol Chem 
Phys 16 (19): 9047–9055.

 21 Abranches, D.O., Martins, M.A.R., Silva, L.P. et al. (2019). Phenolic hydrogen bond donors 
in the formation of non- ionic deep eutectic solvents: the quest for type v des. Chem 
Commun 55 (69): 10253–10256.

 22 Kumar, A.K., Parikh, B.S., and Pravakar, M. (2016). Natural deep eutectic solvent mediated 
pretreatment of rice straw: bioanalytical characterization of lignin extract and enzymatic 
hydrolysis of pretreated biomass residue. Environ Sci Pollut Res Int 23 (10): 9265–9275. 
http://dx.doi.org/10.1007/s11356- 015- 4780- 4.

 23 Vanda, H., Dai, Y., Wilson, E.G. et al. (2018). Green solvents from ionic liquids and deep 
eutectic solvents to natural deep eutectic solvents. CR Chim 21 (6): 628–638.

 24 Paiva, A., Craveiro, R., Aroso, I. et al. (2014). Natural deep eutectic solvents − solvents for 
the 21st century. ACS Sustain Chem Eng 2: 1063–1071.

 25 Satlewal, A., Agrawal, R., Bhagia, S. et al. (2018). Natural deep eutectic solvents for 
lignocellulosic biomass pretreatment: recent developments, challenges and novel 
opportunities. Biotechnol Adv 36 (8): 2032–2050.

 26 Liu, Y., Friesen, J.B., McAlpine, J.B. et al. (2018). Natural deep eutectic solvents: properties, 
applications, and perspectives. J Nat Prod 81 (3): 679–690.

 27 Shahbaz, K., Mjalli, F.S., Hashim, M.A. et al. (2007). Eutectic- based ionic liquids with 
metal- containing anions and cations. Fluid Phase Equilib 199 (1–2): 6495–6501.

 28 Sarmad, S., Xie, Y., Mikkola, J.- P., and Ji, X. (2017). Screening of deep eutectic solvents 
(DESs) as green CO2 sorbents: from solubility to viscosity. New J Chem 41 (1): 290–301.



17 Deep Eutectic Solvents for Sustainable Separation Processes646

 29 Qin, H., Hu, X., Wang, J. et al. (2019). Overview of acidic deep eutectic solvents on 
synthesis, properties and applications. Green Energy Environ 5 (1): 8–21.

 30 Pateli, I.M., Thompson, D., Alabdullah, S.S.M. et al. (2020). The effect of pH and hydrogen 
bond donor on the dissolution of metal oxides in deep eutectic solvents. Green Chem 22 
(16): 5476–5486.

 31 Skulcova, A., Russ, A., Jablonsky, M., and Sima, J. (2018). Peer reviewed brief 
communication the pH behavior of seventeen deep eutectic solvents. Bioresources 3: 
5042–5051.

 32 Pandey, A., Rai, R., Pal, M., and Pandey, S. (2014). How polar are choline chloride- based 
deep eutectic solvents? Physiol Chem Phys 16 (16): 1559–1568.

 33 Tang, W. and Row, K.H. (2020). Design and evaluation of polarity controlled and recyclable 
deep eutectic solvent based biphasic system for the polarity driven extraction and 
separation of compounds. J Clean Prod 268: 122306.

 34 Farooq, M.Q., Abbasi, N.M., and Anderson, J.L. (1633). Deep eutectic solvents in 
separations: methods of preparation, polarity, and applications in extractions and capillary 
electrochromatography. J Chromatogr A 2020: 461613.

 35 Xu, K., Xu, P., and Wang, Y. (2020). Aqueous biphasic systems formed by hydrophilic and 
hydrophobic deep eutectic solvents for the partitioning of dyes. Talanta 213: 120839.

 36 Van Osch, D.J.G.P., Parmentier, D., Dietz, C.H.J.T. et al. (2016). Removal of alkali and 
transition metal ions from water with hydrophobic deep eutectic solvents. Chem Commun 
52 (80): 11987–11990.

 37 Mako, P., Przyjazny, A., and Boczkaj, G. (2018). Hydrophobic deep eutectic solvents as 
“green” extraction media for polycyclic aromatic hydrocarbons in aqueous samples. 
J Chromatogr A 1570: 28–37.

 38 Mbous, Y.P., Hayyan, M., Hayyan, A. et al. (2017). Applications of deep eutectic solvents in 
biotechnology and bioengineering – promises and challenges. Biotechnol Adv 35 (2): 
105–134.

 39 Loow, Y.L., New, E.K., Yang, G.H. et al. (2017). Potential use of deep eutectic solvents to 
facilitate lignocellulosic biomass utilization and conversion. Cellulose 24 (9): 3591–3618.

 40 Yang, T.- X., Zhao, L.- Q., Wang, J. et al. (2017). Improving whole- cell biocatalysis by 
addition of deep eutectic solvents and natural deep eutectic solvents. ACS Sustain Chem 
Eng 5 (7): 5713–5722.

 41 Xu, K., Wang, Y., Huang, Y. et al. (2015). A green deep eutectic solvent- based aqueous 
two- phase system for protein extracting. Anal Chim Acta 864: 9–20.

 42 Warrag, S.E.E., Peters, C.J., and Kroon, M.C. (2017). Deep eutectic solvents for highly 
efficient separations in oil and gas industries. Curr Opin Green Sustain Chem 5: 55–60.

 43 Sarwono, M.M., Hadj- Kali, M.K.O., and Alnashef, I.M. (2013). Application of deep eutectic 
solvents for the separation of aliphatics and aromatics. 2013 International Conference on 
Technology, Informatics, Management, Engineering and Environment, 48–53.

 44 Hosseini, A., Haghbakhsh, R., and Raeissi, S. (2019). Experimental investigation of 
liquid- liquid extraction of toluene + heptane or toluene + hexane using deep eutectic 
solvents. J Chem Eng Data 64 (9): 3811–3820.

 45 Hadj- Kali, M.K., Salleh, Z., Ali, E. et al. (2017). Separation of aromatic and aliphatic 
hydrocarbons using deep eutectic solvents: a critical review. Fluid Phase Equilib 448: 
152–167.



  References 647

 46 Feng, S., Sun, J., Ren, Z. et al. (2019). Effective separation of aromatic hydrocarbons by 
pyridine- based deep eutectic solvents. Can J Chem Eng 97 (12): 3138–3147.

 47 Gouveia, A.S.L., Oliveira, F.S., Kurnia, K.A., and Marrucho, I.M. (2016). Deep eutectic 
solvents as azeotrope breakers: liquid- liquid extraction and COSMO- RS prediction. ACS 
Sustain Chem Eng 4 (10): 5640–5650.

 48 Wang, Y., Hou, Y., Wu, W. et al. (2016). Roles of a hydrogen bond donor and a hydrogen 
bond acceptor in the extraction of toluene from: N- heptane using deep eutectic solvents. 
Green Chem 18 (10): 3089–3097.

 49 Larriba, M., Ayuso, M., Navarro, P. et al. (2018). Choline chloride- based deep eutectic 
solvents in the dearomatization of gasolines. ACS Sustain Chem Eng 6 (1): 1039–1047.

 50 Parliament THEE, Union P (2009). European Parliament Directive 2009/30/EC. Off J Eur 
Union. L140/88- L140/113.

 51 Shang, X., Dou, Y., Zhang, Y. et al. (2019). Tailoring properties of natural deep eutectic 
solvents with water to facilitate their applications. Food Chem 187 (August): 111724.

 52 Esquembre, R., Sanz, J.M., Wall, J.G. et al. (2013). Thermal unfolding and refolding of 
lysozyme in deep eutectic solvents and their aqueous dilutions. Physiol Chem Phys 15 (27): 
11248–11256.

 53 Elliott, M.A. Chemistry of Coal Utilization. Second Supplementary Volume, 1e. New York, 
NY: Wiley.

 54 Schobert, H.H. and Song, C. (2002). Chemicals and materials from coal in the 21st century. 
Fuel 81 (1): 15–32.

 55 Richard Henry, S. and Charles, G.S. (1981). Removal of phenols from phenol- containing 
streams. US4256568, 3–17.

 56 Jiao, T., Gong, M., Zhuang, X. et al. (2015). A new separation method for phenolic compounds 
from low- temperature coal tar with urea by complex formation. J Ind Eng Chem 29: 344–348.

 57 Amen- Chen, C., Pakdel, H., and Roy, C. (1997). Separation of phenols from Eucalyptus 
wood tar. Biomass Bioenergy 13 (1): 25–37.

 58 Venter, D.L. and Nieuwoudt, I. (1998). Separation of m- cresol from neutral oils with 
liquid−liquid extraction. Ind Eng Chem Res 37 (10): 4099–4106.

 59 Fan, Y., Li, Y., Dong, X. et al. (2014). Extraction of phenols from water with functionalized 
ionic liquids. Ind Eng Chem Res 53 (51): 20024–20031.

 60 Jiao, T., Qin, X., Zhang, H. et al. (2019). Separation of phenol and pyridine from coal tar via 
liquid–liquid extraction using deep eutectic solvents. Chem Eng Res Des 145: 112–121.

 61 Yi, L., Feng, J., Li, W., and Luo, Z. (2019). High- performance separation of phenolic 
compounds from coal- based liquid oil by deep eutectic solvents. ACS Sustain Chem Eng 7 
(8): 7777–7783.

 62 Pang, K., Hou, Y., Wu, W. et al. (2012). Efficient separation of phenols from oils via forming 
deep eutectic solvents. Green Chem 14 (9): 2398–2401.

 63 Guo, W., Hou, Y., Wu, W. et al. (2013). Separation of phenol from model oils with 
quaternary ammonium salts via forming deep eutectic solvents. Green Chem 15 (1): 226–229.

 64 Jiao, T., Li, C., Zhuang, X. et al. (2015). The new liquid- liquid extraction method for 
separation of phenolic compounds from coal tar. Chem Eng J 266: 148–155.

 65 Soltanmohammadi, F., Jouyban, A., and Shayanfar, A. (2020). New aspects of deep eutectic 
solvents: extraction, pharmaceutical applications, as catalyst and gas capture. Chem Pap 
https://doi.org/10.1007/s11696- 020- 01316- w.



17 Deep Eutectic Solvents for Sustainable Separation Processes648

 66 Byrne, E.L. and Holbrey, J.D. (2020). Phenol recovery from aromatic solvents by formation 
of eutectic liquids with trialkyl- 2,3- dihydroxypropylammonium Chloride Salts. Sustain 
Chem 1 (1): 49–61.

 67 Yao, C., Hou, Y., Ren, S. et al. (2017). Efficient separation of phenol from model oils using 
environmentally benign quaternary ammonium- based zwitterions via forming deep 
eutectic solvents. Chem Eng J 326: 620–626.

 68 Demirbas, A., Alidrisi, H., and Balubaid, M.A. (2015). API gravity, sulfur content, and 
desulfurization of crude oil. Pet Sci Technol 33 (1): 93–101.

 69 Li, C., Li, D., Zou, S. et al. (2013). Extraction desulfurization process of fuels with 
ammonium- based deep eutectic solvents. Green Chem 15 (10): 2793–2799.

 70 Lima, F., Gouvenaux, J., Branco, L.C. et al. (2018). Towards a sulfur clean fuel: deep 
extraction of thiophene and dibenzothiophene using polyethylene glycol- based deep 
eutectic solvents. Fuel 234 (February): 414–421.

 71 Wagle, D.V., Zhao, H., Deakyne, C.A., and Baker, G.A. (2018). Quantum chemical 
evaluation of deep eutectic solvents for the extractive desulfurization of fuel. ACS Sustain 
Chem Eng 6 (6): 7525–7531.

 72 Jiang, W., Jia, H., Li, H. et al. (2019). Boric acid- based ternary deep eutectic solvent for 
extraction and oxidative desulfurization of diesel fuel. Green Chem 21 (11): 3074–3080.

 73 Warrag, S.E.E., Darwish, A.S., Adeyemi, I.A. et al. (2020). Extraction of pyridine from 
n- alkane mixtures using methyltriphenylphosphonium bromide- based deep eutectic 
solvents as extractive denitrogenation agents. Fluid Phase Equilib 517: 112622.

 74 Hizaddin, H.F., Ramalingam, A., Hashim, M.A., and Hadj- Kali, M.K.O. (2014). Evaluating 
the performance of deep eutectic solvents for use in extractive denitrification of liquid 
fuels by the conductor- like screening model for real solvents. J Chem Eng Data 59 (11): 
3470–3487.

 75 Lima, F., Dave, M., Silvestre, A.J.D. et al. (2019). Concurrent desulfurization and 
denitrogenation of fuels using deep eutectic solvents. ACS Sustain Chem Eng 7 (13): 
11341–11349.

 76 Zagajski Kučan, K. and Rogošić, M. (2019). Purification of motor fuels by means of 
extraction using deep eutectic solvent based on choline chloride and glycerol. J Chem 
Technol Biotechnol 94 (4): 1282–1293.

 77 Rogošić, M., Krišto, A., and Kučan, K.Z. (2019). Deep eutectic solvents based on betaine 
and propylene glycol as potential denitrification agents: a liquid- liquid equilibrium study. 
Braz J Chem Eng 36 (4): 1703–1716.

 78 Bernhoft, A. (2010). Bioactive compounds in plants – benefits and risks for man and 
animals, vol. 88 (ed. A. Bernhoft), 821–825. Laeknabladid, Oslo: The Norwegian Academy 
of Science and Letters.

 79 Kris- Etherton, P.M., Hecker, K.D., Bonanome, A. et al. (2002). Bioactive compounds in 
foods: their role in the prevention of cardiovascular disease and cancer. Am J Med 113 
(9 SUPPL. 2): 71–88.

 80 Dima, C., Assadpour, E., Dima, S., and Jafari, S.M. (2020). Nutraceutical nanodelivery; an 
insight into the bioaccessibility/bioavailability of different bioactive compounds loaded 
within nanocarriers. Crit Rev Food Sci Nutr: 1–35. https://doi.org/10.1080/10408398.202
0.1792409.



  References 649

 81 Comim, S.R.R., Franceschi, E., Borges, G.R. et al. (2010). Phase equilibrium measurements 
and modelling of ternary system (carbon dioxide plus ethanol plus palmitic acid). J Chem 
Thermodyn 42 (3): 348–354.

 82 Ferreira, I.C.F.R., Martins, N., and Barros, L. (2017). Phenolic compounds and its 
bioavailability: in vitro bioactive compounds or health promoters? Adv Food Nutr Res 
82: 1–44.

 83 Joana Gil- Chávez, G., Villa, J.A., Fernando Ayala- Zavala, J. et al. (2013). Technologies for 
extraction and production of bioactive compounds to be used as nutraceuticals and food 
ingredients: an overview. Compr Rev Food Sci Food Saf 12 (1): 5–23.

 84 Rice- Evans, C.A., Miller, N.J., and Paganga, G. (1997). Antioxidant properties of phenolic 
compounds. Trends Plant Sci 2 (4): 152–159.

 85 Azmir, J., Zaidul, I.S.M., Rahman, M.M. et al. (2013). Techniques for extraction of bioactive 
compounds from plant materials: a review. J Food Eng 117 (4): 426–436.

 86 Vuolo, M.M., Lima, V.S., and Maróstica Junior, M.R. (2018). Phenolic Compounds: 
Structure, Classification, and Antioxidant Power. Bioactive Compounds: Health Benefits and 
Potential Applications, 33–50. Elsevier Inc.

 87 Agostini- costa, T.S., Vieira, R.F., Bizzo, H.R. et al. (2012). Secondary metabolites. In: 
Chromatography and Its Applications (ed. S. Dhanarasu). IntechOpen https://doi.org/10.5772/ 
35705.

 88 Zainal- Abidin, M.H., Hayyan, M., Hayyan, A., and Jayakumar, N.S. (2017). New horizons 
in the extraction of bioactive compounds using deep eutectic solvents: a review. Anal Chim 
Acta 979: 1–23.

 89 Araújo, J.D.P., Grande, C.A., and Rodrigues, A.E. (2010). Vanillin production from lignin 
oxidation in a batch reactor. Chem Eng Res Des 88 (8): 1024–1032.

 90 González, C.G., Mustafa, N.R., Wilson, E.G. et al. (2018). Application of natural deep 
eutectic solvents for the “green” extraction of vanillin from vanilla pods. Flavour Fragr J 33 
(1): 91–96.

 91 Skarpalezos, D. and Detsi, A. (2019). Deep eutectic solvents as extraction media for 
valuable flavonoids from natural sources. Appl Sci 9 (19): 4169.

 92 Bi, W., Tian, M., and Row, K.H. (2013). Evaluation of alcohol- based deep eutectic solvent in 
extraction and determination of flavonoids with response surface methodology 
optimization. J Chromatogr A 1285: 22–30.

 93 Zhuang, B., Dou, L.L., Li, P., and Liu, E.H. (2017). Deep eutectic solvents as green media 
for extraction of flavonoid glycosides and aglycones from Platycladi Cacumen. J Pharm 
Biomed Anal 134: 214–219.

 94 Zhou, P., Wang, X., Liu, P. et al. (2018). Enhanced phenolic compounds extraction from 
Morus alba L. leaves by deep eutectic solvents combined with ultrasonic- assisted 
extraction. Ind Crop Prod 120 (May): 147–154.

 95 Jeong, K.M., Ko, J., Zhao, J. et al. (2017). Multi- functioning deep eutectic solvents as 
extraction and storage media for bioactive natural products that are readily applicable to 
cosmetic products. J Clean Prod 151: 87–95.

 96 Shang, X., Dou, Y., Zhang, Y. et al. (2019). Tailor- made natural deep eutectic solvents for 
green extraction of isoflavones from chickpea (Cicer arietinum L.) sprouts. Ind Crop Prod 
140 (August): 111724.



17 Deep Eutectic Solvents for Sustainable Separation Processes650

 97 Wei, Z., Qi, X., Li, T. et al. (2015). Application of natural deep eutectic solvents for 
extraction and determination of phenolics in Cajanus cajan leaves by ultra performance 
liquid chromatography. Sep Purif Technol 149: 237–244.

 98 Nam, M.W., Zhao, J., Lee, M.S. et al. (2015). Enhanced extraction of bioactive natural 
products using tailor- made deep eutectic solvents: application to flavonoid extraction 
from Flos sophorae. Green Chem 17 (3): 1718–1727.

 99 Bosiljkov, T., Dujmić, F., Cvjetko Bubalo, M. et al. (2017). Natural deep eutectic solvents 
and ultrasound- assisted extraction: green approaches for extraction of wine lees 
anthocyanins. Food Bioprod Process 102: 195–203.

 100 Dai, Y., Witkamp, G.J., Verpoorte, R., and Choi, Y.H. (2013). Natural deep eutectic 
solvents as a new extraction media for phenolic metabolites in carthamus tinctorius 
L. Anal Chem 85 (13): 6272–6278.

 101 Xia, B., Yan, D., Bai, Y. et al. (2015). Determination of phenolic acids in Prunella vulgaris 
L.: a safe and green extraction method using alcohol- based deep eutectic solvents. Anal 
Methods 7 (21): 9354–9364.

 102 Dai, Y., Witkamp, G.J., Verpoorte, R., and Choi, Y.H. (2015). Tailoring properties of 
natural deep eutectic solvents with water to facilitate their applications. Food Chem 
187: 14–19.

 103 Wang, J., Jing, W., Tian, H. et al. (2020). Investigation of deep eutectic solvent- based 
microwave- assisted extraction and efficient recovery of natural products. ACS Sustain 
Chem Eng 8 (32): 12080–12088.

 104 Ozturk, B., Esteban, J., and Gonzalez- Miquel, M. (2018). Deterpenation of citrus essential 
oils using glycerol- based deep eutectic solvents. J Chem Eng Data 63 (7): 2384–2393.

 105 Tang, B., Bi, W., Zhang, H., and Row, K.H. (2014). Deep eutectic solvent- based HS- SME 
coupled with GC for the analysis of bioactive terpenoids in Chamaecyparis obtusa leaves. 
Chromatographia 77 (3–4): 373–377.

 106 Duan, L., Dou, L.L., Guo, L. et al. (2016). Comprehensive evaluation of deep eutectic 
solvents in extraction of bioactive natural products. ACS Sustain Chem Eng 4 (4): 
2405–2411.

 107 Cai, C., Wu, S., Wang, C. et al. (2019). Deep eutectic solvents used as adjuvants for 
improving the salting- out extraction of ursolic acid from Cynomorium songaricum Rupr. 
in aqueous two- phase system. Sep Purif Technol 209 (July 2018): 112–118.

 108 Jiang, Z.M., Wang, L.J., Gao, Z. et al. (2019). Green and efficient extraction of different 
types of bioactive alkaloids using deep eutectic solvents. Microchem J 145 (October 2018): 
345–353.

 109 Ongondo, F.O., Williams, I.D., and Cherrett, T.J. (2011). How are WEEE doing? A global 
review of the management of electrical and electronic wastes. Waste Manag 31 (4): 714–730.

 110 Jenkin, G.R.T.T., Al- Bassam, A.Z.M.M., Harris, R.C. et al. (2016). The application of deep 
eutectic solvent ionic liquids for environmentally- friendly dissolution and recovery of 
precious metals. Miner Eng 87: 18–24.

 111 Fu, F. and Wang, Q. (2011). Removal of heavy metal ions from wastewaters: a review. 
J Environ Manag 92 (3): 407–418.

 112 Moreau, V., Sahakian, M., van Griethuysen, P., and Vuille, F. (2017). Coming full circle: 
why social and institutional dimensions matter for the circular economy. J Ind Ecol 21 (3): 
497–506.



  References 651

 113 European Commission (2017). Circular Economy Research and Innovation: Connecting 
Economic & Environmental Gains. Luxembourg: Publications Office of the European 
Union https://doi.org/10.2777/688203.

 114 Liu, T., Chen, J., Li, H. et al. (2019). Further improvement for separation of heavy rare 
earths by mixtures of acidic organophosphorus extractants. Hydrometallurgy 188: 73–80.

 115 Wilson, A.M., Bailey, P.J., Tasker, P.A. et al. (2014). Solvent extraction: the coordination 
chemistry behind extractive metallurgy. Chem Soc Rev 43 (1): 123–134.

 116 Binnemans, K. and Jones, P.T. (2017). Solvometallurgy: an emerging branch of extractive 
metallurgy. J Sustain Metall 3 (3): 570–600.

 117 Palden, T., Onghena, B., Regadío, M., and Binnemans, K. (2019). Methanesulfonic acid: a 
sustainable acidic solvent for recovering metals from the jarosite residue of the zinc 
industry. Green Chem 21 (19): 5394–5404.

 118 Forte, F., Horckmans, L., Broos, K. et al. (2017). Closed- loop solvometallurgical process 
for recovery of lead from iron- rich secondary lead smelter residues. RSC Adv 7 (79): 
49999–50005.

 119 Gijsemans, L., Forte, F., Onghena, B., and Binnemans, K. (2018). Recovery of rare earths 
from the green lamp phosphor LaPO4:Ce3+{,}Tb3+ (LAP) by dissolution in concentrated 
methanesulphonic acid. RSC Adv 8 (46): 26349–26355.

 120 Riaño, S., Petranikova, M., Onghena, B. et al. (2017). Separation of rare earths and other 
valuable metals from deep- eutectic solvents: a new alternative for the recycling of used 
NdFeB magnets. RSC Adv 7 (51): 32100–32113.

 121 Pena- Pereira, F. and Namieśnik, J. (2014). Ionic liquids and deep eutectic mixtures: 
sustainable solvents for extraction processes. ChemSusChem 7 (7): 1784–1800.

 122 Rodriguez Rodriguez, N., Machiels, L., Onghena, B. et al. (2020). Selective recovery of 
zinc from goethite residue in the zinc industry using deep- eutectic solvents. RSC Adv 10 
(12): 7328–7335.

 123 Rodriguez Rodriguez, N., MacHiels, L., and Binnemans, K. (2019). P- toluenesulfonic 
acid- based deep- eutectic solvents for solubilizing metal oxides. ACS Sustain Chem Eng 7 
(4): 3940–3948.

 124 Zhu, X.L., Xu, C.Y., Tang, J. et al. (2019). Selective recovery of zinc from zinc oxide dust 
using choline chloride based deep eutectic solvents. Trans Nonferrous Met Soc China 29 
(10): 2222–2228.

 125 Zürner, P. and Frisch, G. (2019). Leaching and selective extraction of indium and tin from 
zinc flue dust using an oxalic acid- based deep eutectic solvent. ACS Sustain Chem Eng 7 
(5): 5300–5308.

 126 Mukhopadhyay, S., Mukherjee, S., Adnan, N.F. et al. (2016). Ammonium- based deep 
eutectic solvents as novel soil washing agent for lead removal. Chem Eng J 294: 316–322.

 127 Swain, N. and Mishra, S. (2019). A review on the recovery and separation of rare earths 
and transition metals from secondary resources. J Clean Prod 220: 884–898.

 128 Peeters, N., Binnemans, K., and Riaño, S. (2020). Solvometallurgical recovery of cobalt 
from lithium- ion battery cathode materials using deep- eutectic solvents. Green Chem 22 
(13): 4210–4221.

 129 Roldán- Ruiz, M.J., Ferrer, M.L., Gutiérrez, M.C., and Del Monte, F. (2020). Highly 
efficient p- toluenesulfonic acid- based deep- eutectic solvents for cathode recycling of 
Li- ion batteries. ACS Sustain Chem Eng 8 (14): 5437–5445.



17 Deep Eutectic Solvents for Sustainable Separation Processes652

 130 Wang, S., Zhang, Z., Lu, Z., and Xu, Z. (2020). A novel method for screening deep eutectic 
solvent to recycle the cathode of Li- ion batteries. Green Chem 22 (14): 4473–4482.

 131 Tran, M.K., Rodrigues, M.T.F., Kato, K. et al. (2019). Deep eutectic solvents for cathode 
recycling of Li- ion batteries. Nat Energy 4 (4): 339–345.

 132 van Osch, D.J.G.P., Zubeir, L.F., van den Bruinhorst, A. et al. (2015). Hydrophobic deep 
eutectic solvents as water- immiscible extractants. Green Chem 17 (9): 4518–4521.

 133 Susilo, R. and Chandraghatgi, R.E.P. (2005). Partitioning of iron, manganese, copper 
between fibres and liquor and the role of water chemistry. Pulp Pap Canada.

 134 Tereshatov, E.E., Boltoeva, M.Y., and Folden, C.M. (2016). First evidence of metal transfer 
into hydrophobic deep eutectic and low- transition- temperature mixtures: indium 
extraction from hydrochloric and oxalic acids. Green Chem 18 (17): 4616–4622.

 135 Schaeffer, N., Martins, M.A.R., Neves, C.M.S.S. et al. (2018). Sustainable hydrophobic 
terpene- based eutectic solvents for the extraction and separation of metals. Chem 
Commun 54 (58): 8104–8107.

 136 Geng, Y., Xiang, Z., Lv, C. et al. (2019). Recovery of gold from hydrochloric medium by 
deep eutectic solvents based on quaternary ammonium salts. Hydrometallurgy 188 
(March): 264–271.



653

Sustainable Separation Engineering: Materials, Techniques and Process Development, Volume 2, 
First Edition. Edited by Gyorgy Szekely and Dan Zhao. 
© 2022 John Wiley & Sons Ltd. Published 2022 by John Wiley & Sons Ltd.

18

18.1  Introduction

Isolation and separation of cells and particles are essential for many chemical, biomedical, 
and industrial applications. In these applications, the target cell should be separated from 
a sample containing different cells and particles and then used for further investigations. 
Although it depends on the particular application, the number of these target cells is rela-
tively low compared with the sample size [1]. For instance, circulating tumor cells (CTCs) 
are a low proportion of the total cell population existing in the blood of cancer patients. 
Traditionally, some lab- based techniques have been developed for separating, sorting, or 
isolating these target particles or cells. These traditional sorting techniques have been 
 comparatively successful. However, they require a large amount of sample and expensive 
reagents, are prone to human error, suffer from batch- to- batch different results, and have 
long processing times [2].

Since the introduction of microfluidic devices, many techniques have been developed to 
separate cells or particles from bulk samples. These techniques can be either active or pas-
sive. Active techniques make use of an external field for particle separation. This field can 
be acoustic, magnetic, electric, or optic. In active techniques, the separation resolution is 
often high; however, the throughput of these systems is usually low since a specific amount 
of time must be provided for the external field to affect particles. On the other hand, passive 
techniques do not require an external field for particle sorting, and they rely solely on 
microchannel physical structure or particle–particle or particle–fluid interactions. Passive 
techniques include pinched flow fractionation (PFF), deterministic lateral displacement 
(DLD), inertial and Dean force, and microfiltration techniques. These methods are attrac-
tive since they are simple and low cost [3, 4]. In this chapter, we briefly review each of these 
techniques, followed by some examples of developed devices.
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18.2  Passive Microfluidic Cell Sorting Systems

18.2.1 Pinched Flow Fractionation

PFF, first introduced by Yamada [5], is a method that uses laminar flow to sort particles 
based on their size. Channels that work with the concept of PFF are usually T-  or Y- junction. 
In this technique, usually, one stream has a diluted sample of particles, while the other one 
is without particle. The PFF channels contain a pinched segment (a narrow channel) that 
enters an expanded segment. The width of the expanded segment is significantly larger 
than the pinched segment. By adjusting the flow rate ratio between the two inlets, the 
sheath flow pushes all particles toward the pinched segment wall. Since particles of differ-
ent sizes have different center of mass, they are placed in different positions relative to the 
wall. Due to the parabolic nature of the velocity profile in Poiseuille flow, this spacing 
amplifies where particles pass through the expanded section and follow different stream-
lines. Therefore, a slight difference in the position of particles in the pinched segment is 
boosted in the expanded section, and particles or cells of different sizes can be collected 
from their assigned outlets (Figure 18.1a). The boundary angle, total flow rate, flow rate 
ratio of two inlets, and the width and roughness of the pinched section can affect the device 
performance. It has been shown that the PFF technique is unable to isolate particles that 
have a size similar or less compared with the roughness wall [6].

PFF technique was first used to separate 15 μm from 30 μm particles [5]. The channel 
they used in their study was symmetric; therefore, the hydraulic resistance and flow rate of 
all outlets were similar. This becomes an issue for the separation of particles that are sig-
nificantly smaller than channel width in the pinched segment, and all particles migrated to 
one outlet. To address this issue, the asymmetric arrangement of outlets has been proposed 
where one outlet (drain channel) is wider or shorter than other outlets to break the sym-
metry of hydraulic resistance of outlets and change the streamline of the channels 
(Figure 18.1b). This method can increase the resolution of particle separation where the 
capability of the device for the separation of 1 μm from 2.1 μm particle with 80% efficiency 
at 20 μL/h flow rate has been demonstrated [7]. In addition, the versatility of the method 
for the separation of emulsion droplets has been showcased [8]. Using a valve at outlets can 
also change the flow rate that guides particles of different sizes toward different outlets [9]. 
Geometrical modification of the channel can also enhance the separation efficiency in PFF 
devices. For instance, Vig has used a snakelike structure at the enlarged segment of the PFF 
layout to increase the spacing between particles, leading to a more efficient separation 
(Figure 18.1c) [10].

Besides the methods used to increase the efficiency of the PFF method, the combination 
of this technique with other approaches can increase the separation efficiency. For exam-
ple, the gap between particles can be amplified using dielectrophoretic or optical forces [11, 
12]. Additionally, PFF and sedimentation techniques can be coupled to sort particles based 
on their size and density [13]. Based on Figure 18.1d, at first, particles are separated from 
each other on the pinched segment at the horizontal part. Once they enter the vertical 
curved channel, the sedimental effect separates particles that have similar sizes but differ-
ent densities. A centrifugal force can also be added to the systems to enhance the separa-
tion efficiency [13]. To increase the throughput, Lu and Xuan combined inertial lift forces 
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with PFF by increasing the length of the pinched segment  [14]. Later, they expand this 
concept by proposing a device using the concept of elasto- inertial PFF for shape- based 
separation of particles [15]. In total, PFF devices are simple and have relatively high sepa-
ration efficiency. Nevertheless, their throughput is usually low, and they require at least 
one sheath flow to operate the system.

18.2.2 Deterministic Lateral Displacement

DLD is a well- known method for its ability to separate cells and particles based on their 
size. This device consists of regular rows of micropillar obstacles that each row is shifted to 
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the right by a specific amount of Δλ. This micropillar pattern will create multiple stagna-
tion points on the way of fluid flow toward the outlet, leading to separate streamlines with 
inclination angle θ. Consequently, particles of a specific size will strike each pillar and 
move in θ direction (Figure 18.2a). The smaller particles, however, will not experience the 
interaction and move directly toward the other outlet  [3]. This phenomenon was firstly 
discovered by Huang et al. [16] as DNA diffused in the arrays of obstacles and has been 
employed for various purposes such as DNA fragments separation  [16], separation of 
tumor cells [17] or parasite [18] from blood, and exosome separation [19].
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The critical diameter (Dc) is defined as a particle diameter in which the DLD can be 
 operated as a clog- free device. The particle size of smaller and bigger than critical size can 
be controlled and separated through DLD. Dc is typically smaller than the gap, G, leading to 
a hasty conversion of the particle migration path [20]. The concept, design, and fabrication 
of DLD have been thoroughly investigated for more than a decade and adapted for different 
applications [21]. The working principle of DLD is essentially influenced by three param-
eters, namely laminar flow, diffusion, and fluidic resistance. At small scales (micro-  and 
nanoscale), the amount of viscous forces surpasses the forces generated by fluid momen-
tum (inertial forces). Therefore, laminar fluid flow is the dominant fluid regime. The fluid 
behavior can be predicted via the Navier–Stokes equation, in which the nonlinear terms of 
velocity are neglected.

As the fluid flow is laminar, the streamlines can only mix through diffusion. To investi-
gate the role of diffusion in the particle migration path, the Peclet number (Pe), defined as 
the ratio of convection to diffusion rate, is given as follows:

Pe vw D/  (18.1)

In Eq. (18.1) [22, 23], v, w, and D are delegated to the velocity, the width of microchannel, 
and the diffusion coefficient, respectively. Using Stokes–Einstein relation, D can be defined 
as [24]:

D kT a/ 6  (18.2)

where k, T, a, and η refer to Boltzmann constant, absolute temperature, particle hydrody-
namic radius, and viscosity. By increasing the Pe number and decreasing the Re number, 
the mixing time will increase. This phenomenon allows researchers to predict fluid behav-
ior more precisely. For instance, the Pe number for a protein with an approximate size of 
5 nm and diffusivity and velocity of 40 μm2/s and 100 μm/s traveling through a 100 μm wide 
channel is 250. It means that this protein requires 25 seconds to diffuse 10 μm across the 
width of the microchannel [20].

The fluidic resistance is the third dominant force influencing the DLD function, defined 
as the force generated by the friction between microchannel walls and fluid. An increase in 
fluidic resistance by reducing the volume to surface area ratio can be considered an essen-
tial factor in the flow rate (Q) limitations of DLD. This relationship between the resistance 
of the microchannels and flow rate is described as follows for a pressure- driven flow:

Q P R=  /  (18.3)

where ΔP is the pressure difference through the length of microchannel, and Q and R are 
the flow rate and channel resistance, respectively. The resistance R is calculated for a rec-
tangular channel with width, height, and length of w, h, and l, respectively, using Eq. (18.4).
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Eq. (18.4) can be simplified and rewritten for microchannels with a high aspect ratio as 
Eq. (18.5).
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By employing the abovementioned equations, it can be interpreted that how any change 
in DLD dimensions can lead to a change in operational flow rate and possible particle sort-
ing time.

Huang et al. [16] and Inglis et al. [25] have investigated the DLD principles for the first 
time and determined that each lateral displacement of posts can create distinct stream-
lines, thereby facilitating particle separation. As shown in Figure  18.2a, the streamline 
right next to the post is the widest streamline (β) due to the no- slip boundary condition and 
lower velocity. Generally, particles smaller than Dc have a hydrodynamic center inside the 
first streamline, meaning that they move within the width of the streamline. However, 
particles with a diameter larger than Dc are inclined to dislocate from one streamline to the 
next one with an inclination angle, as their hydrodynamic center is outside the first stream-
line. This inclination angle is denoted by θ, which is the result of rows’ lateral displace-
ment. The number of flow lanes between two posts is defined by the number of rows (N) 
periodically displaced for a certain amount of Δλ. That is, N + 1 is in a same position as the 
first row of posts, and N can be described as Eq. (18.6).

N
 

(18.6)

where λ is the center- to- center distance between the obstacles; accordingly, row shift frac-
tion (ɛ) as presented in Eq. (18.7) is defined as the inverse form of Eq. (18.6).

1
N  (18.7)

In 2016, Zeming et al. [26] have modified the abovementioned equation for the devices 
in which the lateral displacement (λ) and vertical distance between the posts (λy) are of 
unequal size.

y tan  (18.8)

This formula depicted the role of downstream gap size in Dc calculations of asymmetrical 
DLD devices. Therefore, the Dc can be written as:

D Gc 2  (18.9)

where α is dimensionless factor demonstrated by Beech for nonuniform flow in a 
DLD [24].

In addition to the aforementioned parameters that can affect the critical diameter, there 
are other factors such as post shape and size [20], device depth [24], fluid properties [27], 
and cyclicity required to be taken into account for Dc estimation. For instance, by decreas-
ing the depth or obstacle diameter, while other factors are unchanged, Dc will decrease [24].

The theories that have been established for DLD mostly used a small range of particle 
properties, including rigid spherical particles. However, in reality, particles processed with 
DLD are mostly cells with the ability to deform and change their shape in response to shear 



18.2 Passive Microfluidic Cell Sorting Systems 659

forces. In this regard, an effective size is introduced for different cells and particles as a 
substitute for actual size. This effective size is influenced by various factors such as parti-
cle–particle and particle–post interaction, mechanical properties, operational flow rate, 
particle positioning, and shear stress. In DLD systems, it has been shown that at small gaps 
and high shear stress, cells are inclined to move within the streamlines with their smallest 
dimension as the critical dimension. This alteration in dimension and repositioning of the 
particles due to shear rate can be regulated by applying constrictions such as device depth 
reduction [18, 28]. Particle concentration is another factor that can impact particle–particle 
and particle–post interaction, fluid flow disturbance, and particle deformation. Although 
DLD systems rely on the interaction between particles and posts, particle–particle interac-
tion caused by increased concentration decreases separation efficiency [29].

DLD devices were mainly used for particle separation based on their size disparity. 
However, it has been revealed that DLD has the potential to be used for the separation of 
particles based on other features such as deformability and electrical properties. One well- 
known application of DLD is the separation of blood components such as white blood 
cells [30] and platelets [31] with relatively low cost. CTCs are other components that can be 
effectively isolated using DLD. For example, Au et al. reported a 99% recovery with 87% 
viability of CTC clusters using a two- stage DLD device [32]. In addition to the separation of 
microscale particles, a limited number of documents have reported the DLD potentials as 
a tool for the separation of nanoscale particles, including DNA molecules, exosomes, and 
proteins  [33, 34]. Using chemical treatments  [26], external forces  [35, 36], and nano- 
fabrication technique, DLD can be effectively employed as a nanoparticle isolation plat-
form. For example, polyethylene glycol (PEG) is used to pack the genomic DNA molecules 
down to reduce the size and increase the shear modulus [37]. Wunsch et al. also developed 
a nanofabrication process to downscale DLD for the purpose of exosome sorting  [19]. 
To increase the throughput, Liang et al. have also introduced a new DLD design with the 
ability to separate 4.8 μm from 9.9 μm particles at tenfold flow rates (Figure 18.2b) [38]. In 
another study, Hyun et al. presented an optimized DLD in which the gap between the posts 
increased without reducing the efficiency. As a result of the gap increase, the  probability of 
the clog formation decreased, and the device was able to maintain high separation  efficiency 
for a long period of time. Despite all the advances in the field of nanofabrication, there are 
still complexities in fabrication and drawbacks such as low throughput in DLD devices [39].

To separate nonspherical particles, researchers have designed and examined DLD 
 systems with different obstacles’ shape and arrangement. In 2014, Ranjan et al. have inves-
tigated the role of different shapes of posts in the separation efficiency of nonspherical 
particles. They designed I- shape, L- shape, inverted L- shape, and anvil shape obstacles and 
assessed their role in separating particles with different shapes (Figure 18.2cI). Their results 
revealed that protrusions and grooves could create different pathways, thereby controlling 
and restricting particle trajectories and orientations (Figure 18.2cII)  [40]. In 2018, Bech 
et al. also revealed that particles with different lengths could be separated using an opti-
mized DLD design (Figure 18.2d) [41].

As DLD systems are mainly utilized for biological samples, the deformability of the cells 
is of irrefutable importance in the estimation of critical diameter and separation efficiency. 
Flow rate, fluid properties such as viscosity, pathways dimensions, and shear rate are 
proved to be influential on the separation efficiency of deformable bio- particles [42–44]. As 
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it was proved that stiffer particles are more inclined to displace between the posts  [45], 
Kruger et al. showed that diseased red blood cells could be isolated from healthy red blood 
cells in malaria patients [46]. Also, Au et al. developed a two- staged DLD device consisting 
of a conventional DLD with circular posts and an optimized DLD for CTCs separation. 
Large CTC clusters were separated from other blood components in the first DLD stage, 
and the remaining smaller ones were separated in the second stage of the DLD device 
(Figure 18.2e) [32].

18.2.3 Microfiltration

Microfiltration is a well- known technique for the separation of particles and cells based on 
their size. This approach can be divided into three groups of membranes, pillars, and weirs 
(Figure 18.3a–c). Based on the flow direction also, this method can be classified into the 
two groups of cross- flow and dead- end filters (Figure 18.3d and e). In the cross- flow filters, 
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Figure 18.3 Schematic illustration of (a) membrane- based, (b) weir- based, and (c) pillar- based as 
three categories of microfiltration methods. Microfilters also classified into the two modes of 
separations which are (d) cross- flow filtration and (e) dead- end filtration. Dead- end filtration is 
more efficient for the separation of large particles at the risk of clogging.
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the main stream is parallel to the filter surface, while in the dead- end filters, the stream-
lines are perpendicular to the filter direction. For capturing large particles, dead- end filters 
are more efficient; however, they suffer from clogging issues. Cross- flow filters can address 
this issue by washing large particles from the filer.

The first membrane filters have been used in the late 1980s for the separation of particles 
up to 50 nm size  [47, 48]. First attempts at designing the membrane filters were mainly 
utilized as dead- end filtration type [47]. Nevertheless, recently, more attention has been 
devoted to the design of cross- flow membrane filters. For instance, Aran et al. developed a 
membrane- based cross- flow filtration device for the continuous separation of plasma from 
whole blood [49]. The device was fabricated using two PDMS layers and a 200 nm polycar-
bonate porous membrane. Blood components cannot pass through the membrane, and 
pure plasma and proteins can be extracted from the device. Through parallelization, this 
device can separate 2.5 mL of pure plasma from whole blood in 4 hours.

Pillar and weir filters, similar to membrane- based microfilters, have been extensively 
used to separate wide ranges of cells and particle in both modes of cross- flow and dead- end 
filtrations. As an example, Wilding and colleagues have used micropillars and weir filters 
for the separation of WBCs and RBCs [50]. For small cells and particles, this gap must be 
adjusted in a way to eliminate the clogging issue. As a result, the flow rate in these types of 
devices is usually low. Benefiting from this concept, Wu and colleagues have proposed a 
weir filter for the blood plasma separation [51].

All examples mentioned so far are based on the assumption that cells are rigid. 
Nonetheless, in reality, cells are not rigid, and their stiffness impact upon the device perfor-
mance. This has been the subject of many studies for the separation of cells [52, 53]. For 
instance, straight channels with ridges have been used to separate live Jurkat cells from 
dead ones based on the stiffness difference between them [54].

18.2.4 Inertial and Dean Drag Forces

Inertial microfluidics defines the positioning of randomly dispersed particles toward cer-
tain equilibrium positions. This phenomenon was first observed by Segre and Silberg [55], 
but in the last decade, it gained a significant amount of attention and progressed mas-
sively  [56, 57]. The effect of inertial force on particles in straight channels is usually 
described by channel Reynolds number (Rec) (Eq. (18.10)) as the ratio of inertial and vis-
cous force and particle Reynolds number (Rep) (Eq. (18.11)) [58].
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Here, Dh is the hydraulic diameter of the channel that can be calculated by 4A/P (A is the 
area channel cross- section and P is the wetted perimeter of the channel cross- section), Um 
is the maximum fluid velocity, v is the kinematic viscosity, and a is particle diameter. In a 
straight channel, inertial lift force has two components, shear gradient and wall- induced 
lift force. Shear gradient lift forces generate due to the velocity difference between the 
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middle and wall of the channel and push particles toward the channel wall. On the other 
hand, when particles move toward the wall, wall- induced lift forces repel particles from the 
wall. The balancing of these two forces defines the equilibrium position of particles [59]. 
The magnitude of inertial lift force, FL, applied on a particle can be calculated using 
Eq. (18.12).
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where CL is dimensionless lift coefficient number and depends on the initial position of 
particles and channel Reynolds number. These cases are for rigid particles. Deformable 
particles experience another lift force that pushes them away from the particle wall. The 
balance of deformability- induced and inertial lift forces defines their equilibrium position. 
In straight channels with circular cross- sections, particles migrate to an annulus ~ 0.6 times 
the radius (Figure 18.4a). Changing the channel cross- section to square (aspect ratio of 1) 
reduces particle focusing positions to four points at the center of each wall (Figure 18.4b). 
In rectangular channels as the most widely used channel cross- section, however, particles 
show two- stage migration, and the focusing positions reduce to two points at the center of 
long walls (Figure 18.4c) [59]. In straight channels, the migration velocity of particles and 
focusing length can be calculated by Eqs. (18.13) and (18.14), respectively.
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Straight channels have been considered as the fundamental channel for most inertial stud-
ies and are used for various applications  [60]. For instance, the focusing principles in 
straight channels have been used to generate new flow cytometry devices with the capabil-
ity of counting and differentiating different cells  [61]. Bhagat and colleagues show the 
potential of continuous particle filtration and extraction within a straight rectangular 
channel [62].

A change in the channel shape from straight to curve, serpentine, curvilinear, or contrac-
tion and expansion arrays of microchannels leads to the generation of additional force 
called Dean drag force. For a curve channel, Dean drag force can be calculated by Eq. (18.15).

F a D RhD De De5 4 10 24 1 63. , Re /.
 (18.15)

where R is the curvature radius and De is the Dean number and defines the distribution 
and strength of Dean force. The secondary velocity generated within the channel can be 
approximated by 1.8 × 10−4×FD

1.63. In spiral channels, Dean number, channel aspect ratio, 
and the ratio of channel dimensions to curvature radius significantly affect the distribution 
of secondary flows and, as a result, particle focusing [63, 64]. In inertial microfluidics, spi-
ral microchannels have been investigated significantly. Most of the particle sorting and 
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separations are applied with spiral channels. One of the most significant benefits of spiral 
channels is their capability to run with high throughput. Based on the principles of particle 
focusing in spiral channels, Bhagat et  al. proposed a sheathless flow cytometry system 
capable of processing 2100 particle/s [65].

(a) (d) Inlet

Middle

Outlet

Flow direction

Inlet

Outlets

2009

Softlithography

Particle flow

Focusing flow

1 2

5 6 7

3 4

Parallel
channel layer

20 mm

WS

WL

RS

RL

θ = 30°
1

2

3

4

5

6

7

Inlet

Outlets

Adhesive
layer

Outlet layer

Sample flow Blank fluidConcentrated
sample

Adhesive
layer

Adhesive
layer

Confluence
channel layer

Confluence
channel layer

s2

s1
1

2

3Dean drag force (FD
)

Dean flo
w

Inertial lift 
force (FL)

z

x

y

Bhagat et al.
Papautsky et al.

Guan et al.
Warkiani et al.

Proposed in
this study

Micromilling 3D Printing

H
is

to
ry

I II III

2012 2019

(c)

(b)

(e)

(f) (g)

Figure 18.4 Inertial migration of particles in (a) straight circular, (b) square, (c) rectangular, and 
(d) spiral microchannel. (e) Fabrication of spiral inertial microfluidic channel with right- angled 
triangular cross- section using additive manufacturing method [72]. (f) A polymeric multilayer 
inertial microfluidic device for algae dewatering [77]. (g) Inertial microfluidic phenomena in 
contraction–expansion arrays of microchannels [79].
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Based on Eqs. (18.12) and (18.15), the force that is imposed on each particle is related to 
the particle diameter (FL ∝ a4, FD ∝ a), indicating that particles with different sizes occupy 
various focusing positions in the channel cross- section and can be collected from their 
assigned outlet (Figure 18.4d). Hence, particle and cell sorting become one of the main 
applications of spiral microfluidics. Kuntaegowdanahalli et al. demonstrated the potential 
of spiral microfluidics for simultaneous separation of 10, 15, and 20 μm particles with 
> 90% separation efficiency using a spiral channel with a rectangular cross- section. Sun 
et al. proposed a double spiral microchannel that can isolate cancer cells from blood [66]. 
They claim that the double spiral device can improve the separation efficiency and works 
better for smaller particles. Xiang et al. employed a spiral microchannel with five loops 
with rectangular cross- section of 50 μm height and 150 μm width. They showcased the 
application of the channel for high- throughput blood cell focusing and plasma isola-
tion [67]. Changing the channel cross- section from rectangular to trapezoidal can further 
increase the separation resolution. Rzhevskiy et al. demonstrate the use of a trapezoidal 
spiral microchannel with a width of 600 μm, the inner wall of 90 μm, and the outer wall of 
140 μm for prostate cancer cell separation from the urine of patients [68]. Also, Condina 
and colleagues proposed a trapezoidal spiral channel for efficient and high- throughput 
separation of yeast cells from beer spoilage microorganisms to improve the limit of detec-
tion of beer spoilage bacteria in beer samples [69]. Recently, with the massive improvement 
of additive manufacturing and its combination to microfluidics, spiral with cross- sections 
rather than rectangular and trapezoidal has been proposed [70, 71]. For instance, Razavi 
Bazaz et  al. have fabricated a novel spiral microchannel with a right- angled triangular 
cross- section using DLP 3D printing method (Figure 18.4e). The channel has the capability 
of focusing particle along the side of the triangle, appropriate for flow cytometry and sam-
ple dewatering [72]. Apart from straight and spiral channels, serpentine and curvilinear 
channels have been used frequently for various applications. These channels gain signifi-
cant attention as they have enhanced particle focusing ability, small footprint, and huge 
parallelization potential. In these channels, the alternating direction of the curvature leads 
to unsteady secondary flow generation in an intricate behavior. Usually, three focusing pat-
terns are observed in these channels. By increasing the flow rate, modes of particle focusing 
changes from double side focusing to transition and then single line focusing. This focusing 
pattern depends on the particles’ size and can be used for separation of particles with dif-
ferent sizes where one is in the double line focusing mode while the other one is in the 
single line focusing mode [73].

Di Carlo et al. was the first who investigated particle focusing in an asymmetric curvilin-
ear channel and reveal that the focusing of particles reduces to one position within these 
channels [74]. Later, Zhang et al. investigated the complete mechanism of particle focusing 
in curvilinear channels [75]. Inertial focusing in these channels can successfully order cells 
and particles with well- defined particle focusing, appropriate for such applications as par-
ticle concentrating, flow cytometry, and single- cell stretching. Square wave microchannels 
have also been used for inertial particle focusing. Zhang and colleagues showed blood 
plasma extraction with a purity of > 99% at a flow rate of 350 μL/min. The system was fur-
ther parallelized to reach the flow rate of 2.8 mL/min and throughput of 7 × 108  cells/
min  [76]. Recently, Xiang et  al. reported a novel multilayer inertial microfluidic device 
consisting of asymmetric curvilinear channels with the throughput of 8 mL/min for con-
centrating Algae cells (Figure 18.4f) [77].
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Channels with contraction–expansion arrays are indeed straight channels with adding or 
subtracting a specific geometry. These channels can be asymmetric or symmetric if the 
contraction–expansion arrays are all on one side or both sides of the channel. These chan-
nels are capable of separating particles with different sizes due to the prolonged impact of 
Dean drag and inertial forces. Also, these systems can be operated with or without sheath 
flow [58]. Using symmetric contraction–expansion arrays of microchannels, the isolation 
of Malaria parasites from blood has been demonstrated  [78]. Lee et  al. have been used 
asymmetric contraction expansion arrays of microchannels for blood plasma separation 
and various cancer cells. They showed that the aspect ratio less than 1 is ideal for these 
systems [79]. Using the same concept, Kim and colleagues proposed a microfluidic channel 
for the separation of microalgae using a contraction–expansion array microchannel. They 
showed that they could successfully separate Chlorella vulgaris from Haematococcus plu-
vialis with more than 95% purity [80].

18.3  Active Microfluidic Cell Sorting Systems

18.3.1 Acoustic- Based Separation

Acoustic separation within microfluidic devices is a method in which particles are manipu-
lated via acoustic forces. These forces are generated by acoustic waves. In general, acoustic 
waves are divided into two varieties of surface acoustic waves (SAWs), including traveling 
surface acoustic waves (TSAWs) plus standing surface acoustic waves (SSAWs), and bulk 
acoustic waves (BAWs) [81]. The SAWs that scatter in one direction and spread away from 
the acoustic sources are denominated TSAWs, illustrated in Figure  18.5a. Two opposite 
TSAWs interfering or reflecting TSAWs, which create fixed nodes and antinodes in an 
unclosed or bounded domain, generate SSAWs, as displayed in Figure 18.5b [82]. Propagation 
of the acoustic standing waves in a microfluidic channel induces primary acoustic forces 
exerted on particles, which can be actively employed for particle manipulation. In acoustic 
separation based on employing SAWs, ultrasonic standing waves can be formed with two 
opposing sound sources or using a single transducer fronting a sound reflector. Generally, 
piezoceramic elements are used as the ultrasonic sources, and they can be coupled directly 
or through a coupling layer into the liquid [83]. Acoustic waves, formed within a piezoelec-
tric element, such as interdigital transducers (IDTs) patterned on a piezoelectric substrate, 
through the transduction of electric fields, scatter within and onward to the material bound-
aries [84, 85]. In contrast to SAWs that spread along the surface of a material, BAWs propa-
gate inside the resonant chamber of the microchannel within the bulk of a material, as 
shown in Figure 18.5c [86]. Therefore, to obtain similar acoustic effects within microfluidic 
devices, a higher level of energy is required. In this manner, piezoelectric transducers are 
tied to the microchannels and operated with an AC power supply to generate BAWs inside 
the microfluidic devices [87]. Although SAW systems have more precision in terms of parti-
cle positioning, BAW devices are able to create a faster movement of particles  [88, 89]. 
Moreover, since BAWs can easily propagate within the channels made of hard materials 
such as silicon, BAW- based acoustophoresis has gained more attention [86].

Generally, suspended particles are affected by induced Stokes drag force (Fdrag) in a 
streaming flow. At low Reynolds numbers, Fdrag acting on a suspended particle is calculated 
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by Eq. (18.16), in which μ is the fluid viscosity, Rp is the radius of the particle, and v donates 
the relative velocity between fluid and particles.

F Rpdrag 6  (18.16)

In the acoustic- based separation methods, employing the acoustic wave makes it possible 
to spatially control the positioning of particles in continuously streaming microfluidic 
channels. Acoustic waves propagating through the liquid generate a pressure gradient that 
produces the acoustic force, including an axial and a transverse component. The axial 
acoustic force, Faxial, pushes the particle to the node or antinode of the acoustic field. 
Commonly, Faxial is observed in the SSAW- based separation methods, along with the propa-
gating direction of the acoustic waves, which can be calculated by Eq. (18.17) [81, 90].

F
P V

kxp c
c

m
axial

0

2
2, sin

 
(18.17)

5 2
2

p m

p m

c

c

p

m  
(18.18)

where P0, Vp, λ, k, x, ρ, and βc correspond to the pressure amplitude, particle volume, wave-
length, wave vector, distance from the maximum pressure amplitude to the minimum pres-
sure amplitude, density, and compressibility, respectively. Also, ϕ indicates the acoustic 
contrast factor, which can be calculated by Eq. (18.18). The p and m subscripts symbolize 
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Figure 18.5 (a) Schematic illustration of traveling surface acoustic waves (TSAWs) propagation in 
a microfluidic channel cross- section [81], (b) schematic illustration of standing surface acoustic 
waves (SSAWs) propagation in a microfluidic channel cross- section [81], (c) schematic illustration of 
bulk acoustic waves (BAWs) propagation in a microfluidic channel cross- section [81], (d) positioning 
the particles by the acoustic and drag forces, where the larger particles are shifted to the center, 
and the smaller ones are moved to the edges [93], and (e) separation of particles based on their 
acoustic contrast factor in a BAW- based device, where positive contrast particles are positioned in 
pressure node, and negative contrast particles are shifted to the pressure antinodes [92]. PN 
intimates the pressure node, and the PA indicates pressure antinode.
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particles and medium, respectively. Balancing the acoustic and viscous force determines 
the positioning of the particles, as illustrated in Figure 18.5d. When the particle moves to 
the position of the pressure node, the axial component of acoustic force is negligible, and 
the transverse component (Ftrn), calculated by Eq.  (18.19), pushes the particles close to 
each other in the nodal plane [81, 91]. As identified by Eq. (18.19), Ftrn is directly depend-
ent on the gradient of the acoustic energy (∇⟨Eac⟩).
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Regularly, BAW- based devices work at a low frequency and a long wavelength, which is 
beneficial for the handling of larger particles. In this method, smaller particles are shifted 
by the induced drag force, while the larger particles are manipulated by the acoustic force. 
However, smaller particles can be directly manipulated by scaling down the device size and 
scaling up the frequency. In this case, BAW- based separation systems are usually used to 
isolate particles based on their size differences [86]. Moreover, Fornell et al. demonstrated 
the possibility of separating various particles with different acoustic contrast factors within 
a water- in- oil droplet. They proved that in BAW- based microfluidic devices, positive acous-
tic contrast particles are shifted to the pressure node, and negative acoustic contrast parti-
cles are directed to the pressure antinodes, as shown in Figure 18.5e [92]. Furthermore, the 
mechanical vibrations of the walls in BAW- based separation devices excite waves in micro-
fluidic channels at geometrically determined resonant frequencies. These waves generate 
higher pressure amplitudes compared with SAW- based devices. Hence, BAW- based micro-
fluidic devices supply a faster acoustophoretic movement of particles than SAW- based 
systems [89].

By considering the mentioned details about each method employed for acoustic separa-
tion of the particles within microfluidic channels, it has been noticed that the SAW- based 
microfluidic separation method has the following advantages compared with the BAW- 
based microfluidic devices. The first is the ability to control excitation frequencies in a wide 
range so that utilizing higher excitation frequencies make it possible to precisely control 
particles and their medium. Also, channels made of materials with high acoustic reflection 
are not required, which allows the fabrication of microfluidic devices with a wide range of 
polymers. Due to the convenient fabrication of SAW- based microfluidic separation devices 
through standard micro and nanofabrication processes, these systems are more versatile 
for mass production. Moreover, since SAWs propagate on the surface instead of the bulk of 
the device substrate, they need a lower amount of power supply to have the same effect as 
BAWs have [94].

Based on Eq. (18.18), the differences in physical properties, such as compressibility and 
density, between the particles and their surrounding medium causes the transformation of 
particles by generated acoustic wave forces [83]. Moreover, numerical studies are widely 
suggested for improving the separation efficiency of acoustic- based separation in microflu-
idic devices. For example, Shamloo et al. numerically simulated the influence of varying 
the amplitude of the acoustic field as a result of the applied voltage on the performance of 
the blood component separation [95]. Also, by considering Eqs.  (18.17) and (18.19), the 
particle properties, including the particle size, compressibility, acoustic properties, and 
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density, determine the positioning of them in the microchannel [96, 97]. It was proved that 
displacing particles to distinct size- dependent streamlines make it possible to differentiate 
multiple types of particles, such as vesicles, by their size profile. It is caused by various 
acoustic forces, which are proportional to the volume of particles. Nam et al. presented a 
density- based acoustic separation in the microchannel, which confirmed that beads with a 
similar size but different densities are focused in the center of microchannels through 
hydrodynamic forces  [90]. In their study, however, as SSAWs propagate, monodisperse 
 particles are separated and shifted toward the sidewalls due to their density. Based on the 
proposed method, they successfully separated alginate beads with equal size but different 
in the number of encapsulated cells.

Employing acoustic waves offers contact- free manipulation of the particles from differ-
ent sizes and densities. The separation occurs within microfluidic channels by tuning the 
frequency and the magnitude of acoustic waves beside the induced drag force of the fluid 
flow  [98]. Based on the specified advantage, the potential for sample contamination 
reduces. It is noteworthy that in acoustic- based microfluidic separation devices, acoustic 
waves in the range of ultrasonic power intensity and frequency are employed. Ultrasonic 
waves are widely used in biomedical applications, such as ultrasonic imaging [94]. As ultra-
sonic waves hardly damage biological tissues, using this range of acoustic waves emerged 
as a safe and biocompatible method for particle manipulation  [99]. Moreover, utilizing 
acoustic waves for acoustic focusing eliminates the requirement of the sheath flows in par-
ticle manipulation. Hence, focused bioparticles can remain in their native fluids and are 
not diluted, which can minimize the shocks from the buffer and eliminate the concentrat-
ing step [100].

Functionalities of acoustic- based separation devices, such as high biocompatibility and 
ease of preparation and test procedure, provide the possibility toward cellular and subcel-
lular particles manipulation. For instance, a compact microfluidic system was designed to 
integrate size- based acoustic separation with biomarker expression- based immunolabeling 
for cell analysis toward whole blood investigations [101]. The proposed device offered inte-
gration of complete hematological separation of about 100% trapping efficiency of spiked 
polystyrene beads plus MCF- 7 cells and on- chip immunofluorescent labeling. Additionally, 
a plastic- based acoustofluidic device was used to separate the platelet sample from undi-
luted human whole blood, which established a sample throughput of 20 mL/min, an RBC 
and WBC removal rate of 88.9%, and a platelet recovery rate of 87.3% [102]. Evaluating the 
platelet activation level, hypotonic shock response (HSR), platelet aggregation activity, and 
morphology in the cited research presented a better quality for the isolated platelets than 
those separated using the gold standard methods, such as centrifugation. Furthermore, 
acoustic- based devices have been recognized as reliable and high- throughput systems for 
the isolation and separation of rare cells, such as CTCs. Zheng et al. developed a multistage 
acoustic microfluidic device to separate CTCs from blood cells, as presented in Figure 18.6a, 
containing a pair of straight IDTs and focused interdigital transducers (FIDTs) [103]. Based 
on the proposed method, they were able to separate 90 ± 2.4% of U87 glioma cells from 
RBCs. Due to the size variations between blood cells and bacteria, acoustofluidic devices 
emerged as a reliable option toward the separation and identification of pathogenic bacte-
ria for sepsis diagnosis. For example, a study on the isolation of E. coli from human blood 
samples using a tilted- angle standing surface acoustic wave (taSSAW) field, as shown in 
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Figure  18.6b, demonstrated the purity of more than 96%, enabling more sensitive and 
 specific detection of pathogens from biofluids in the detection unit [104].

It is worth mentioning that acoustofluidic separation technology has the capability of 
submicron scale isolation. For example, a developed acoustic- based microfluidic system is 
used for label- free and continuous filtration of microvesicles [105]. Wu et al. produced an 
acoustofluidic chip for label- free and contact- free isolation of exosomes in a single chip 
integrated with two acoustofluidic modules [106]. In their stated device, exosomes, which 
are nanoscale extracellular vesicles (EVs) approximately 30 to 150 nm in diameter, sepa-
rated from whole blood with a blood cell removal rate of over 99.999%. Following that, Wu 
et al. designed an acoustofluidic system for the label- free and biocompatible separation of 
EVs plus lipoprotein subgroups [107]. In their proposed device, isolation happened based 
on vesicles and lipoprotein acoustic properties, which exhibit negative contrast as oppose 
to positive contrast. A novel approach called diffractive- acoustic surface acoustic waves 
(DASAW) was proposed for continuous particle focusing at the micron and submicron size. 
This method allows for continuous focusing on a variety of channel shapes. Moreover, in 
the DASAW method, particles above an acoustic- contrast- factor- dependent size migrate to 
channel edges, where the acoustic radiation force is dominant. Due to the no- slip boundary 
condition, particles near the channel edges experience a lower flow velocity, which maxi-
mizes their time exposed to the acoustic field [108].

Integrating acoustic wave with fluorescence- activated cell sorting (FACS) systems, 
instead of electrical- based forces as declared for the E- FACS systems, enables higher 
throughput, optimal sorting purity, and reliable cell viability in cell separation. In the last 
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Figure 18.6 (a) Utilizing a multistage acoustic microfluidic device for CTCs separation, containing 
a pair of straight interdigital transducers (IDTs) and focused interdigital transducers (FIDTs) [103], 
(b) E. coli isolation using a tilted- angle standing surface acoustic wave (taSSAW), left is the 
bright- field and right is the fluorescence image representing RBCs and E. coli following taSSAW 
apply [104], (c) sorting of fluorescently labeled micron- sized particles and biological cells by 
applying focused traveling surface acoustic wave in an A- FACS device [110], (d) a sheathless A- FACS 
system taking advantage of elasto- inertial cell focusing and traveling surface acoustic wave 
(FTSAW) for cell separation [111].
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decades, acoustic- based fluorescence- activated cell sorters (A- FACS) have been proposed 
by using the piezoelectric substrates for acoustic wave generation  [109]. In the A- FACS 
method, sorting does not require magnetic or dielectric labeling of cells. Also, it is inde-
pendent of the electrolytic buffer utilized to suspend the cells, which simplifies the manip-
ulation of cells and biohazardous materials. For instance, Schmid et al. produced a versatile 
SAW- actuated microfluidic sorter based on the A- FACS technique with sorting rates as 
high as several kHz (3000 cells/s)  [109]. Their study proved the biocompatibility of the 
stated method as only low shear forces were needed for cell sorting, while fluid volumes 
had switched instead of applying forces directly to the desired cells. Also, it was demon-
strated that in the A- FACS method, by employing SAW, cells can be directly sorted from the 
medium without prior encapsulation into drops. Lately, Ma et al. fabricated a benchtop 
scale A- FACS system, as displayed in Figure 18.6c, which facilitated the sorting of micron- 
sized particles and biological cells, such as cancer cells, using about 50 μm focused trave-
ling surface acoustic wave (FTSAW) [110]. Also, they numerically investigated the isolation 
and sorting mechanism of micron- size particles and cells, which were exposed to a focused 
traveling acoustic field. By employing the A- FACS method, they attained to separate fluo-
rescently labeled breast cancer cells from diluted whole blood samples with a purity of 
higher than 86% without generating aerosols. Recently, Li et  al. proposed a sheathless 
A- FACS system, as shown in Figure  18.6d, which took advantage of elasto- inertial cell 
focusing and highly (about 50 μm wide) FTSAW for cell separation without sample dilu-
tion [111]. Through the fabricated A- FACS system, sorting of cells with both purity and 
recovery rate of about 90% were achieved besides maintaining high cell viability, only 3–4% 
lower than using a commercial FACS machine.

In summary, acoustic- based microfluidic devices have been successfully employed for 
the separation of blood cells, cancer cells, bacteria, and submicron EVs. In these devices, by 
controlling acoustic and drag forces, particles can be separated based on their size, density, 
compressibility, and acoustic properties. Advantages of this method include being contact- 
free, label- free, biocompatible, highly controllable, high- throughput, and versatile, which 
made these systems a reliable option for biological research and clinical usages.

18.3.2 Electric- Based Separation

Electrical separation within microfluidic devices is a noninvasive and label- free method 
in which particles are manipulated using the electrokinetic effects of an electrical 
field  [112]. In this method, particles suspended in a fluid are carried by an electrical 
effect, which enables their selective manipulation and separation. The separation process 
in this method can be divided into electrophoresis (EP), dielectrophoresis (DEP), and 
electric- based fluorescence- activated cell sorting (E- FACS), which will be discussed in 
the following paragraphs.

The separation of particles in EP occurs using uniform direct current (DC) voltage 
applied to two electrodes. In an EP- based microfluidic device, the particle trajectory is 
determined by hydrodynamic drag and electrophoretic forces. Hydrodynamic drag force is 
induced by the applied pressure- driven and electroosmotic flow, which is in parallel and 
opposite directions of the electrophoretic force  [113]. The electric field, E, at a point 
between anode and cathode, is equivalent to the electric force (Fe, also known as 



18.3 Active Microfluidic Cell Sorting Systems 671

electrostatic force or Coulomb force) per unit charge (q) (Eq. (18.20)). The electric force Fe 
is also known as the electrostatic force or Coulomb force [114].

E F
q
e

 
(18.20)

Fe is a force that a particle in the electric field experiences. q is a scalar quantity that has 
either positive or negative magnitude without any direction. However, the electric force Fe 
and E are vectors. In this case, if q has a positive charge, Fe will act in the same direction as 
E, but if q has a negative charge, Fe and E will be in opposite directions. In devices based on 
EP, particles are isolated due to the magnitude of their charges and the electrical field, as 
shown in Figure 18.7a [114].

In contrast to the EP method with a fixed electric charge, the separation in the DEP tech-
nique depends on the generation of induced surface charges related to the intrinsic dielec-
tric properties of the particle and its surrounding medium  [115]. Also, both DC and 
alternating current (AC) fields can be employed, but the field applied must be nonuni-
form [114]. Applying an electric field on a polarizable particle suspended in a conductive 
medium causes a redistribution of charges on the particle surface and its surrounding 
medium, which induces a dipole on the particle. In a nonuniform electric field, the particle 
experiences a net force inducing translational motion of the particle called dielectropho-
retic force  [112]. DEP devices can contain embedded electrodes or be electrodeless. 
Electrodes are created by lithographic processes, and the device can include numerous 
planar electrode configurations. In this manner, electrodes enable the high electric fields 
and field gradient creation with a relatively low applied potential. Also, they are compatible 
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Figure 18.7 (a) Electrophoresis- based separation of particles based on their charges and the 
magnitude of a uniform DC electrical field, (b) In negative DEP, the dielectrophoretic force moves 
the polarized particles toward the lower electric field (on the left), and in positive DEP, the 
dielectrophoretic force pushes the polarized particles in the higher electric field direction (on the 
right) [119], and (c) Schematic illustration of E- FACS method. Droplets containing targeted cells are 
deflected by an electric field, after identifying in a flow cytometer system.
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with the high- frequency operation of about 104  Hz. In electrodeless or insulative DEP, 
 electrodes are placed in external reservoirs. It provides DEP devices’ actuation with both 
AC and DC electric fields, also at low frequencies [116].

Generally, particles in the DEP method are affected by FDEP (Eq. (18.21)), where εm is the 
absolute permittivity of the surrounding medium, R determines the particle radius, E 
denotes the amplitude of the electric field, and ∇ represents the gradient operator. Also, 
CM implies the Clausius–Mossotti factor related to the effective polarizability of the parti-
cle, which was precisely discussed in reference [117] and refers to the real component of 
the Clausius–Mossotti factor calculated by Eq. (18.22) [118]:
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where p
* and m

*  indicate the complex permittivity of the particle and the medium, respec-
tively. Furthermore, the complex dielectric constant can be calculated by Eq. (18.23) [119], 
where j is 1 , ɛ refers to the dielectric constant, σ indicates conductivity, and ω means the 
angular frequency of the applied electric field.
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DEP can be categorized into positive and negative modes, which pushes particles toward 
strong or weak field regions, based on the CM factor sign, as presented in Figure 18.7b [120]. 
In the positive DEP, particles migrate to a region of the stronger electric field, closed by the 
electrodes, while they have a higher permeability than the surrounding fluid, CM > 0. 
Conversely, in negative DEP, particles having lower permeability than the surrounding 
fluid, CM < 0, are shifted far from the greater electric field [121].

Since the dielectrophoretic force scales with the radius of the particles (Eq. (18.21)), it is 
approved as a suitable method for the size fractionation of cells and particles. Zhou et al. 
numerically investigated the particle electrophoretic motion due to the effect of DEP force 
employing a time- dependent arbitrary Lagrangian–Eulerian finite element numerical 
model [122]. It revealed that in both Newtonian and viscoelastic fluids, particles with dif-
ferent sizes own different trajectories, which can be used for continuous manipulation of 
the biological particle within the microchannel. For instance, Jones et al. demonstrated a 
microfluidic device with an efficiency of more than 92% integrated with dielectrophoretic 
mechanisms for size- based sorting of 1.0, 10.2, 19.5, and 48.5 kbp dsDNA analytes [123]. 
The channel performance was tunable based on applied potential and frequency. Recently, 
Dabighi et al. designed and computationally simulated a microfluidic device to diagnose, 
count, and separate cancer cells from the blood sample  [124]. The study evaluated the 
effects of EP and DEP forces within an electrical field on CTCs. Under the same condition 
applied for manipulating spherical particles in the presented device, it was proved that 
particles of different sizes experienced various electrokinetic forces, which can be used as 
a basis for cancer cell separation.
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Based on Eq. (18.23), altering the frequency of the applied voltage makes it possible to 
induce a dipole moment in a particle, which causes the particle to undergo a move-
ment [119]. Hence, particles in different sizes can be sorted by manipulating the frequency 
of the applied voltage. Modarres et al. introduced a new concept termed frequency hopping 
DEP to provide a modulating force field for cell and particle isolation [125]. As displayed in 
Figure 18.8a, two frequencies were used for capturing and releasing polarizable polysty-
rene microspheres in a nonuniform electric field. Within the designed device, a mixture of 
particles was withdrawn into the microfluidic system at a flow rate at which the negative 
dielectrophoretic force catches all incoming particles. The capture frequency for all particle 
sizes was set at 1 MHz to produce the maximum negative dielectrophoretic force. Then, the 
frequency was decreased from 1 MHz till desired particles started escaping the dielectro-
phoretic traps. Based on this method, the isolation of 3, 5, and 10 μm particles, with purities 
of 98.7% and cells with separation efficiency of 82.2% were achieved. Also, repetitive DEP 
trapping and release in a flow system demonstrated a high- resolution separation of 
 particles. Particles in the proposed method are refocused in every trapping step. Thus, the 
efficiency of the multistep DEP trapping- based separation method increases and is a direct 
function of the number of trap- and- release steps [126].

Employing the DEP method offers manipulation of the particles based on their polariza-
bility. For instance, Zhang et al. demonstrated particle separation by utilizing the induced 
charge electroosmotic flows. In their proposed method, a region of circulating flows, formed 
by applying a DC electric field on a pair of metal plates embedded on the side channel walls, 
provided the particle trajectories depending on their sizes and polarizabilities [127].

Combining forces induced by channel structure with electrically induced forces provide 
further precise manipulation of particles in microfluidic devices. As presented in 
Figure 18.8b, Jia et al. used vaulted obstacles to facilitate the separation by hydrodynami-
cally focusing particles in regions strongly affected by AC DEP [128]. Also, by utilizing 3D 
electrodes, a spatially nonuniform electric field in various heights of the main channel can 
be generated, which increases the throughput of the proposed microfluidic devices com-
pared with the ones embedded with planar electrodes. Moreover, Calero et  al. demon-
strated tunable micro and nanoparticle separation system by joining electric fields within a 
DLD separation device. In their device, the separation of particles smaller than the critical 
diameter of the DLD device improved by applying DC and AC orthogonal electric 
fields [129]. Likewise, Ho et al. presented an integrated DLD device with electrokinetics 
(eDLD), as shown in Figure 18.8c, to sort particles based on their sizes and zeta potential 
(electrokinetic charge indicator). They were successfully able to show a tunable separation 
of micro and nanoparticles, such as liposomes and EVs, having different sizes and surface 
charges. In the introduced device, electrokinetic wall force fields around the pillars adjust 
the particle trajectories [130].

E- FACS is an electrical separation method in which fluorescence- labeled particles are 
isolated using an electric field. To understand the concept of E- FACS, it is worth mention-
ing the flow cytometry technique. Flow cytometry measures the properties of cells in a flow 
system by analyzing light- scattering properties of the cells [118]. Figure 18.7c illustrates the 
mechanism of the flow cytometer and the E- FACS system. Primarily, cells flow one at a 
time through a fluorescence measurement site by utilizing a hydraulic system. As the cell 
passes through the laser beam, light is scattered in all directions approaching the detectors. 
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The sensing system contains two types of forwarding and side detectors. The size of the 
cells and cell count can be obtained through the forwarding detector, while reflected light 
at 90° (right- angled, side) is analyzed in the side detectors for measuring the properties of 
cells. A computer system that collects data recognized the properties of the cells, which can 
be used for sorting them [119, 131]. In E- FACS systems, to accurately identify different cell 
types within a heterogeneous population, the desired cells are conjugated with specific 
fluorescence- labeled antibodies or dyes. Then, cells were encapsulated in droplets indi-
vidually. Droplets containing the desired labeled cells can be specifically charged according 
to the derived properties from the flow cytometer and later deflected by an electric field 
into an appropriate reservoir [132].

Due to the high sensitivity and throughput of the FACS system, it has become one of the 
most applicable methods of cell counting and sorting. The commercially flow cytometry 
systems were capable of sorting cells with high purity at rates from 25,000 to 
60,000 cell/s [133]. As mentioned, cells must flow one by one through a fluorescence meas-
urement site. In conventional FACS systems, hydrodynamic focusing of cells occurred 
using sheath fluid flow. Integrating the FACS system within microfluidic devices make it 
possible to take advantage of the laminar flow in microchannels, which focuses particles 
toward the center line [134]. Early attempts regarding uniting E- FACS systems with micro-
fluidic devices date back to the 1990s  [135, 136]. The development of microfabricated 
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Figure 18.8 (a) Using two frequencies for capturing and releasing polarizable microspheres in an 
applied nonuniform electric field in which red particles were allowed to pass the capture zone, but 
blue and green particles were trapped [125], (b) hydrodynamically focusing particles in regions, 
which are strongly affected by AC DEP by utilizing vaulted obstacles on a channel wall [128], and 
(c) a conventional DLD device (on the left) and an integrated DLD device with electrokinetics to 
manipulate particles based on their size and zeta potential (on the right). In an eDLD device, 
electrokinetic wall force fields around the pillars (F DEP) shift the particles away from the 
pillars [130], (d) trajectories of droplets stream in a fluorescence- activated droplet sorter (FADS). By 
applying an AC electric field, the droplets were deflected toward the positive arm [138].
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fluorescence- activated cell sorters (μFACS) provides higher sensitivity, no cross- 
contamination, and lower cost [136].

Advantages to microfluidic- based E- FACS systems include the benefits of microfluidic 
devices, such as being smaller, portable, and low cost, besides the precise isolation available 
in the E- FACS method. Moreover, microfluidic- based E- FACS is feasible for precisely han-
dling single cells in the laminar microflow  [137]. Furthermore, employing the E- FACS 
method within microchannels allows the performance of micro actuators, which are 
merely powerful enough to cause micrometer cell flow deflection [137]. For instance, Baret 
et al. demonstrated a microfluidic sorting system, as presented in Figure 18.8d, based on 
fluorescence- activated droplet sorter (FADS) by combining the advantages of microtiter- 
plate screening and E- FACS [138]. Contrary to the declared E- FACS method, in the fabri-
cated device, they applied the AC electric field (like the field used in the DEP method), and 
the deflection of droplets into the positive arm was observed. By operating the FADS device, 
single cells, which are compartmentalized in emulsion droplets, separated using the 
E- FACS technique, based on DEP, at rates up to 2000 droplet/s. Recently, Zhu et al. devel-
oped a high- throughput screening system based on droplet microfluidic sorting employing 
FACS [139]. In this system, encapsulated cells in water- in- oil- in- water (W/O/W) droplets, 
with a volume of about 12 picoliters, were used as picoliter- reactors for lactic acid fermen-
tation. After fermentation, the FACS system was utilized with an analysis rate of 500–1000 
event/s and a sorting rate of 100–500 event/s. By integrating microfluidics, the application 
of the FACS technique emerged as an ultrahigh- throughput, highly sensitive, and practical 
method due to the little reagent consumption (picoliter level) for flow cytometry and cell 
separation.

In brief, electrical separation within microfluidic devices can be carried out in EP, DEP, 
and E- FACS manners. In the EP- based devices, separation of particles in various sizes 
occurred only by charge density of the particle in a uniform electric field [1]. However, in 
DEP- based devices, by controlling the frequency of the applied voltage or polarizing the 
particle in a nonuniform electric field, the separation of particles in different sizes is pos-
sible [1]. Advantages of this method include being highly controllable, sensitive, and high 
throughput, which made these systems a versatile alternative for biomedical and clinical 
research.

18.3.3 Magnetic- Based Separation

Magnetophoresis within microfluidic devices is a method in which particles and cells are 
manipulated using magnetic forces. In continuous- flow microfluidic devices, magnetic 
force deflects different particles into various trajectories toward the outlets based on their 
size, shape, density, and magnetic properties [140]. The magnetic flux source applied in 
microfluidic devices can be adjusted by employing electromagnets, soft magnets, and per-
manent magnets. These flux sources have both pros and cons. For example, utilizing elec-
tromagnets and soft magnets, opposed to permanent magnets, enables on/off switching, 
but require extra pieces of equipment. Also, Joule heating is another highlighted shortcom-
ing of electromagnets- based devices.

Based on the magnetic property of the particle and its surrounding medium, magnetopho-
resis is categorized into positive and negative manners. In the positive magnetophoresis, 
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microparticles with a greater magnetization than their surrounding medium, for example, 
magnetic microparticles suspended in the diamagnetic surrounding medium, move toward 
the field maxima, near the external magnetic source, as shown in Figure 18.9a and b [140, 
141]. Positive magnetophoresis is suitable for separating magnetic microparticles or biologi-
cal entities with intrinsic magnetic properties. Similarly, labeling diamagnetic cells enables 
the functionality of the positive method. However, since bounding cells with the magnetic 
particles is a laborious and time- consuming technique [142], alternatively, magnetic separa-
tion of diamagnetic microparticles can be done by employing the label- free negative magne-
tophoresis method [140]. Under the magnetic field, diamagnetic particles suspended in a 
paramagnetic fluid represent negative magnetophoresis, which leads to the migration of 
particles in the direction of a weaker magnetic field of the magnetic domain, as illustrated 
in Figure 18.9c [143].

To shed light upon the magnetic separation strategy, the forces and the parameters caus-
ing the magnetic manipulation of microparticles within microfluidic devices are discussed 
in the following. Magnetic forces generated by the interaction between magnetism and 
fluid flow on the microscale can actively actuate and manipulate particles within microflu-
idic devices [144]. Magnetic particles suspended in a continuous flow are deflected by the 
applied magnetic field and the viscous drag force. The velocity of deflection of the magnetic 
particles (udef), as shown in Eq. (18.24), is defined as the summation of two vectors of the 
magnetically induced flow velocity on the particle (umag) and the velocity of the hydrody-
namic flow (uhyd) [145]. Umag, presented in Eq. (18.25), is defined as the ratio of the mag-
netic force exerted on the particle by the magnetic field to the viscous drag force [145].
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Figure 18.9 (a) Positive magnetophoresis manipulation of particles with intrinsic magnetic 
properties suspended in the diamagnetic surrounding medium, where particles migrate to the 
stronger magnetic field, (b) positive magnetophoresis manipulation of magnetically labeled 
diamagnetic particles suspended in the diamagnetic surrounding medium, where tagged particles 
move closer to the magnetic source, (c) negative magnetophoresis manipulation of diamagnetic 
particles suspended in a paramagnetic fluid, where particles are shifted to the weaker magnetic 
field, distant from the magnetic source, (d) separation of targeted magnetically labeled cells within 
the H- like channel magnetophoresis device, and (e) possibility of parallel magnetic separation 
based on various particle size and their magnetic properties.
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where μ is the viscosity of the medium, and r the particle radius. Also, the magnetic force 
is defined as Eq. (18.26), in which B, Vp, ΔX, and μ0 are the magnetic flux density, the parti-
cle volume, the difference in magnetic susceptibility between the particle (XP) and the 
medium (Xm), and the permeability of a vacuum, respectively [146].
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To intensify the separation efficiency, the magnetic field gradient can be amplified by 
employing powerful superconducting magnets to enhance the magnetic force strength. 
This method is appropriate for the separation of several cell types, such as red blood cells 
due to their high concentration of Fe ions [147]. Alternatively, the magnetic force strength 
can effortlessly increase by adjusting the magnetic susceptibility of the medium 
(Xm) [148]. A report on the label- free magnetophoretic microparticles separation method, 
including biological cells, using paramagnetic salts proved this approach [148]. In their 
study, biocompatible Gd–DTPA paramagnetic solutions were used to enhance the mag-
netic susceptibility of the medium, which led to an increase in the magnetic force acting 
on the cells.

Another option to increase the efficiency of magnetic cell separation is by improving the 
magnetic susceptibility of the particles (XP). Magnetic labeling of cells by magnetic beads 
with the recognition molecule, like antibodies, is a way that has been frequently used. In 
this method, by employing a gradient magnetic field, the magnetic beads will be isolated, 
which in turn picked out the labeled cells  [1]. As stated, in positive magnetophoresis, 
toward a nonuniform magnetic field, particles are deflected to the region of maximum 
magnetic field strength as a result of the magnetic force acting on the labeled cells with 
greater magnetic susceptibility than that of the surrounding medium [149]. This strategy is 
also commercially available, called magnetic activated cell sorting (MACS) and 
CELLSEARCH. Drawbacks of the MACS method includes prolonged processing time and 
the possibility of low sorting efficiency due to the nonspecific binding of antibodies [150]. 
Besides, these systems require a large number of samples, cell- specific antibodies, and 
magnetic particles for isolating the labeled cells with high throughput (109–1010 cells/h), 
high purity, and high recovery rate for functionality  [151]. To address these problems, 
microfluidic- based magnetically actuated cell sorters (μMACS) have been developed to 
increase the efficiency of cell separation and reduce sample consumption [150]. μMACS 
systems are normally designed using electromagnets, permanent magnets, or self- 
assembled magnets  [151]. μMAC systems are usually provided with H- like channels, as 
shown in Figure  18.9d, containing two inlets for the mixture sample plus sheath flow 
(buffer) and two outlets for cell separation. Furthermore, the number of outlets can be 
increased to separate tagged cells with variously sized magnetic particles, presented in 
Figure  18.9e, which experience different magnetic forces  [152]. In these microfluidic 
devices, a mixture of labeled and unlabeled cells introduced into one inlet, and the sheath 
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flow enters into the other one. In the presence of magnetic force, labeled cells cross the 
distinct laminar streams and are gathering by the target outlet [151].

As discussed in a review regarding applications of magnetic force- based microfluidic 
devices in cellular and tissue bioengineering, μMACS systems enable cell manipulation 
with low conflict within cell function, cell viability, and the cellular environment [153]. 
Besides, μMACS systems allow low cost eliciting various cells simultaneously  [1]. Even 
though magnetic separation is identified as a biocompatible method, higher magnetic field 
strength can endanger the cell viability due to the Joule heating [154]. To solve this issue, 
embedded cooling channels are employed. It was proved, by using cooling channels, a 
 biocompatible temperature condition of approximately 37 °C can be provided [155].

However, the critical limitations of μMACS systems are their low precision in separating 
micrometer- sized biological molecules such as bacteria in the blood sample, due to the 
high viscosity [156], the challenge of removing the antigen and label from separated cells, 
and necessitating the expertise of biologists in selecting the appropriate antibodies [150]. 
In the following, suggested solutions for drawbacks observed in microfluidic- based 
 magnetic separation systems are discussed.

Optimizing the forces causing particle separation is one of the main challenges in mag-
netic separation systems. The forces must be strong enough to enhance the separation 
purity and reduce the number of particles that leave the channel through the undesired 
outlet. However, the balancing of forces is required to prevent particles from sticking on the 
wall closer to the magnet. Integrating the functionalities of viscoelastic fluids in the mag-
netic separation method, reviewed in the following, makes it feasible to precisely manipu-
late the particles in the flow streamlines for effective separation. For instance, a study 
reported a deflection of magnetic particles with an efficiency of up to 96% by focusing the 
magnetic beads along a single streamline via using a viscoelastic fluid as a suspending 
medium before magnetic separation, as displayed in Figure 18.10a [157]. Similarly, it has 
been reported that particles of different sizes can be easily separated in a two- step opera-
tion, including a focusing module, which concentrated the particles of different sizes at the 
center of a narrow channel by the elastic force and separating them by a differential migra-
tion depends on their sizes using the magnetophoretic repulsion force  [158]. As it was 
stated, due to the high viscosity of samples, separation of cells and micrometer- sized bio-
logical molecules is facing a challenge. In high viscose samples, the reduction of magnetic 
flux density gradients occurs as the distance from the magnetic source increases. In this 
case, a study on the separation of E. coli represented that by patterning the obstacle arrays 
on the channel, generated rotational flows shift the magnetic nanoparticles to the high 
augmented magnetic force area, improving the efficiency to more than 91.68% [156].

The demand for accurate and noninvasive cancer cell separation induces scientists to 
employ magnetophoresis  [159]. For instance, a platform was introduced that integrates a 
DLD structure with a magnetic- based separator for antigen- independent isolation of CTCs. 
In the suggested strategy, most red blood cells and platelets were removed in DLD structures, 
and the labeled white blood cells were isolated using a magnetic- based separator [160].

To enhance the accuracy of magnetophoresis separation, multistage separation of particles 
has been proposed. For example, a report on negative magnetophoresis for size- dependent 
separation of brain cancer cells demonstrated a method regarding a two- step separation of 
cells with dual- neodymium magnets microfluidic device [161]. In the proposed device, the 
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separation occurred in two steps after focusing the microparticles to the center of the channel 
in non- Newtonian viscoelastic poly (ethylene oxide) solution. Furthermore, as presented in 
Figure  18.10b, a flyover- style microfluidic chip for separating and purifying WBCs from 
whole blood was developed by two- stage magnetic separation in a continuous flow [162]. In 
this device, at the first stage, in the lateral magnetic sorting region, the WBCs cross the inter-
face of the sample mixture to the buffer stream. In the following, to obtain a higher purity of 
WBCs, they were vertically separated within a flyover- style microchannel.

It has been also demonstrated that under the same condition in the microparticle diam-
eters and magnetic property, the particle density can be used for particle separation. For 
instance, utilizing the magnetophoretic sorting method provided a promising platform for 
isolating microdroplets with different microalgal cell densities, as displayed in 
Figure 18.10c [163]. The magnetic microdroplets used in the mentioned study were per-
formed using dextran- coated magnetic nanoparticles to exhibit magnetic properties when 
an inhomogeneous magnetic field is applied. Since the magnetic microdroplets had the 
same magnetic properties, they were influenced by an equal net force. By considering 
Newton’s second law, the mass of the microdroplet determined by the quantity of encapsu-
lated cells can define the lateral displacement of the droplet.

In summary, magnetophoresis within microfluidic devices is an active method of separa-
tion, which can isolate biological particles, such as cells, using their magnetic nature or by 
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Figure 18.10 (a) i: Using a long channel as a viscoelastic flow- focusing module in a 
magnetophoresis device, ii: low efficiency of particle separation by applying a magnetic field 
without focusing the magnetic beads along a single streamline, iii: high efficiency of particle 
separation up to 96% by applying a magnetic field after focusing the magnetic beads along a 
single streamline using a flow- focusing module [157], (b) two- stage magnetic separation in a 
continuous flow using a flyover- style microfluidic chip, which enables the isolation of particles 
laterally and vertically [162], and (c) the effect of density in separating magnetic drops with equal 
size. Drops containing cells undergo the same force as empty drops but based on the higher 
density, they experience a lower acceleration (ac), which consequently decreases the lateral 
displacement comparing with the empty droplets with an acceleration of (ae) [163].
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labeling them with magnetic markers. The separation efficiency within magnetic- based 
microfluidic separation devices is influenced by magnetic nanoparticle concentration, the 
flow rate, viscosity of the medium, the lateral or vertical location of the magnet, and diam-
eter plus density of the microparticles. The proposed magnetic devices proved to be adapt-
able for biological applications due to their biocompatibility, being accurate and 
high- throughput, and the ability to separate different particles simultaneously.

18.3.4 Optic- Based Separation

Integrating a focused beam of light within microfluidic devices makes it possible to directly 
manipulate particles of different sizes using optical radiation force [164, 165]. This promis-
ing platform can preserve the cell function, carry out accurate spatial control in three 
dimensions, and manipulate small particles [166]. Moreover, optical manipulation systems 
enable online reconfiguration due to the possibility of dynamic regulation of optical forces 
in time and space [164]. A focused laser beam can trap particles via generated optical scat-
tering and gradient forces caused by the mismatch in the refractive index between the cell 
and its surrounding fluid [164]. Within optical microfluidic devices, besides the drag force 
that controls the velocity change, particles experience gradient and scattering forces. 
Scattering forces (Fs) push particles away from the source of light in the direction of light 
propagation. In contrast, the gradient forces (Fg) focus particles to the highest intensity 
point generated by the light  [167]. To shed more light on the optical- based microfluidic 
sorting systems, particles are redirecting until scattering forces in the direction of light 
propagation exceed the gradient forces, where particles are optically trapped (Figure 18.11a 
and b) [167]. Employing Rayleigh theory, the optical forces on particles smaller than the 
wavelength can be calculated by Eq. (18.27) [168, 169] and Eq. (18.28) [170].
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where r indicates the position vector, ɛ denotes the electric constant in the vacuum, and m 
shows the ratio between the refractive index, n, of the particle with a radius of a and its 
surrounding medium nmed. Also, c, λ, E, and I imply speed of light, wavelength, optical 
field, and beam intensity, respectively.

The trapping of cells and particles in optical fields by precisely controlling a focused laser 
beam is called optical tweezers [119], which can be used in a microfluidic device to isolate 
the target population from a sample, as presented in Figure 18.11c [167, 171]. As derived 
from Eqs. (18.27) and (18.28), the manipulation of particles within optic- based microflu-
idic devices is obtainable owing to the objects’ size differences and the refractive index of 
particles plus their surrounding medium. Also, trapping and separating targeted particles 
can be provided using optical polarizing within the optical fields [1]. Acceleration of freely 
suspended micron- sized particles in liquids and gas by the forces of radiation pressure from 
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a continuous- wave (CW) visible laser light was primary observed in 1969 [172]. Following 
that, for the first time in 1986, Ashkin and colleagues introduced the optical trapping of 
dielectric particles by a single- beam gradient force trap [170]. The generated forces in their 
study shift particles with a high refractive index to the center of the beam and relocate 
them in the propagation direction. The proposed platform could trap dielectric particles 
ranging from 25 nm to about 10 μm, using two propagating beams. In this method, the axial 
stability was provided using a single strongly focused beam with a considerable axial gradi-
ent force. Later, the forces of optical tweezers on micron- sized dielectric spheres in the ray 
optics regime was calculated by the same group [173], which can explain laser trapping and 
manipulation of living cells and organelles within cells.

In the Rayleigh regime (in which particles are much smaller than the laser trapping 
wavelength), the electric field of the light generates an induced dipole in the particles and 
shift them toward the center of the beam, where their energy is minimized, as illustrated in 
Figure 18.11d. In this regime, particles are aligned based on their polarizability. However, 
in the Mie regime (where particles are larger than the laser trapping wavelength), as shown 
in Figure 18.11e and f, particles are separated due to their transparency. In the Mie regime, 
the reflection and refraction of light generate the scattering plus gradient forces [174, 175]. 
Besides, the particle shape and the light field contour alter the orientation of a nonspheri-
cal particle within a beam. The orientation of certain particles, such as rod- shaped bacteria, 
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Figure 18.11 (a) Particles are deflected if scattering forces exceed gradient forces from a focused 
laser beam [167], (b) particles are optically trapped if gradient forces exceed scattering forces from 
a focused laser beam [167], (c) detection of targeted cells using laser inspection and isolating them 
by optical tweezers [167, 171], (d) optically trapping particles (smaller than the laser trapping 
wavelength) by polarizing them within the electric field of the light [174], and (e) the focused light 
is refracted through the particle (larger than the laser trapping wavelength). The induced force 
transfers the particle until it reaches an equilibrium position at the symmetric beam center [174], 
(f) manipulating and predicting the optical trapping position of the particles in the 
z- direction [174], and (g) optical trapping of an elongated particle using multiple beams [176].
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can be regulated by applying multiple beams (Figure 18.11g) sculpted light fields or chang-
ing beams dynamically. Lenton et al. demonstrated the advantage of using annular beams 
to trap nonspherical particles or cells. They dynamically adjusted the beams’ potential to 
move motive E. coli bacteria toward the desired orientation. Also, they declared that 
 utilizing annular beams can reduce back reflection and consequently improve the axial 
optical trap depth [176].

Although optical tweezers allow the manipulation of a single nanoparticle in a steady 
liquid medium, challenges arise in dealing with the group of nanoparticles in a flowing 
system. The issue is adjusting the additional Stokes forces by the fast velocity of streams 
and dispersed nanoparticles in the medium. Wu et al. proposed a microfluidic device, as 
presented in Figure 18.12a, in which, by employing opposite impinging streams, Stokes 
force was reduced. Also, nanoparticles were focused in a narrow stream to be separated by 
a moderate power laser beam [177].

The development of optical tweezers opens a broad spectrum of opportunities in studies 
of manipulating, trapping, and sorting target particles, typically in the nano to microscale 
range. Recently, optical fiber tweezers have been used as a versatile tool for non- contact 
and damage- free optical trapping and manipulation of biological cells. This is due to their 
flexible manipulation, ease of fabrication, and compact structure  [178]. Also, optical 
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Figure 18.12 (a) Using opposite impinging streams for reducing Stokes force to enhance the 
nanoparticle separation purity by a moderate power laser beam [177], (b) an ODEP- based 
microfluidic system for continuous isolation and purification of CTCs using four optical light- based 
virtual cell filters within optimal flow velocity [182], and (c) particle separation based on pulsed 
laser activated cell sorter (PLACS). After identifying the desired particle in the detection zone, a 
laser pulse makes a cavitation bubble in the bubble excitation spot, which generates a liquid jet for 
deflecting the targeted particle toward the objective outlet [186], (d) Separation of two- component 
cell mixture in a continuous flow by employing a 3D optical lattice. Laser beams were utilized to 
create flow paths similar to a DLD system without physical obstacles [191].
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tweezers were reported as a noninvasive method for the study of cells, such as red blood 
cells [179]. The precise trapping of cells can be achieved in a label- free manner, only based 
on their different sizes and shapes. For instance, Liu et al. recently integrated optical fiber 
tweezers into a T- type microfluidic channel, which enabled selective trapping of Escherichia 
coli in human blood solution  [180]. In their system, once the laser was applied, the 
Escherichia coli cells were trapped, whereas RBCs were collected from the waste outlet.

As mentioned earlier, a light beam can polarize particles of various sizes. The polariza-
tion is caused by the generation of a nonuniform electric field near the surface of the light- 
patterned areas. Hence, particles of different sizes experience different negative DEP forces 
toward the center of the light beam. The induced force is called optically induced- 
dielectrophoresis (ODEP), which can be used to sort particles in their medium [181]. For 
example, Chou et al. proposed an ODEP- based microfluidic system for continuous isola-
tion and purification of CTCs based on their size  [182]. The separation of CTCs in the 
designed microfluidic device, as shown in Figure 18.12b, has occurred baseD on four opti-
cal light- based virtual cell filters within optimal flow velocity. Results revealed the capacity 
of the device in isolating cancer cells from the surrounding leukocytes, with purity as high 
as 94.9 ± 0.3%. The ODEP force imposed on the particle does not grow linearly with the 
particle volume. Zhang et al. confirmed that the existing nonlinear relationship between 
the particle volume and the dielectrophoretic force relies on the distribution of the nonu-
niform electric field and the field gradient in the optoelectronic tweezers systems [183]. 
They calculated the variation of forces on biological cells and polystyrene microbeads over 
different sizes by integrating the simulated and experimentally measured ∇𝐸2 over the 
particle volume. Predicting the induced forces in optoelectronic tweezers provides intui-
tion of microfluidic devices designing for manipulating dielectric microparticles and 
 biological samples in various sizes.

Similar to the E- FACS and A- FACS methods (electric- based and acoustic- based separa-
tion sections), a laser beam can increase sorting efficiency, recognizing as the optical 
switch. In this regard, Wang et al. designed a microfluidic device based on optical switching 
for controlling and sorting mammalian cells with the rapidity of 2–4 ms [184]. They pre-
sented that the planar nature of most microfluidic chip designs allows the integration of 
optical switching controls at any desired position, which enables a rapid active manipula-
tion of cell routing on a microfluidic chip. Recently, Chiou et al. invented a pulsed- laser 
triggered microfluidic switching mechanism with the same sorting manner, which achieved 
a switching time of 70 μs [185]. Furthermore, as illustrated in Figure 18.12c, Chen et al. 
proposed a method called pulsed laser activated cell sorter (PLACS) in which by employing 
a laser pulse, the target particle is indirectly separated [186]. In this device, after identifying 
the desired particle in the detection zone, a laser pulse is triggered to excite a cavitation 
bubble at a proper delay time. The bubble produces a liquid jet through the nozzle, deflect-
ing the targeted particle toward the target outlet.

The optical forces acting on particles much smaller than the wavelength (smaller than 
100 nm) become weak and less efficient. This limitation is due to the dependency of gradi-
ent force on the third power of particle radius (Eq. (18.27)). Using evanescent waves paved 
the way for optical trapping and manipulation by generating sufficient gradient force [187]. 
A waveguide is a dielectric structure that guides energy at a wavelength, which minimizes 
the energy loss by restricting the transmission of it in one direction [188]. For instance, 
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Kim et al. presented a microfluidic chip, which facilitates free- space optical trapping 
and manipulation. The device takes advantage of a trench to form a trapping channel 
and manipulate the particles to an arbitrary position, among the waveguides, with a 
resolution of lower than 100 nm [189]. Furthermore, Applegate Jr. and colleagues pro-
duced an  integrated optical waveguide network within a microfluidic device in which 
the particle’s fluorescence characteristics were identified with a waveguide and sorted 
using a diode laser bar. It was proved that waveguide allows particle detection and tra-
jectory tracking due to its ability to regulate fluorescence excitation localization [190]. 
While most optical  systems use focused beams directly for particle sorting, MacDonald 
et al. proposed a 3D optical lattice, as presented in Figure 18.12d, to fractionate a two- 
component cell mixture in a continuous flow  [191]. The separation mechanism was 
based on a DLD system  produced by interfering laser beams. The strong optical interac-
tions selectively generate separate flow paths in the absence of physical obstacles, which 
enabled the deflection of selected particles from their original trajectories without 
clogging.

In brief, by integrating a focused beam of light within microfluidic devices, particles can 
be manipulated and separated due to their size, shape, refractive index, transparency, and 
polarizability. A focused beam of light can be directly used in optical tweezers and optical 
switching devices for a mixture component fractionation. However, PLACS systems and 
optical lattices have been proposed to isolate targeted particles indirectly. Advantages to 
this method include being highly controllable in three dimensions, precise in desired par-
ticle selection, high throughput, noninvasive, and biocompatible, besides online reconfigu-
ration of the system.

18.4  Conclusion

In this chapter, we have presented different microfluidic systems used for cell separation 
and sorting. These platforms are divided into two general groups of active and passive 
based on their operating principles and energy intake. Active microfluidic systems are 
dependent on an external source of energy to be operated. On the other hand, passive plat-
forms are able to function with hydrodynamic forces that result from specific features of 
channel geometry. Microfluidic platforms possess several advantages that make them a 
favorable device for clinical and biomedical trials and applications. First and foremost, 
these devices are cost- effective in terms of sample and reagent consumption. This will 
result in a reduction in costs and invasion of sample collection from patients. Additionally, 
the time needed for sample preparation, processing, and analysis is shorter than conven-
tional methods. As microfluidic devices are fabricated with highly accurate instruments 
with high spatial resolution, users are able to precisely control and manipulate samples 
with minimum human intervention. Accordingly, human errors and contaminations can 
be eliminated in these systems. Finally, due to the portability of these platforms and their 
simple operation procedure, all laboratories will be allowed to benefit from these platforms 
to conduct their experiments with the minimum requirement for equipment and appara-
tus. However, to improve the efficiency of these platforms in terms of cell viability and 
throughput, further investigation is required.
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Despite the fact that microfluidics technology is yet to be fully commercialized, these 
platforms have proved to be able to reproduce experimental results of cell and particle 
separation, thereby demonstrating the great potential of these devices for being marketed. 
Another approach to expand the application of microfluidics technology is developing inte-
grated systems that will allow researchers to manipulate and handle a small volume of 
biological samples for different purposes in addition to separation. These integrated devices 
can ultimately be an inseparable part of all laboratories as an affordable, versatile device for 
scientific assays and diagnostic purposes.
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19.1   Introduction to Organic Solvent Nanofiltration

In the early days, filtration of liquids can be performed by using sands and gravels, where 
gravels can sieve all the large solute particles, and small solute particles can be trapped by 
the layer of sands. The fundamental theory of filtration with a dense layer and a porous 
layer was then transformed into membrane filtration in the present day. The basis of filtra-
tion depends on the solute molecular size, where it determines the molecular weight cut- 
off (MWCO) of a membrane. The MWCO of a membrane can be determined by plotting the 
data of solute rejection against molecular weight, obtained through experimental filtration 
of feed solution containing solutes with different molecular weights. The minimum molec-
ular weight of solute that is rejected above 90% indicates the MWCO of a particular mem-
brane, for example, MWCO of 400 Da for the data obtained in Figure 19.1b. In membrane 
filtration, different sizes of solutes can be rejected by the membrane of different MWCO, 
namely microfiltration (>100 kDa), ultrafiltration (100 to 2 kDa), and reverse osmosis for 
solutes less than (200 Da) [1].

Nanofiltration involves the filtration of solutes in the range between ultrafiltration and 
reverse osmosis. Typically, the nanofiltration membrane separates solutes of 200–1000 Da 
from the target feed solution (Figure 19.1). The nanofiltration process can be carried out in 
two modes, dead- end or cross- flow. Normally, the dead- end mode of the nanofiltration 
process can be performed by connecting the outlet of a pressuring gas cylinder (usually 
nitrogen gas) to a filtration cell. The liquid pressurized by the nitrogen gas will flow perpen-
dicular to the surface of the membrane, to the permeate side. A schematic representation 
of a dead- end cell is shown in Figure 19.2.

On the other hand, in cross- flow mode, the liquid will flow parallel to the surface of the 
membrane. The feed solution pressure of the cross- flow mode of filtration can be generated 
by using either a peristaltic pump, diaphragm pump, or centrifugal pump, depending on 
the magnitude of pressure required. A schematic representation of a cross- flow cell is 
shown in Figure 19.3.
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The pressure difference between the feed side of the membrane and permeate side of the 
membrane will result in the transport of solute/solvent across the membrane. Solute or 
solvent transport in the membrane can occur by diffusion or convection. In diffusion, the 
solute or solvent particles move toward the feed interface of the membrane, travels through 
the membrane matrix, and then detach from the membrane. Diffusion can be driven by 
concentration or pressure gradient across the membrane.

During nanofiltration, concentration polarization may occur on the membrane,  especially 
for concentrated feed solution. Concentration polarization is the gradual accumulation of 
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Figure 19.1  Filtration process by using a nanofiltration membrane. (a) Illustration of a 
nanofiltration process. (b) Typical MWCO curve.
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solutes on the feed side of the membrane, forming a polarizing layer (Figure 19.4). The 
concentration polarization layer will cause a decrease in solvent permeation rate and 
increases the rejection of solutes. As concentration polarization is a reversible process, its 
effect can be reduced. Therefore, in a typical dead- end cell, a magnetic stirrer operated by 
a magnetic stirring plate can be employed to reduce the thickness of the polarizing layer. 
On the other hand, in the cross- flow mode of filtration, the cross- flow velocity can be 
increased to reduce the thickness of the polarizing layer. Membrane fouling occurs when 
the thickness concentration polarization layer can no longer be reduced, which results in 
cake formation.
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Figure 19.3  Schematic showing the configuration of a cross- flow cell.
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Figure 19.4  Schematic showing concentration polarization during a filtration process.



19 Sustainable Separations Using Organic Solvent Nanofiltration700

When performing a nanofiltration experiment, the membrane separation performance 
can be observed by its permeation flux and solute rejection. The permeation flux can be 
obtained by measuring the mass or volume of the permeate against time. The flux can be 
calculated by the following formula:

J
A

V
t

1

 
(19.1)

 where ΔV is the permeate volume accumulated during the operation time, Δt and A is the 
surface area of the membrane.

The solute rejections are typically obtained by employing the following formula:
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 where CP and CR are the final concentrations in the permeate and retentate, respectively.
In an aqueous nanofiltration process, the membrane separation performances are 

mostly impacted by the concentration polarization, membrane fouling, and solute- 
membrane affinity when a certain membrane is employed at an acceptable operating pres-
sure and temperature of membrane. Despite some of the difficulties and drawbacks, 
membrane technology has been successfully employed in various water treatment facili-
ties around the world. The application of membrane separation technique in water purifi-
cation industries have motivated researchers to explore the possibilities of implementing 
the technology in other fields, such as in the purification of pharmaceuticals [2], purifica-
tion of oleochemicals [3], catalyst recovery [4], organic solvent recovery [5], chiral com-
pound separations [6], heavy metal removal [7], and virus removal [8]. Organic solvent 
nanofiltration (OSN) is a pressure- driven process by which solutes dissolved in a solvent 
are filtered using solvent- resistant nanofiltration membrane. As of current, ExxonMobil’s 
Beaumont refinery manages to deploy OSN membrane units for the purification of 
11,500 m3 of lubrication oil a day, which ultimately reduces 20% of the total energy con-
sumption in their processes [9].

Despite that, the effects of different solvents on the membrane material and structure 
need to be considered for a wider application of OSN. The membrane material can be made 
of ceramic/inorganic or polymers/organic. Ceramic membranes generally have better 
resistance toward harsh organic solvents and operating conditions. Hosseinabadi et al. [10] 
have investigated Grignard functionalized ceramic nanofiltration membrane for OSN 
applications. In their study, it was found that their modified ceramic membrane was able to 
reject mixtures of polystyrenes in acetone, comparable to the commercial DuraMem 
300 membrane with an acceptable flux. In another research by Xia et al. [11], a ceramic- 
supported thin- film composite (TFC) was fabricated for OSN. Their membrane was able to 
reject methyl orange (327 Da) and acid fuchsin (585 Da) at 30.6 and 90.2%, respectively, 
with methanol permeance of 26.3  LMH/bar. Although the rejection of solutes was not 
remarkable as compared with other researches, the permeate flux of methanol in their 
modified ceramic membrane was substantially higher in comparison.
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However, the costly material of ceramic membranes and its sensitivity toward vibrations 
or physical impacts makes it a difficult material to be developed for various industrial 
applications. On the other hand, the ease of manufacture and the wider pore size availabil-
ity of polymeric membranes is a better choice for further modification, improvement, and 
development. However, as organic solvents can be ranged from mild to harsh, the polymer 
materials in the membrane can be greatly affected, in which the polymers could be sub-
jected to plasticization. Membrane plasticization or also known as membrane swelling [12] 
often leads to the loss of mechanical strength of the membrane. The swelling is caused by 
the sorption of solvent within the polymer matrix which increases the fractional free 
 volume of the membrane. As the mechanical strength decreases, it causes an increase in 
solvent permeability with low selectivity. Further plasticization will then lead to total 
membrane failure as the polymer support structure collapses.

Therefore, solvent- resistant polymer materials were often used to fabricate a mechani-
cally and chemically stable membrane. This in turn requires aggressive solvents and high 
temperatures to dissolve the polymers. In the previous decade, See Toh et al.  [13] have 
discovered the fabrication of solvent- resistant membranes with impressive separation 
capability. Their membranes were successfully fabricated at room temperature by using 
polyimide P84  in solvent dimethylformamide (DMF) and 1,4- dioxane. Their work is 
already advantageous as compared with other polymeric membrane fabrication in terms 
of temperature requirements. Nevertheless, in recent years, there are rising concerns 
about their impact on the environment as organic solvents such as 1,4- dioxane and DMF 
are difficult to be removed from water due to their high boiling point (HBP) [14]. Besides 
that, studies by Szekely et  al.  [14] show that the mass intensity and solvent intensity 
(which is related to green metrics) resulting from membrane preparation in large- scale 
processes is lower than small or lab scale. This indicates that the solvent waste generated 
from lab- scale membrane fabrication processes should be either diluted with a huge 
amount of water before disposal. Nevertheless, membrane fabrication solvent plays an 
important role in determining the membrane morphology and membrane performance. 
Therefore, replacing the solvent with a greener alternative should not only dissolve the 
polymer, but the membrane should also have a good performance in terms of selectivity 
and permeation flux.

In a recently reported survey of OSN research [15], best recommendation solutions or 
practices in the OSN field were listed based on a critical assessment of 177 journal articles 
published from 2015 to 2019. From the listed solutions, about 60% of the solutions have 
been published in the literature. Besides that, Nguyen Thi et al. [16] have reviewed some of 
the most recent advances in sustainable OSN membrane fabrications. From the review, it 
can be known that the fabrication of OSN membranes by using sustainable materials and 
solvents has been achieved with excellent results, comparable to the traditional OSN fabri-
cations. However, toxic solvents such as DMF, DMAc, and N- Methyl- 2- pyrrolidone (NMP) 
are still widely used in membrane fabrication processes over the past six years [17]. Aside 
from that, it has been said that the widely used NIPS and TIPS in membrane fabrication 
processes are unlikely to be replaced [17]. Therefore, a greener solvent and material alter-
natives for the fabrication of solvent- resistant membrane without compromising its separa-
tion performance should be advocated for a sustainable purification process.
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19.2   Green Membrane Materials for Organic 
Solvent Nanofiltration

As the OSN separation technology has become a popular consideration to substitute vari-
ous conventional chemical separation processes, strategies are needed to ensure that this 
technology is sustainable in a long run. Various points have been highlighted in the recent 
reviews on sustainable membrane fabrication and applications (Figure 19.5) [14, 18].

In the “substitution” approach, it is desired to replace conventional solvents used for dis-
solving the polymer, with greener or low toxicity chemicals. In the recent review [16], a list 
of chemicals ranging from undesirable to preferred solvents was listed. The preferred sol-
vents are environmentally safe solvents such as water, ethanol, and ionic liquids, while 
undesirable solvents are toxic solvents such as hexane, NMP, chloroform, and DMF. The 
use of green solvents has been increasingly adopted by researchers in the OSN field, where 
some of the latest inventions were listed and discussed in a recent review [19]. Besides that, 
by replacing the OSN membrane material with renewable resources, such as cellulose and 
other naturally occurring materials [20], the separation technology can be sustained with-
out the expense of the environment.

In the “reduce” approach, it is recommended to reduce the number of steps in producing 
the membrane. Through the reduction in the number of steps, the toxic waste resulting 
from the membrane fabrication during the solvent exchange or polymerization steps can 
be minimized. Additionally, the costs and energy required for the operations also will be 
lowered if the number of steps is reduced. The recovery of the solvents or catalysts used is 
also advantageous, where it can further minimize the cost of the materials, as well as the 
waste generated from the separation process.

Although it is widely known that the implementation of membrane technology can sig-
nificantly decrease the energy consumption for a separation process, the use of green 
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Figure 19.5  Three main green 
strategies to achieve a sustainable OSN 
membrane fabrication process.
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materials and solvents is rarely highlighted. Therefore, some of the latest inventions that 
use green strategies will be discussed in this chapter. Two main types of membranes can be 
fabricated, which are TFC membranes and integrally skinned asymmetric (ISA) mem-
branes (Table 19.1, Figure 19.6) [21].

19.2.1  Thin- film Composite Membranes

TFC membranes are membranes having a porous substrate as the support layer and an 
active top thin membrane. The porous substrate is an ultrafiltration or nanofiltration grade 
of ISA membrane that is created through the phase inversion (PI) technique. On the other 
hand, the selective thin layer is usually produced by interfacial polymerization or 
 dip- coating method. In the filtration process involving TFC, the membrane separation per-
formance mainly depends on the thin selective layer.

To achieve excellent selectivity of TFC membranes for the OSN processes, various mate-
rials and techniques have been experimented with by the researchers. In a study by Zhang 
et  al.  [32], they reported the fabrication of TFC membranes through the use of beta- 
cyclodextrin and polydopamine as the materials for the thin selective layer. The porous 
substrate layer was fabricated by using P84 polyimide which was prepared in solvent DMF/
dioxane. Subsequently, the porous substrate was coated in a dip- coating solution (dopa-
mine and beta- cyclodextrin in Tris buffer solution). The prepared membrane was found to 
be able to reject methyl blue at the rate of 97.6, 95.5, and 98.2% in ethanol, acetone, and 
water, respectively, with the permeate flux of 8–12 LMH/bar. In another study by Yao et al., 
they have fabricated a TFC membrane with a cross- linked porous substrate and an ultrathin 
selective film. The cross- linked porous substrate was constructed by using P84 polyimide 
cross- linked in an HDA/IPA bath. An interlayer of tannic acid (TA)–copper (Cu) was then 
constructed on the cross- linked substrate by pouring tannic acid on the PI substrate surface 
and immersing it in a copper chloride solution. The cross- linked substrate with TA–Cu 
interlayer was then subjected to interfacial polymerization, whereby m- phenylenediamine 
(MPD) in DI water and trimesoyl chloride (TMC) in n- hexane was used. The resultant TFC 
membrane was found to reject 97.72% of Rhodamine B (479 Da) in ethanol, with a permea-
tion flux of 6.027 LMH/bar. The presence of TA–Cu interlayer was found to improve the 
hydrophilicity of the polyimide (PI) substrate.

In an effort to produce green TFC OSN membranes that can replace the conventional 
membranes with toxic solvents as part of the materials in the fabrication process, other 
green solvents and materials have been explored. A cellulose- based membrane was fabri-
cated by Abdellah and his coworkers [36]. Their membrane was made of cellulose porous 
sublayer with catechin as the thin separating layer. The cellulose porous layer was con-
structed by using 1- ethyl- 3- methylimidazolium acetate (EMIM Ac) as the polymer- solvent 
and polyethylene as the support. It was found that their membrane was able to reject 92% 
of Amido- black (617 Da) with 1.4 LMH/bar in DMF.

In another study by Puspasari et al. [37], they have discovered a unique way of fabricat-
ing a cellulose- polyethyleneimine (PEI) TFC membrane. Their method uses trimethylsilyl 
as a precursor for their membrane fabrication, which subsequently undergoes hydrolysis 
for cellulose regeneration. Their membrane was found to have the MWCO of 450 Da with 
methanol as the solvent. Their membrane also exhibited a considerably high permeation 



Table 19.1  Some of the commonly used chemicals and materials in OSN membrane fabrications and their performances.

Material
Fabrication  
solvent Crosslinker

Conditioning  
solvent Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux  
(LMH/ 
bar) Ref

PI P84
support

NMP HDA/IPA — [SiO1.5 
(C3H6NH3+ 
Cl- )]8
POSS- NH3+Cl- 

— — TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Ethanol 99% 1.26 [22]

PI P84/PE 
support

PEG400
DMF

HDA/IPA DMF — M- phenylenediamine 
(MPD) in DI water
Trimesoyl chloride 
(TMC) in n- hexane

COFs TFN Cross- 
flow

Rhodamine 
B
(479 Da)

Ethanol 99.40% 7.98 [23]

sPPSU DMF,  
THF

0.3 wt% HPEI — 1 wt% HPEI in 
ethanol

— — TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Ethanol 99.9% 1.47 [24]

PMIA/PI 
support

LiCl
DMAc

— Acetone — β- CD- AMA 
(adamantylamine)/
AMmA 
(adamantane- 
methylamine)

— TFC Cross- 
flow

Rose  
Bengal 
(1017 Da)

Methanol 98.20% 4.83 [25]

PI P84/PE 
support

PEG400
DMF

HDA/IPA DMF — M-  
phenylenediamine 
(MPD) in DI water
Trimesoyl chloride 
(TMC) in n- hexane

Graphene 
quantum dots 
(GQDs)

TFN Cross- 
flow

Rhodamine 
B
(479 Da)

Ethanol 98.70% 4.03 [26]

sPPSU NMP — 
 
Glutaraldehyde 
(GTA)

— PEI coated
 
PEI coated
 
PEI coated + 
0.1 wt% GTA

— — TFC Dead- 
end

Eosin Y
(645 Da)

Ethanol 100% 10 [27]

Methyl 
orange
(326 Da)

Ethanol 66.8% 10

Methyl 
orange
(327 Da)

Ethanol 89.6% 1.40



Material
Fabrication  
solvent Crosslinker

Conditioning  
solvent Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux  
(LMH/ 
bar) Ref

PS/PE 
support

NMP — — — Poly- trimethylsilyl- 
propyne (PTMSP)

— TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Methanol 93% 11 [28]

PTMSP – Porous 
Aromatic Framework 
(PAF- 1)

— TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Methanol 94% 17

PTMSP – poly-  
dichloro- xylene 
(p- DCX)

— TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Methanol 95% 20

PI P84/PE 
support

PEG400
DMF

HDA/IPA DMF — M- phenylenediamine 
(MPD) in DI water
Trimesoyl chloride 
(TMC) in n- hexane

Nanosized 
amine- 
modified 
zeolitic 
imidazolate 
framework−8
(mZIF- 8)

TFN Cross- 
flow

Rhodamine 
B
(479 Da)

Ethanol 99.10% 2.76 [29]

PI P84/PE 
support

PEG400
DMF

HDA/IPA DMF — Amino- functionalized 
graphene quantum  
dots (aGQDs)+
M- phenylenediamine 
(MPD) in DI water
1,2,4,5-  
Benzenetetracarboxylic 
acyl chloride (BTAC) in 
n- hexane

— TFN Cross- 
flow

Rhodamine 
B
(479 Da)

Ethanol 98% 3.21 [30]

Rose  
Bengal 
(1017 Da)

DMF 99.6% 1.42

PI P84/PE 
support

PEG400
DMF

HDA/IPA DMF Tannic acid 
(TA)
 
CuCl2 aqueous 
solution

M- phenylenediamine 
(MPD) in DI water
 
Trimesoyl chloride 
(TMC) in n- hexane

— TFC Cross- 
flow

Rhodamine 
B
(479 Da)

Ethanol 97.72% 6.03 [31]

PI P84 DMF/
Dioxane

— — Dopamine (DA) 
and β- CD in 
Tris buffer 
solution

— — TFC Dead- 
end

Methyl blue 
(800 Da)

Ethanol 97.6% 13.0 [32]

Methyl blue 
(800 Da)

Acetone 95.5% 9.62

Methyl blue 
(800 Da)

Water 98.2% 8.06

(Continued)



Table 19.1  (Continued)

Material
Fabrication  
solvent Crosslinker

Conditioning  
solvent Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux  
(LMH/ 
bar) Ref

PAN/PE 
support

— — — — Trimesoyl chloride 
(TMC)/4,4’- (5H- 
cyclopenta[1,2- b:5,4- b’] 
dipyridine- 5,5- diyl) 
diphenol (mBHPF)

— TFC Dead- 
end

Methylene 
blue
(320 Da)

Methanol 21.54% 14.5 [33]

Crystal 
violet
(408 Da)

Methanol 36.3% 14.5

Victoria 
blue
(506 Da)

Methanol 47.85% 14.5

Methyl blue
(800 Da)

Methanol 98.14% 14.5

Rose Bengal
(1017 Da)

Methanol 98.19% 14.5

Alcian blue
(1299 Da)

Methanol 99.42% 14.5

PBI- 
sPPSU/PP 
support

DMAc,
1,4- 
 Dioxane 
cosolvent

DBI- DBX
sPPSU- HPEI

— — — — ISA Dead- 
end

Tetracycline
(444 Da)

Methanol 84% 6.43 [34]

Ethanol 83% 4.24

Acetone 81% 11.79

DMF 66% 10.49

Water 66% 7.02

PI 
Matrimid 
5218

NMP,
DEG,
THF

HDA/IPA PEG400/
IPA

— — — ISA Dead- 
end

Rose Bengal
(1017 Da)

IPA 99.64% 5.91 [35]

THF 98.52% 23.8

sPPSU DMF,
THF

0.3 wt% HPEI — — — — ISA Dead- 
end

Rose Bengal
(1017 Da)

Ethanol 51% 7.96 [24]
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flux, at 35.6 LMH/bar. Puspasari et al. [38] had performed another study by using cellulose- 
polydimethylsiloxane (PDMS) TFC membrane. They have found that their membrane was 
able to perform relatively well by using acetone as the solvent, whereby 10 LMH/bar and 
MWCO of 750  Da was achieved. Their studies had proven the feasibility of employing 
cellulose- based membrane for the separation of solutes in the organic solvent.

Most recently, Aburabie et  al.  [39] have discovered a biopolymer TFC membrane for 
OSN. Their membrane was made of a thin layer consisting of sodium alginate and the 
porous layer with polyacrylonitrile (PAN) or cross- linked PAN as the main polymeric mate-
rial. Sodium alginate is a naturally available polysaccharide that can be obtained from 
brown seaweed. Their cross- linked PAN membrane was produced by using an ionic cross- 
linking bath (CaCl2/water). Their membranes performed well in methanol and DMF 
 solvents where 98% rejection of Vitamin B12 with an acceptable permeate flux was achieved 
(Table 19.2).

19.2.2  Integrally Skinned Asymmetric Membranes

ISA are membranes having a dense top layer and a porous bottom layer which enable the 
separation of solutes and solvents through diffusion and/or convection. ISA membranes 
can be made through the phase separation (PS) process or PI process, developed by Loeb 
and Sourirajan  [49]. There are four techniques to induce the PS or PI process, namely, 
evaporation- induced (EIPS), vapor- induced (VIPS), temperature- induced (TIPS), or non- 
solvent- induced (NIPS) [21]. In TIPS, the process is based on solvent or diluent that dis-
solves polymer at the temperature close to the melting point of the polymer but performs 
as non- solvent at lower temperatures. In VIPS, the PI process occurs through the 

Dense top layer

(a)

(b)

Porous sublayer

Selective thin layer

Porous substrate
layer

Figure 19.6  Schematic showing the structure of (a) ISA membrane and (b) TFC membrane.



Table 19.2  The latest research on green TFC and TFN membrane fabrications for OSN applications.

Material
Solvent-  
membrane Crosslinker Conditioning Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux 
(LMH/bar) Ref

sPPSU support NMP Epichlorohydrin
(ECH)

— PEI- 
pyrocatechol

— — TFC Dead- 
end

Ethanol 93% MW 
> 645 g/
mol

11.9 [40]

Remarks: One- step coating.

PP support — Glutaraldehyde 
(GTA)

PEG — GO 
nanosheets- 
polyelectrolytes
(HPE- 1)

— TFC Dead- 
end

Alcian  
blue
(1299 Da)

Ethanol 95% 14.9 [41]

GO 
nanosheets- 
polyelectrolytes
(PSS)

— TFC Dead- 
end

Rose  
Bengal 
(1017 Da)

Ethanol 97% 3.10

Remarks: Water- based fabrication.

PI P84
 
PP support

DMSO HDA/IPA PE/PEG — M- phenylenedia-
mine (MPD) in 
DI water
Trimesoyl 
chloride (TMC) 
in n- hexane

ZIF- 8 TFN Dead- 
end

Sunset 
Yellow
(452 Da)

Methanol 95.2% 8.50 [42]

ZIF- 93 TFN Dead- 
end

Sunset 
Yellow
(452 Da)

Methanol 93.1% 11

UiO- 66 TFN Dead- 
end

Sunset 
Yellow
(452 Da)

Methanol 97.9% 11

Remarks: Green solvent fabrication.



Material
Solvent-  
membrane Crosslinker Conditioning Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux 
(LMH/bar) Ref

PAN/PP 
support

DMF Hydrazine 
hydrate in DI 
water

— Tannic acid 
(TA) in 
phosphate 
buffer pH7

Terephtaloyl 
chloride (TPC) 
in cyclohexane

— TFC Dead- 
end

Rose Bengal 
(1017 Da)

NMP 93% 0.08 [43]

Brilliant 
blue 
(826 Da)

NMP 93% 0.08

Congo red
(696 Da)

NMP 93% 0.09

Remarks: Tannic acid – naturally available material for thin- film fabrication.

PI Matrimid 
5218/PE 
support

NMP/THF/DEG HDA/water IPA/n- -
hexane

VPC-  1,4- Bis 
(3- aminopropyl) 
piperazine 
(BAPP)

— UiO- 
66- NH2

TFN Cross- 
flow

Tetracycline
(444 Da)

IPA 90% 1.28 [44]

Remarks: Less waste production by using amine vapor (VPC) for thin- film fabrication.

PI Matrimid NMP/
THF cosolvent
DEG 
non- solvent

HDA/IPA — VPC-  tris 
(3- aminopropyl) 
amine (TAPA)

— UiO- 
66- NH2

TFN Dead- 
end

Rose  
Bengal 
(1017 Da)

IPA 95% 0.40 [45]

Remarks: Less waste production by using amine vapor (VPC) for thin- film fabrication.

PAN support
Cross- linked 
PAN (XPAN) 
support
Alumina 
support

— CaCl2/water — — NaAlg/water — TFC Dead- 
end

Vitamin 
B12
(1355 Da)

DMF Cross- 
linked 
Alg/
alumina
70%

0.25 [39]

Vitamin 
B12
(1355 Da)

DMF Cross- 
linked 
Alg/XPAN
98%

0.21

(Continued)



Table 19.2  (Continued)

Material
Solvent-  
membrane Crosslinker Conditioning Coating Thin film Additives Type Mode

Solute-  
process

Solvent-  
process Rejection

Flux 
(LMH/bar) Ref

Vitamin 
B12
(1355 Da)

Methanol Cross- 
linked 
Alg/
alumina
90%

1.60

Vitamin 
B12
(1355 Da)

Methanol Cross- 
linked 
Alg/PAN
98%

1.27

Remarks: Polymer solution prepared at room temperature, fabrication solvent used is water, the polymer is biodegradable, cheap, and nontoxic, Cross- linking bath is an 
aqueous salt solution (nontoxic), Post drying at room temperature.

Cellulose 
(Avicel 
PH101)/PE 
support

1- ethyl- 3- 
methylimida-
zolium acetate 
(EMIM Ac, 
purity 97%)

— — — Catechin in 
NaOH/
terephethaloyl 
chloride (TPC) 
in alpha- pinene

— TFC Dead- 
end

Amido- 
black
(617 Da)

DMF 92% 1.40 [36]

Remarks: Cellulose – green polymer material, and an environmentally friendly ionic liquid as fabrication solvent, hydrocarbon- based solvent for the interfacial 
polymerization were replaced by bio- derived alpha- pinene.

PAN support — — — — Polyethylenei-
mine (PEI) + 
trimesoyl- 
chloride (TMC)/
decanoic acid

— TFC Dead- 
end

Congo red 
(697 Da)

Methanol 99% 14.7 [46]

Rose  
Bengal
(1018 Da)

Methanol 99% 13.7

Remarks: Decanoic acid – green organic phase solvent for TMC (green interfacial polymerization).

PET support — — — — Priamine + 
Tannic acid/ 
p- cymene + water

— TFC Cross- 
flow

Styrene 
dimer
(235 Da)

Acetone 90% 13.7 [47]

Remarks: Plant- based monomers (Priamine, tannic acid) and green solvents (p- cymene, water) (green interfacial polymerization).

ODPA, HAB, 
ODA (1:0.5:0.5)
Nanofibrous 
sheet

DMSO Cross- linked in 
a convection 
oven (180 °C)

— Sulfonated 
poly(arylene 
ether sulfone)

— — TFC Cross- 
flow

Polystyrene 
oligomers 
(400 Da)

DMF 70% 0.37 [48]

Remarks: Plant- based monomers (Priamine, tannic acid) and green solvents (p- cymene, water) (green interfacial polymerization).
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adsorption of non- solvent from a vapor phase (which contains nitrogen or other gases), 
which subsequently precipitates the casted polymer solution. In EIPS, the precipitation 
occurs through the evaporation of solvent from the polymer solution. Finally, in NIPS, the 
polymer solution prepared from dissolving the polymer in a solvent is cast on a nonwoven 
fabric or glass plate. The casted polymer solution, along with a glass plate or nonwoven 
fabric, is then immersed in a non- solvent bath to induce polymer precipitation. During PI, 
the dense top layer is formed through a rapid solvent exchange, while the lower solvent 
exchange rate forms the porous sublayer. Currently, most of the ISA membranes are fabri-
cated through a combination of techniques [18].

From the previous decades, membranes made of various polymers have been tested for 
their viability in organic solvent filtration. As organic solvent can be harsh, commonly used 
membranes in water filtration such as cellulose acetate membranes are not suitable for use. 
The organic solvent used for the filtration process can easily dissolve the membrane struc-
ture, thus making the membrane unusable. From the abundant studies made by research-
ers on OSN [18, 50], several polymers have been found useful in terms of their resistivity 
toward organic chemicals. These polymers are PI, PAN, PDMS, polybenzimidazole (PBI), 
and polyphenylsulfone (PPSU) (Table 19.3). The solvents that are commonly used for dis-
solving these polymers are DMF, Dioxane, and NMP.

Livingston and See Toh have patented an article [51] that detailed the fabrication of poly-
imide P84 membrane, which is not only chemical- resistant but also has great performance 
in terms of rejection and permeation flux of organic solvents. Besides that, they also 
described the different solvent/cosolvent compositions  [52] which produce membrane 
with different macro- void level. The membranes with macro- voids can be optimized to 
separate molecules of different sizes or can be employed as a support layer [52, 53].

The mechanical and chemical strength of the polymeric membrane can be fortified 
through polymeric chain cross- linking. The cross- linking of polymeric membranes, espe-
cially PI, was initially constructed to reduce the effect of membrane plasticization during 
gas or chemical separations [54, 55]. The cross- linking process has since been employed for 
the fabrication of membranes to resist a wide range of organic chemicals in OSN  [56]. 
Some of the common crosslinkers are 1,2- ethylenediamine (EDA), 1,3- propanediamine 
(DAP), 1,6- hexanediamine (HDA), and 1,8- octanediamine (ODA) [57]. In 2015, Valtcheva 
et al. [58] had performed the investigation of different crosslinker parameters on the per-
formance of the membrane, namely, reaction time, temperature, the concentration of 
crosslinker, and reaction solvent. It was found that the reaction time has the most signifi-
cant influence on membrane performance. Although cross- linking greatly improves the 
membrane structure, polymer cross- linking can cause a decrease in permeation flux, which 
makes some of the cross- linked membranes unapplicable for industrial processes. More 
importantly, the presence of these hazardous crosslinkers in wastewater will cause detri-
mental effects to human health [59]. Recently, Farahani et al. [60] have developed a novel 
cross- linking technique for PBI polymer. The new cross- linking method utilizes TMC 
which has lower toxicity [60] and 2- Methyl tetrahydrofuran (2- MeTHF) which is a greener 
solvent [61]. Their studies have revealed that the PBI membrane produced through the new 
cross- linking method was able to reject tetracycline (444 Da) in ethanol with a rejection 
rate of 90.4%, with acceptable permeance of 13.8 LMH/bar.
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Table 19.3  Chemical structures of commonly used polymers for OSN membrane fabrication.
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In another study, Tham and Chung [62] have incorporated biophenol (tannic acid) in 
fabricating their membrane. Their membrane was cross- linked through a single- step cross- 
linking process, whereby their membrane was immersed in the cross- linking bath contain-
ing tannic acid and hydrazine in a certain ratio. Their membrane was able to have a stable 
performance of 1.2 LMH/bar of methanol with 100% rejection of Evans blue (980 g/mol). 
Yao et al. [31] have also employed tannic acid for the construction of thin film on a PI sub-
strate. Their membrane has the capability of rejecting 98.7% of Rose Bengal with 15 LMH/
bar using DMF as the solvent. Fei et al. [63] have performed an in- depth investigation on 
different biophenols, namely, dopamine, tannic acid, vanillyl alcohol, eugenol, morin, and 
quercetin, for the construction of coatings on different solvent- resistant membrane sup-
ports. From their results, the membranes after coating with the different biophenols exhib-
ited different ranges of MWCO (mostly between 200 and 1000 g/mol). Their study concluded 
that the presence of dopamine in the membrane coating enhances the resistance of the 
PAN and PVDF membranes toward polar aprotic solvent Cyrene. Zhao and his cowork-
ers  [64] have fabricated an interpenetrating polymer network (IPN)- based membrane, 
through the incorporation of polydopamine (PDA) and PBI. Their membrane was success-
fully developed and was found to have excellent resistance against organic solvent. The 
presence of PDA was found to improve the permeance of different organic solvents (such 
as DMF, DMSO, NMP, and Cyrene) in PBI membranes significantly. However, a longer 
PDA polymerization duration resulted in lower permeance of the membranes, due to the 
increase in hydrophobicity and decrease in pore size [64]. In a similar study, Xu et al. [22] 
have fabricated a mussel- inspired catechol and octaammonium polyhedral oligomeric 
silsesquioxane onto PI substrate. Their membrane was found to have ethanol permeance of 
1.26 LMH/bar with 99% rejection of Rose Bengal, which is higher rejection than polydopa-
mine/PI membrane at 2.03  LMH/bar and 55% rejection of Rose Bengal. These studies 
showed that the membranes fabricated through the use of biophenols have excellent resist-
ance toward organic solvent. Furthermore, the presence of biophenols in some of the 
investigations showed an improvement in the permeation flux without compromising its 
MWCO. Therefore, the inclusion of biophenols in membrane fabrication is an excellent 
green method to tweak the performance of the membrane as compared with the traditional 
cross- linking which uses toxic chemicals [16].

During the membrane formation process, usually through NIPS, solvent exchange 
occurs, whereby solvent from the polymer solution will be exchanged with the non- solvent 
(usually water) bath [21, 51]. The resultant waste solvent bath will then be discarded as 
chemical waste. The generation of chemical waste from the membrane fabrication process 
has been a concern by the researchers, which questions the sustainability of the separation 
process.

Recently, various efforts have been made to replace the solvent for dissolving the poly-
mers with a greener solvent. In a notable study by Soroko et al. [65], they have found that 
dimethyl sulfoxide (DMSO) can be used as a solvent for dissolving the sturdy P84 polyimide 
polymer. In their study, DMSO along with acetone as the cosolvent was used to prepare 
polyimide P84 dope solution. According to the U.S. Food and Drug Administration (FDA), 
both DMSO and acetone belong to class 3 [66], which can be defined as the solvents with 
low toxic potential to humans and no health- based exposure limit is needed. They have 
concluded that the performance of OSN membranes prepared from DMSO/acetone is the 
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same as the ones prepared from DMF/1,4- dioxane, with DMF as the process solvent. In 
another research, Hanafia et al. [67] have discovered a novel porous membrane that was 
made of a bio- based polymer. The bio- based polymer solution can be prepared by dissolv-
ing and stirring 20  wt% of hydroxypropylcellulose powder in preheated distilled water 
(60 °C). Then, the polymer solution was left overnight for degassing. After degassing, 
0.5 wt% of crosslinker (glutaraldehyde) was added to the polymer solution and HCl was 
added before casting, to initiate polymer cross- linking. Their cross- linked bio- based mem-
brane was found to be stable in DMSO, THF, methanol, and chloroform as no re- 
solubilization was observed in these solvents.

Besides that, Szekely and his coworkers [68] have introduced the use of bamboo fiber as 
the material for membrane porous substrate or membrane backing construction. In their 
study, bamboo fiber and polylactic acid were dissolved in dimethyl carbonate and subse-
quently cast on a glass plate at room temperature. Then, a dope solution of PBI in DMAc 
was prepared and cast on the bamboo fiber- based porous substrate. The PBI membrane 
with bamboo fiber backing was then tested with various solvents for its stability. The fabri-
cated membrane was found to be stable in organic solvents such as DMF, NMP, DMSO, 
acetone, and other solvents [68]. The results from the research show that the commonly 
used petroleum- based nonwoven membrane backing (polypropylene and polyethylene) 
can be replaced by a green and biodegradable membrane backing or porous substrate.

In another study by Yuan et al. [69], they have discovered that Kevlar nanofibers can be 
used as the polymer for membrane construction. Furthermore, the Kevlar nanofibrous 
membrane was fabricated by using DMSO as the solvent. The Kevlar OSN membrane was 
able to perform excellently in solvents ethanol, methanol, and isopropanol with the per-
meances of 2.9, 7.6, and 3.1 LMH/bar while rejecting 95.40% of Rose Bengal (1017 Da). 
Recently, different ionic liquids were also considered to replace toxic solvents during 
 membrane fabrication [70]. In the investigation by Sukma and Çulfaz- Emecen [70], they 
have employed a naturally available polymer, cellulose with ionic liquid, 1- ethyl-  
3- methylimidazolium acetate (EMIM Ac), and acetone as the solvent for the polymer dope 
preparation. They have found that the fabricated membrane was able to reject 87% of bro-
mothymol blue (624 Da) with 1.5 LMH/bar permeation flux in ethanol solution. As cel-
lulose is a renewable source of material, its availability and biodegradability make it a 
green and sustainable membrane that should be further investigated and developed.

In the development of ISA membranes, various modifications (Table  19.4) have been 
attempted which leads to a new class of membrane, mixed matrix membrane. Mixed matrix 
membranes or composite organic–inorganic/organic–organic membranes have the same 
fabrication procedure as ISA membranes; however, the inorganic/organic materials (nano-
particles) were mixed with the polymer dope solution before the fabrication process. The 
introduction of the organic/inorganic materials demonstrated a significant boost in robust-
ness, selectivity, and overall performance of the membrane. From a comprehensive review 
by Cheng et al.  [71], various materials have been studied as the potential fillers for the 
fabrication of MMMs, which are namely zeolites, metal oxides, activated carbon, carbon 
molecular sieves, and carbon nanotubes. In a study by Soroko and Livingston [72], tita-
nium dioxide/P84 polyimide MMM and titanium dioxide/cross- linked P84 polyimide were 
fabricated. It was found that the presence of titanium dioxide prevented the collapse of the 



Table 19.4  The latest research on green MMM and ISA membrane fabrications for OSN.

Material Fabrication solvent Crosslinker Conditioning Additives Type Mode Solute- process
Solvent- 
 process Rejection

Flux  
(LMH/ 
bar) Ref

PEI/PE/PP support DMSO — — Aramid 
nanofibers 
(ANFs)
ZIF- 8

MMM Dead- 
end

Rose Bengal
(1017 Da)

IPA 98.2% 1.8 [74]

Erythrosin
(836 Da)

IPA 93.8% 1.8

Remarks: Green fabrication solvent.

Celazole® S26 
polybenzimidazole 
(PBI)/PP support

DMAc TMC in 
2- MeTHF

PEG400/IPA — ISA Dead- 
end

Fast green FCF
(809 Da)

MeCN 99.9% 40.7 [60]

Remazol brilliant 
blue R
(627 Da)

Acetone 99.6% 29

Tetracycline
(444 Da)

Ethanol 90.4% 13.8

Safranin O
(351 Da)

IPA 69.8% 5.8

L- α- lecithin
(758 Da)

Hexane 92% 80.8

Remarks: Green cross- linking method.

Kevlar 69 DMSO- KOH/water — — — ISA Cross- 
flow

Rose Bengal
(1017 Da)

Ethanol 95.40% 2.9 [69]

Methanol 95.40% 7.6

IPA 95.40% 3.1

Remarks: Green fabrication solvent.

Cellulose Ionic liquid, 1- ethyl- 3- 
methylimidazolium 
acetate (EMIM Ac)/
acetone cosolvent

— Ethanol — ISA Dead- 
end

Bromothymol 
blue
(624 Da)

Ethanol 87% 1.5 [70]

Remarks: Green fabrication solvent and cosolvent. Naturally available polymer.

(Continued)



Table 19.4  (Continued)

Material Fabrication solvent Crosslinker Conditioning Additives Type Mode Solute- process
Solvent- 
 process Rejection

Flux  
(LMH/ 
bar) Ref

Polybenzimidazole 
(PBI)
 
PE support

Ionic liquid, 1- ethyl- 3- 
methylimidazolium 
acetate (EMIM Ac)

1,2,7,8- 
 diepoxyoctane 
(DEO)

Thermal 
annealing
- Ethylene glycol/
LiCl

— ISA Dead- 
end

Remazol  
brilliant blue R
(626 Da)

Ethanol 99% 1.02 [75]

Remazol  
brilliant blue R
(626 Da)

Ethyl 
acetate

90% 1.37

Remazol brilliant 
blue R
(626 Da)

DMSO 90% 0.31

Polybenzimidazole 
(PBI)
 
PE support

Ionic liquid, 1- ethyl- 3- 
methylimidazolium 
acetate (EMIM Ac)

Glutaraldehyde 
(GA)

Thermal 
annealing
- Ethylene glycol/
LiCl

— ISA Dead- 
end

Remazol  
brilliant blue R
(626 Da)

Ethanol 99% 4.16

Remazol  
brilliant blue R
(626 Da)

Ethyl 
acetate

90% 6.57

Remarks: Green fabrication solvent.
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membrane porous structure. Besides that, the presence of titanium dioxide improved the 
mechanical strength and hydrophilicity of the membranes. In another study, Farahani 
et  al.  [73] had fabricated amine- functionalized multi- walled carbon nanotubes (NH2- 
MWCNT) cross- linked P84 polyimide MMM. It was found that the lower loadings of NH2- 
MWCNT improved the membrane porosity and permeability with a slight decline in 
rejection to small solutes. Higher NH2- MWCNT loading caused agglomeration and reduced 
the membrane separation performance.

19.3   Green Organic Solvent Nanofiltration Processes

In a conventional purification process, the large volume of chemical waste generated from 
chemical reactions, and waste process water from process equipment cleaning, have been 
a concern, particularly on its impact on human health and the environment. Since the past 
century, the chemical effluents from industrial processes were the major contributor to 
environmental pollution particularly in aquatic ecosystems [76]. Therefore, to reduce the 
amount of chemical waste generated, various ways and methods have been investigated to 
recover organic chemicals and catalysts from industrial processes.

19.3.1  Catalyst Recovery

Organic synthesis usually involves the use of homogeneous catalysts, such as organometal-
lic compounds. In the review by Priske et al. [77], homogenous catalysts are typically used 
in metathesis, hydroformylation, Suzuki coupling, telomerization, and palladium- catalyzed 
cross- coupling to reduce the substantial amount of energy required for the reactions. 
Theoretically, the catalysts are not consumed during the chemical reactions, therefore can 
be recovered for further usage. Thus, the homogeneous catalysts in the post- reaction mix-
ture commonly undergo heterogenization where the homogeneous catalysts were modi-
fied to allow separations and recovery [78]. However, the heterogenization process often 
resulted in a decrease in the performance of the catalysts  [77]. Moreover, conventional 
post- reaction processing techniques involve multiple mass and energy- intensive stages, 
such as solvent extraction and evaporation, to obtain a purified product. Therefore, OSN 
was proposed by the researchers as it can provide separations with minimal or no changes 
to the performance of the catalysts.

In the earlier studies, Tsoukala et al. [79] had proposed the recovery of palladium catalyst 
after Heck coupling reaction by using polyimide P84 membrane (MWCO of 200 Da). It was 
reported that their method was able to recover 100% of the palladium catalyst 
([Pd0(PPh3)2OAc]−, MW = 690.04 Da) with the solvent acetone permeation flux of 40 LMH 
with 40 bar operating pressure in 40 minutes. In another study by Wong et al., the catalysts 
after the Suzuki reaction were recovered by using OSN [80]. In their study, the post- reaction 
mixture with tris(dibenzylidenacetone)dipalladium catalysts was diluted by using ethyl 
acetate. The catalysts were then separated from the mixture by using STARMEM 122 mem-
brane (a PI- based membrane). It was reported that they were able to recover 75 to 85% of 
palladium catalyst from the ionic reaction mixture. In a similar study, Xaba and his cow-
orkers  [81] have investigated the recovery of palladium catalysts in a Heck coupling 
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reaction mixture. The separation was performed by using a dead- end type of filtration cell 
with different commercial NF/RO membranes supplied by Dow/FilmTec companies. It 
was found that all of the investigated membranes (XLE, NF90, and BW30) were able to 
reject more than 99% of bis(triphenylphosphine)palladium (II) chloride catalysts in 
2- propanol at 20 bar operating pressure. However, the membranes performed poorly in the 
recovery of palladium acetate catalysts, whereby the rejections were less than 30% in all the 
investigated membranes. The lower rejection of palladium acetate catalysts was due to 
their smaller size (224 g/mol) as compared with bis(triphenylphosphine)palladium (II) 
chloride catalysts (701.91 g/mol). Nonetheless, the investigations have proven that the 
recovery of palladium catalysts (701.91 g/mol) was possible given the high rate of rejection. 
In the recent study by Shen et al. [82], they had performed the investigations of palladium 
acetate catalysts recovery by using PuraMem S600 and DuraMem 500 membranes. It was 
found that Duramem 500 membrane was able to reject more than 90% of the palladium 
acetate catalysts in isopropanol, butanol/water, and methanol. PuraMem S600, on the 
other hand, performs poorer, whereby the rejection in toluene, isopropanol, and methanol 
are about 60, 75, and 75%, respectively. However, after agglomeration by using 1,2- Bis 
(diphenylphosphino) benzene (dppBz) complex, the PuraMem S600 membrane was able to 
recover 99.5% of the palladium acetate catalysts in toluene and isopropanol and about 90% 
in methanol.

In a study by Ormerod et al. [83], they have investigated the recovery of palladium cata-
lyst by OSN. They have proposed the use of N- heterocyclic carbenes (NHC) to functionalize 
palladium catalyst, thus enabling the formation of tailed Pd NHC complexes. The introduc-
tion of NHC not only improves the membrane rejection through size exclusion and affinity 
but also improves the catalyst’s resistance toward cluster formation. Their investigations 
showed that there was a significant improvement in the product recovery, whereby 67% of 
the tailed catalyst were recovered as compared with the untailed catalyst, 20%. Further 
process intensification yielded a greater rejection of the tailed catalyst at >90% retention of 
the catalysts. Bayrakdar et al. [84] have introduced OSN for the recovery of gold catalysts. 
The model reaction employed in their study was the hydration of diphenylacetylene to 
produce phenylacetophenone. Their investigation yielded an excellent result, whereby 
98.2% of gold catalyst was recovered, with 47% of the product rejected with Me- THF per-
meance of 10.33  LMH/bar by using a ceramic membrane, Borsig oNF- 1. Van der Gryp 
et al.  [85] have also employed OSN to recover Grubbs- type precatalysts after metathesis 
reaction. It was revealed that STARMEM 228 membrane was able to recover more than 99% 
of the different catalysts in olefins.

In a recent study by Kisszekelyi et al. [86], they have introduced the use of cyclodextrin 
to form inclusion complexes with cinchona- based organocatalysts. The formation of the 
complexes had improved the recovery of the catalyst, whereby 100% of the catalysts were 
recovered with 98% product purity at 80 g/L/h. In another interesting study by Kisszekelyi 
et al. [87], OSN membrane was employed for the recovery of catalysts used in an environ-
mentally friendly organic electrosynthesis. In the study, 2,2,6,6- tetramethylpiperidinyl- N- o
xyl (TEMPO) catalyst was used in the reaction to convert 5- hydroxymethylfurfural (HMF) 
into 2,5- diformylfuran (DFF), which is a useful derivative of HMF in pharmaceutical, 
organic conductors, fungicides, and other applications  [87]. The HMF which can be 
obtained from fructose has undergone electrocatalysis by using green solvents such as 
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acetonitrile. Before the OSN process, the TEMPO catalysts were anchored to small 
 trifunctional hubs for size enlargement (to form Hub- TEMPO), so that they can be easily 
separated from other reaction components [88]. Their OSN process yielded a good result, 
whereby OSN membrane, particularly DuraMem300, was able to reject Hub- TEMPO cata-
lyst at 90–100% rejection, with a lower rejection of other solutes (10–20%) in acetonitrile at 
0.73 LMH/bar. The high selectivity of the OSN process enables the recycling of the high- 
value catalysts for further usage.

19.3.2  Solvent Recovery

Researchers have introduced membrane technology for the recovery of chemical solvents 
in the recent decade. Kimmerle et al. [89] had introduced the use of polydimethylsilicone- 
polysulfone composite membrane for the recovery of organic solvent from the air. They 
have tested the membrane with an acetone–air system. It was found that the membrane 
was able to recover about 10% of the feed solvent (with 1 wt% of solvent acetone in the air) 
while about 25% of the feed solvent (with 10% of solvent acetone in the air). On the other 
hand, White and Nitsch [90] had performed the recovery of solvents from lube oil filtrates 
by using a PI membrane. The PI membrane was found to successfully recover methyl- 
ethyl- ketone (MEK)/toluene solvents with more than 99% purity.

Cui and Chung  [91] have demonstrated solvent recovery through a pressure- assisted 
osmosis OSN for pharmaceutical processing. A TFC membrane with MPD/TMC thin layer 
and polyimide Matrimid 5218 as the substrate was used as the OSN membrane. In their 
investigation of the tetracycline/IPA system, they were able to recover IPA at the flux of 
2.58 LMH/bar with 99% of the tetracycline rejected. They had also performed the investiga-
tion of triglyceride/hexane system, whereby 99% of triglyceride were rejected with 5 LMH/
bar permeate flux. In another study, Li et al. [92] have prepared a graphene oxide- deposited 
composite membrane for the pharmaceutical concentration and solvent recovery. Their 
study revealed that the prepared membrane was able to reject Roxithromycin and Vitamin 
B12 at the rejection of 92.21 and 95.34%, respectively, with the pure IPA permeation rate of 
0.53 LMH/bar. As the use of viscous green solvents such as IPA in OSN often resulted in a 
low permeation flux, Jang et  al.  [93] have discovered improved nanofiltration of IPA, 
whereby a turbostratic nanoporous carbon sheet (TNCS) membrane was used. The TNCS 
membrane showed incredible solvent permeance of 12900 LMH/bar for acetone (0.33 cP), 
1600 LMH/bar for 1- butanol (3 cP). Besides that, the permeation flux of isopropanol (2.4 
cP) was achieved at 1840 LMH/bar. The TNCS membrane also showed a high rejection 
toward solutes larger than 600 Da, such as Congo red, methyl blue, and Evans blue, with 
more than 99% rejection. Their discovery provides a significant breakthrough in OSN 
development, as viscous solvents such as IPA are widely used in industries.

Recently, Goh et al. [92] have fabricated a polyamide TFC hollow fiber membrane for the 
recovery of acetonitrile. Astonishingly, their membrane was able to reject 98.2% of 
Levofloxacin with acetonitrile permeate flux of 10.58 LMH/bar, in which the solvent per-
meate flux is considerably high as compared with other works in the literature.

Besides that, various studies have been conducted to recover solvents from vegetable oil 
in recent years. In a conventional vegetable oil purification process, solvent hexane that 
was used in the extraction process was commonly evaporated, to obtain crude vegetable oil 
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for further use. The evaporation of a large quantity of solvent hexane undeniably possesses 
the risk of explosion, fire, and also chemical pollution to the environment. Recently, Shi 
et al. [94] had performed investigations on vegetable oil compounds and solvent separa-
tions by using commercially available OSN membranes. In their study, it was found that 
the PuraMem280 polyimide membrane by Evonik was able to obtain solvent acetone at a 
high permeation rate. Werth et al. [3] also demonstrated the potential of OSN membrane 
in separating vegetable oil and recovering solvent in the oleochemical industry. In their 
investigation, a theoretical case study was studied, whereby a series of purification units 
were modeled by Aspen Custom Modeler (ACM). The process modeling was performed by 
using experimental data obtained from their previous work  [95]. The final result of the 
process modeling revealed that the model with OSN membranes can achieve more than 
70% energy savings as compared with the conventional process. In an investigation by 
Darvishmanesh et al. [96], they have performed a study on the solvent recovery from differ-
ent pharmaceutical/solvent mixtures by using PI- based membranes. They have discovered 
that more than 90% rejection was achieved for DuraMem150 in all tested solvents (metha-
nol, ethanol, isopropanol, and ethyl acetate). Through process modeling by ACM, a com-
parison between the traditional evaporator and solvent recovery through OSN was 
performed. It was found that a considerable reduction of energy consumption (>90% 
reduction) was obtained when OSN was used, with a similar amount of product recovered 
and similar permeation flux as compared with the traditional evaporator unit. Through 
simulations, their study has proven the advantages of OSN in terms of energy consump-
tion, as well as recovered solvent over the traditional evaporator process.

Szekely and his coworkers [97] have developed a continuous adsorption process with in- 
situ solvent recovery. The model of study is based on the solvent used for the extraction of 
bioactive compounds such as biophenols, as it has been widely extracted for various indus-
trial usage. Ethyl acetate was found to be the most preferable solvent for the process, as it is 
ranked the highest in the list of GSK solvent recommendations [98]. In the measure of the 
greenness of a process, the E factor (environmental factor) has been introduced by research-
ers, which is defined as the ratio of the mass of waste per mass of product. The use of ethyl 
acetate coupled with OSN has significantly lowered the E factor by 96.4%, as the recycling of 
97.5% of ethyl acetate and 44.5% reduction of the carbon footprint was achieved. Besides that, 
the high selectivity of the membrane yielded a high recovery of oleuropein (99.7% purity). 
Furthermore, process intensification [99] can improve the recovery of the desired product 
which subsequently lowered the E factor of the process. In another study by Fodi et al. [100], 
in- situ solvent recovery in flow reactors coupled with nanofiltration of a pharmaceutical pro-
cess was investigated. Their model of the study was based on the use of Trialkylamine base 
catalyst for the Michael addition process. From their investigation, it was found that 90% of 
the solvent was recovered, with 91% and 19% reduction of E factor and carbon footprint, 
respectively. Their proposed nanofiltration unit was successful in concentrating the product 
by 11 times with a purity of 91.5%. The studies demonstrated that OSN membrane is still the 
best alternative in recovering organic solvents, especially when the E factor is involved.

19.3.3  Fractionation

In a solution mixture of more than two solutes or solvents, fractionation can be used to 
improve the separations. Fractionation is where the solution mixtures are separated by a 
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series of separation units, resulting in purified streams of solutes or solvents. Traditionally, 
the feed liquid solution mixtures were treated by using distillation columns, which yielded 
purified distillates and bottoms. However, distillation requires a huge amount of energy, 
especially for multiple distillation units. With the invention of membrane separation units, 
appropriate arrangements of the separation units will allow the high recoveries of both 
solutes and solvents with minimal energy requirements. In the membrane separation 
 process, the fractionation of solutes and solvents can be performed through membrane 
cascades or diafiltration.

In the investigations by Chun- Te Lin and Livingston [101], they have reported a counter-
current membrane cascade for the solvent exchange of methanol with tetraoctylammo-
nium bromide (TOABr)/toluene solution. In their study, the feed solution containing the 
HBP toluene solvent was replaced by low boiling point (LBP) methanol solvent through a 
solvent exchange process. The constructed membrane cascade consists of three stages of 
solvent exchange processes, which aimed to yield purified TOABr/methanol and toluene in 
the retentate stream and permeate stream, respectively. The final retentate from their study 
yielded 75.3 wt% of methanol and 0.135 wt% of TOABr. In another study, Kim et al. [102] 
had constructed a process that consisted of a single- stage diafiltration and two- stage cas-
cade diafiltration. The feed solution in their experiment consisted of PEG- 400 and 
PEG- 2000 in acetonitrile. In their two- stage cascade experiment, the solution mixture was 
fed into a membrane cell (first), in which the permeate stream was connected in series to 
another membrane cell (second), and the retentate streams from both the membrane cells 
were recycled back to the feed tank. The final product was collected from the permeate 
stream of the second membrane cell. To replenish solvents in the retentate stream, a fresh 
acetonitrile solvent stream was connected to the feed tank, which resulted in a diafiltration 
process stage. Their work reported a successful application of membrane cascade, where 
the rejection of PEG- 2000 was improved from the initial 59 to 94%.

Siew et al. [103] had proposed an alternative to diafiltration in their OSN experiments. 
Their alternative incorporated the McCabe–Thiele approach, which was developed into a 
series of membrane cascades with recycle streams, yielding purified solute and solvent. 
From their theoretical study, it was found that the constructed membrane cascade design 
was able to decrease solvent usage significantly and improve separation with a minimal 
number of stages. In a study by Firman et al. [104], they have designed a seven- stage mem-
brane filtration process without recycling stream. In their study, they have compared the 
solvent recovery of n- hexane, and soybean oil concentration of their designed process with 
the conventional process. From their calculations, their designed process was able to save 
around 50% of energy requirements and 60% of steam and cooling water. Besides that, from 
the initial feed of 5000 kg/h of n- hexane (containing 25 wt% oil), 4074.94 kg/h of n- hexane 
(containing 9.5  wt% oil) can be recovered. In another theoretical study by Scharzec 
et al. [105], they have designed a three- stage process where the permeates from the first 
and third stages were collected as the purified permeate stream, and retentates from the 
second and third stages were collected as the purified retentate stream. Before the theoreti-
cal study, they performed the filtration of feed containing methanol, water, and catalyst by 
using various commercially available membranes. From the membrane screening process, 
DuraMem 150 was selected as the membrane for their subsequent study. After their calcu-
lations, a single filtration process wasted 3.522 kg/h of methanol in the retentate stream, 
considering 10 kg/h of feed solution. By using their process configuration, 9.3 kg/h of 
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methanol (0 wt% catalyst, 4 wt% water) can be recovered from the 10 kg/h of methanol 
(0.95 wt% catalyst, 3.8 wt% water). This shows a promising result where more than 90% of 
the solvents and 99.9% of the catalyst can be recovered.

In the field of bioprocessing, the use of OSN has been recently proposed to fractionate 
biomass. In a study by Livingston and his coworkers [106], they have introduced the use 
of OSN membrane to purify catalytic upstream biorefining (CUB) liquor. In their study, 
isopropanol was employed as the solvent to extract lignin from the liquor. The use of 
solvent- resistant membranes was able to achieve purity of 97.3% for species more than 
1  kDa with 5  LMH/bar. In another study  [107], OSN membrane was used to recover 
extracted biofuels (n- butanol) from an aqueous fermentation system. As high toxicity 
might affect the microbial metabolism in fermentation, the extractant used to extract bio-
fuels was carefully considered. In their study, 2- ethyl- 1- hexanol was chosen as the extract-
ant. It was found that the overall energy consumption of n- butanol (3.9  MJ/kg) was 
substantially lower than other recovery processes (17–29.4 MJ/kg) with the n- butanol 
recovery of more than 99.5% purity. In a different investigation by Dubreuil et al. [108], 
they have performed biomass valorization toward bio- aromatics. Commercial polyamide- 
based and ceramic membranes were screened in their experiments. It was found that the 
fractionation of lignin derivatives with lower than 300 g/mol was possible by using 
Desal- 5DK membrane.

In recent years, Renouard et al. [109] had performed simulations on different membrane 
cascade configurations. They had constructed one configuration where the recycle streams 
from the second filtration stages are combined with the feed stream of the first filtration 
stage. In the second configuration, the recycle streams from the second stages are com-
bined with their purified streams, respectively, where the permeate from the enriching 
cascade is combined with the feed of stripping cascade and vice versa. According to their 
case studies, different configurations can be chosen based on specific criteria for the sepa-
ration process.

The fractionation of solutes was proven to be attainable through careful considerations 
during the construction of membrane cascades and diafiltration in a membrane pro-
cess design.

19.4   Conclusions and Future Outlook

Various types of membranes have been explored for their capabilities in separating and 
recovering essential products without altering or degrading the original properties of the 
compounds. However, environmental concerns of OSN during membrane fabrication and 
its processes have instigated the research on the sustainability of OSN separations. Recently, 
various researches have been carried out to improve the green aspects of the current OSN 
processes. These include the use of greener solvents to replace toxic solvents during mem-
brane fabrication processes, the use of greener or naturally available resources as the mem-
brane materials, reduction in the number of steps during cross- linking, and the reduction 
in chemical usage and waste generation. The researchers have obtained promising results 
in their pursue of greener OSN membrane and processes. Some of the latest green mem-
branes produced even have better performance than the ones produced by using toxic 
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chemicals. Besides that, the currently proposed fractionation method was able to recover 
products of high purity without high solvent consumption. Some of the currently proposed 
membrane performance can also be modified or improved through ionic cross- linking 
instead of toxic organic chemicals. All these efforts showed a major improvement in OSN 
technology, as compared with the previous decade. Despite this, there is still plenty of 
research needed, especially in scale- up process development. As of current, there is still 
insufficient literature on the simultaneous optimization in material, process, and fabrica-
tion for scale- up OSN processes as were highlighted by Szekely et al. [14]. The use of effi-
cient investigation techniques such as the design of experiments (DOE), artificial neural 
networks (ANN) in consideration of material, process, and fabrication are still scarce. 
Therefore, more research should be done on the scale- up processes to obtain sufficient data 
for the implementation of green OSN in the industry.
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20

20.1  Introduction

Separations are a very diverse area, as seen from the previous chapters. In addition to the 
basic science underlying the separation mechanism, there are factors such as industry 
 preference, cost, competing methods, scale- up/staging, separation factor needed, and cor-
porate social responsibility/sustainability.

This chapter will limit some of this scope by only considering separations within the 
Chemical Engineering sector, i.e. industrial chemical separations, and thus ignore those 
found within analytical chemistry, mechanical engineering, etc. From Figure 20.1, it can be 
seen that over the last 25 years, the number of articles published on both sustainability and 
separations have been increasing – in this case the filter of chemical engineering has been 
used, which is likely to have removed a large proportion of articles; however, this also 
means that sustainability not related to the chemical industry has not been included, e.g. 
sustainable buildings. A small proportion of the published articles also include the key 
word education; however, these are also increasing demonstrating the increasing impor-
tance of teaching both separations and sustainability.

Separations are key within industrial processes accounting for 40–70% of both capital 
and operating expenses [2]. They also present opportunities for more efficient use of energy 
and raw materials as well as opportunities for waste reduction. Not only are new develop-
ments in sustainable separations, as given in the previous chapters, critical for continued 
competitive productivity but also the teaching of sustainability within separations is 
needed. This chapter will examine some of the current approaches used for teaching sepa-
rations and will also make some comments on future directions.

Thomas Rodgers

Department of Chemical Engineering and Analytical Science, The University of Manchester, Manchester, UK

Sustainable Separations in the Chemical Engineering 
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20.2  Current Approaches to Teaching Separations

In order to discuss what the current approach to teaching separations on degree courses 
are, it is important to be able to classify them. Table 20.1 provides this classification by the 
general method, though it is not uncommon to classify by separation property or similarity 
in design analysis [3].

From Table 20.1, it is clear that there are a large number of potential separations (and 
that is not an exhaustive list); therefore, to teach all of these, a large amount of time would 
need to be allocated. This separations- oriented Chemical Engineering curriculum would 
have to use separations as the unifying theme; however, this does not fit into current or 
future trends in curriculum development  [4–6]. With overcrowded curriculums, separa-
tion methods receive a small section of the time and thus, courses have chosen which sepa-
rations to include. Figure 20.2 provides the key separations taught across representative 
chemical engineering courses.
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Figure 20.1 Search for “Chemical Engineering” articles through Web of Science [1] with and 
without the additional search keyword of education. (a) is for variants of the key word sustainability 
(with AND sustainab*) and (b) is for variants of the key word separation (with AND separat*). Lines 
are not a fit and just used to guide the eye.

Table 20.1 Some Separations as classified by the general method.

Method Examples

Phase addition/creation Condensation, vapourization, continuous/batch distillation, extractive 
distillation, absorption, stripping, liquid–liquid extraction, drying, 
evaporation, solution/melt crystallization, leaching, coagulation/
flocculation, molecular distillation, reactive distillation

Barrier Osmosis, reverse osmosis, dialysis, filtration, micro- /ultra- filtration, 
gas permeation, pervaporation

Solid agents Adsorption, chromatography, ion exchange

External field/gradient Gravity settling, flotation, centrifugation, (hydro)cyclone, electrolysis, 
electrodialysis, field- flow fractionation, magnetic
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Distillation is a named separation topic on all courses, this is likely due to its wide use in 
industry (in the late 1990s, it was estimated that 90–95% of all separations in the chemical 
process industry were distillation [2]) and that it can be typically well modeled using pro-
cess simulators [8]. Absorption and stripping are likewise named on almost all courses, due 
to the similar design methods and staging as distillation columns.

Membrane separation processes are also commonly named, likely due to their current 
success in water treatment and medical applications. Although commonly named, quite a 
number of the modules with this listed are optional. Due to its usefulness for cases where 
distillation does not work, extraction is also commonly named as an examined separation 
technique.

Just over half of the degree courses had adsorption as a listed separation technique, 
and many of these within optional units at the higher end of the courses. This is likely 
due to a perceived difficulty of the topic and the rate- based analysis method needed; 
membranes are probably the easiest of the rate- based separations to teach due to typical 
operation at steady state. Drying and crystallization is similarly placed, although criti-
cally important in many industry areas, these have not always been considered core 
chemical engineering areas. Interestingly, mechanical separations such as filtration, set-
tling, centrifugation, and cyclones are widely ignored on most degrees although funda-
mental in many areas.

The classical method of teaching separations was to start with equilibrium- stage separa-
tions, typically one stage, e.g. evaporation, and then extend this to multistage, e.g. distilla-
tion, and then potentially to the addition of a mass separating agent, e.g. extraction. To do 
this, graphical methods were heavily utilized, including McCabe–Thiele, Ponchon Savarit, 
and Hunter–Nash (on triangular diagrams). These taught sessions were often accompanied 
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Figure 20.2 Summary of named separation techniques listed by name in courses on the top 30 
Chemical Engineering degrees as ranked by the QS World University Rankings 2019 [7]. (a) is the 
breakdown of location of the top 30 degrees and (b) is the percentage of degrees which name the 
separation techniques. It should be noted that some separations may be taught that are not listed 
here, but this is due to them not being directly named in unit specifications.
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by laboratory sessions with operation of distillation, adsorption, and extraction equipment, 
ideally at a large scale, see for example Figure 20.3. As computers became more widely 
used and available, the graphical approaches were supplemented with the use of software, 
initially with students writing their own programs, but then progressing to use dedicated 
programs like ChemSep and Aspen Hysys as these become more widely available at 
universities.

Current chemical engineering practice tends to focus on the use of commercial process 
simulators such as AspenPlus, ChemCad, Hysys, and Pro II. This to make sure that stu-
dents are prepared for commercial practice  [9]; simulating and designing equilibrium- 
staged separations using a commercial simulator  [10, 11]. Unfortunately, students often 
treat these simulators as black- boxes and tend to believe the results they obtain without 
further checking [12].

A current area of educational development is in simulation- based educations tools 
with the aim to offer a rich and dynamic learning experience by allowing the user to 
interact with a model of a physical system via adjusting parameters and watching the 
corresponding response. The aim is to try to address the black- box issue. 

Figure 20.3 Approx. 4 m pilot- scale 
absorption column based within the 
Department of Chemical Engineering at the 
University of Manchester.
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Mathematica- based Wolfram Demonstrations Project  [13–15] and R- based Shiny  [16] 
packages have been widely used to produce high- quality teaching materials. These 
applications lack the ability for students to practice problems, they simply allow stu-
dents to manipulate variables to only see change, not calculate these changes. Therefore, 
these do not facilitate enhanced engagement enabling through visual/kinaesthetic 
interactions as traditional graphic plotting could achieve. Typically, improvements have 
been made over these more passive simulations by linking to multiple choice 
questions [17].

It is also typical to examine stage- by- stage calculations using excel [18, 19]. This acts an 
intermediate between a full simulation and undertaking calculations/plotting by hand. 
This increases student interaction, but does not give the same approach as would be 
achieved with pen and paper. For extraction, a web–app was introduced to have a strong 
free- hand feel allowing students to retain the enhanced visual and kinaesthetic engage-
ment with the material, while giving students the opportunity of practicing on a large num-
ber of randomly generated exercises [20], an example is shown in Figure 20.4. The apps 
also give students the option of skipping to the sections they wish to practice, e.g. if they 
want to practice calculation of the separation they can get a generated equilibrium curve 
instead of having to plot this first. Moreover, incorporating graphic student input along 
with numeric answers into demonstration- based tools is important for student learning as 
this allows them to practice and apply knowledge they have learnt.
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Figure 20.4 Screenshot of LLTernary web- app on which graphic methods can be undertaken 
digitally [21].
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20.3  Current Approaches to Teaching Sustainability

In the last couple of decades, significant progress has been made in recognizing the issues 
in sustainability and its inclusion in the chemical engineering curriculum. The same uni-
versities in Figure 20.2 were examined for courses listed to do with sustainability or envi-
ronmental. Around 75% of the degree programs had at least one course (around 18% with 
two or more courses); however, there was a clear focus on energy and environmental 
chemistry with a small number offering process analysis topics, e.g. life cycle assess-
ment (LCA).

The importance of educating engineers in sustainable development principles has been 
highlighted in the literature [22, 23]. Professional institutions, such as the Royal Academy 
of Engineering and the Institution of Chemical Engineers, have introduced a number of 
initiatives/statements to encourage the integration of sustainability into HE as well as its 
industrial application [24]. This is emphasized by the requirement of the provision of guid-
ing principles on engineering for sustainable development within the curriculum to 
achieve accreditation [25, 26].

Many original courses on sustainability were focused on green chemistry principles, with 
a current trend toward measuring sustainability with tools like LCA including ecological, 
social, and economic considerations. Several implementations have been used for sustain-
ability teaching within courses, these tend to vary from more traditional lecture courses 
with some problem- based learning activities [27], implementing with experimental activi-
ties [28] and games [29], and within the capstone design project.

20.4  Perspective, Future Directions, and Conclusions

The future direction of separations teaching would be simple if nearly all graduates went 
into a single industry, the needs of that industry could then guide the topics. Industries can 
be classified by the separations they use. For example, the petroleum and petrochemicals 
industries are heavy users of distillation plus absorption, extraction, gravity separation of 
liquid phases, plus to a lesser extent membrane separations and adsorption. While the 
pharmaceutical and food industries much more rely on centrifugation, filtration, mem-
brane separators, extraction, solution crystallization, precipitation, chromatography, and 
drying. Table 20.2 provides a breakdown of the chemical sales in 2018 by the EU- 28 coun-
tries; this shows that there is no longer a dominant chemicals area and the table excludes 
large industries requiring separations such as food production, water treatment, and the 
core petroleum industry.

It is clear that the mix of jobs taken by graduates of most chemical engineering programs 
is much too large to choose what to teach based solely on the hiring industry. Therefore, 
what should happen?

Distillation (including absorption and stripping) will remain a major player in industry 
and thus should remain a major part of chemical engineering curriculum. Focus here can 
be used with process simulators, though making sure the students understand what is 
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happening in the “black- box” with links to graphic methods. Extraction should then be 
included to examine more complex graphic techniques, but it is important to make sure 
that unique extraction design issues are covered.

Membrane and adsorption separation processes will likely continue to increase in indus-
trial applications and thus should be continued to be taught within chemical engineering 
degrees. These need rate- based analysis to design and thus allow students sensible exam-
ples of this more complex analysis. It is likely that mechanical separations and crystalliza-
tion will continue to not be included in many chemical engineering degrees but as these are 
core separation techniques in many industrial areas, these should be looked at where they 
can be included, especially in universities that want to have focus on pharmaceutical and 
consumer industries.

Clearly coupled with these separations, the need to deliver a sustainable chemical indus-
try is a continuing driver of the future. While the objectives of courses may need to be 
changed to factor this in, it does not imply an in- depth rebuild of the curriculum. Activities 
such as lab work with molecules from renewable sources, design projects where sustaina-
ble chemistry constraints are taken into account, and worked examples of sustainable 
chemical industry processes [32]. A taught unit to introduce the basics, for example, energy 
analysis, metrics like LCA, and environmental impact though greenhouse gases balances, 
would however be needed. The application of the 12 principles of green engineering [33] 
and analysis tools such as LCA built into the capstone design project should be a key 
area1 [34, 35]. It is vital to embed the content within the curriculum, rather than using a 
“bolt- on” approach [36, 37].

Table 20.2 Sectoral breakdown of EU- 28 chemical sales in 2018. Base, specialty, and consumer 
chemicals (€565 billion) from [30] and pharmaceuticals (€170 billion) from [31].

Sector Subsectors

Base chemicals (46%) Petrochemicals
Plastics and synthetic rubber
Man- made fibers
Basic inorganics (e.g. acids and bases)
Industrial gases
Fertilizers

Pharmaceuticals (23%) Products and preparations

Specialty chemicals (21%) Paints & inks
Crop protection
Dyes & pigments
Auxiliaries for industry (e.g. glues, essential oils, and gelatine)

Consumer chemicals (10%) Perfumes
Cosmetics
Personal care (e.g. soaps, shampoos)
Home care (e.g. detergents, cleaners)
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Note

1 This is an activity undertaken at the University of Manchester which has led to six wins of 
the IChemE’s Macnab Lacey Prize for best sustainable student design project between 2021 
and the inception of the award in 2011.
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sulfur and nitrogen‐based compounds  
620–625

toluene and benzene 611–616
classification 609
extraction of bioactive compounds  

625–626
alkaloids 632, 634
phenolic compounds 626–631
terpenic compounds 631–633

HBA and HBD 607, 609, 610
metal separation

from electronic waste 637–638
gold 640, 641
HDES for 638–641
hydrometallurgy 634
LIB recycling 637–638
from metallurgic wastes 634–636
solvometallurgy 634

nonionic 609
preparation of 608
schematic representation of 608
viscosity 610

Degasser 132
Degree of oxidation (DO) 579
Degree of substitution (DS) 565, 579
Delicate items, ultrasonic cleaning of  

182–186
Demulsification 176–178
Demulsifiers 114
Density‐based acoustic separation 668
Density functional theory (DFT) 23, 25
De‐oiling hydrocyclone 122–123
DEP. See Dielectrophoresis (DEP)
Desalination system, 401–402. See also 

Adsorption desalination (AD)
Desalination technologies

comparison of 420
forward osmosis 137–138
membrane distillation 136–137
nanofiltration 137
vapor compression 134–135

DESs. See Deep eutectic solvents (DESs)
Deterministic lateral displacement 

(DLD) 655–660

DGF. See Dissolved gas flotation (DGF)
2,3‐Dialdehyde cellulose (DAC) 565–566
Dialysis 278
Dielectrophoresis (DEP) 671–673
Di(2‐ethylhaxyl) phosphoric acid 

(D2EHPA) 300, 325–326, 330
Diffractive‐acoustic surface acoustic waves 

(DASAW) 669
Dimethylformamide (DMF) 701
Dimethyl sulfoxide (DMSO) 461, 713
Direct contact membrane distillation 

(DCMD) 135, 136
Direct heat integration 446–449
Dissolved gas flotation (DGF) 125, 140

horizontal 126
IGF vs. 126
vertical 125

Distillation processes 199, 431, 733, 736
azeotropic mixture separation 445,  

456–469
columns 433–434, 436, 438
configurations 445
countercurrent multistage 432–433
energy requirements of 434–435
extraction–distillation hybrid process  

465–468
extractive 458–462
flash 431
heteroazeotropic 463–465
HETP 436
LOT configuration 449, 453, 456
membrane‐assisted 468–469
MSA 456–468
for narrow‐boiling mixtures 456–469
separation of close‐boiling and azeotropic 

mixtures 456–458
simple batch 431, 432
sustainable design for single splits  

436–437
double‐effect and MED 437–438
heat pumps (See Heat pumps)
HIDiC 442–444
pressure variation 437

sustainable multiproduct distillation  
445–446

Deep eutectic solvents (DES) (cont’d)
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direct heat integration 446–449
innovative combinations 454–456
Kaibel column 453–454
Petlyuk configuration 449, 451, 453
Sargent configuration 454
TC and DWC 448–455

ultrasound‐assisted 181–183
vacuum 437

Dividing wall column (DWC) 446, 448–455
Dividing wall column azeotropic 

distillation 492–494
DLD. See Deterministic lateral 

displacement (DLD)
DLD device with electrokinetics 

(eDLD) 673, 674
DMSO. See Dimethyl sulfoxide (DMSO)
Donnan effect 354
Dopamine 389
Dopants 26
Double‐effect distillation configuration  

437–438
Downstream processing 499
Downstream purification (DSP)

dry wasing 351
ion‐exchange resin 352
membrane systems

ceramic and polymeric membranes  
357–358

hollow fiber membrane extraction  
355–356

multi‐staged 358–359
natural adsorbents 351–352
wet washing 351

Dry washing 351
DSP. See Downstream purification (DSP)
Dual‐functionalized redox‐active 

framework 31
Dual media filter 128
Duesenfeld recycling process 595
DWC. See Dividing wall column (DWC)
Dysprosium extraction 330–331

e
Eco‐efficiency Analysis 529
Eco‐Footprint 529

E‐FACS. See Electric‐based fluorescence‐
activated cell sorting (E‐FACS)

E‐factor 486, 527, 530, 720
Effective Mass Yield 526
EGCG. See Epigallocatechin‐3‐gallate  

(EGCG)
EIPS. See Evaporation‐induced phase 

separation (EIPS)
EIX. See Electrochemical ion exchange (EIX)
Electrical double layer processes 3, 19–21
Electric‐based fluorescence‐activated cell 

sorting (E‐FACS) 671, 673–675, 683
Electric‐based separation 670–675
Electroactive crystalline species 29–31
Electrochemical cells, asymmetric 31,  

33–35
Electrochemical conversion 18–19
Electrochemical doping 26
Electrochemical ion exchange (EIX) 10–12
Electrochemically mediated amine 

regeneration (EMAR) process 16–17
Electrochemically mediated binding 

processes 21, 22
conducting polymers 26, 28–29
electroactive crystalline species 29–31
hybrid organic–inorganic composites  

31, 32
redox‐active polymers 21–26

Electrochemically mediated sustainable 
separation system 17–18, 40

electrical double layer 19–21
electrochemical conversion 18–19
using heterogeneous redox‐active 

species 21
electrochemically mediated binding 

(See Electrochemically mediated 
binding processes)

hydrophilicity tuning 34, 36–37
reactive separations 37–39

Electrochemically tunable affinity separation 
(ETAS) 34, 36

Electrochemical separation methods 5–7
direct approaches 7
electrocoagulation 13–14
electrodeposition
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applications of 16
defined 14
EMAR process 16–17
energetic requirements of 15
selective 15

water electrolysis 7
electrochemical ion exchange 10–12
electrodialysis 8–10
electroflotation 12–13

Electrochemical series 3
Electrochemical theory

kinetics 4–5
thermodynamics 2–4

Electrocoagulation 13–14, 141
Electrodialysis

augmented 9
energetic requirements of 8
shock 9–10
stack setup 8
traditional 9

Electroflotation 12–13
Electrolytic reactions 7
Electro‐membranes 298
Electronic wastes, metal separation  

637–638
Electrophoresis (EP) 670–671
Electroporation 82
Electrostatic force 671
Electrostatic pseudo‐liquid membranes 

(ESPLIM) 303
Electrowinning 15
ELM. See Emulsion liquid membrane (ELM)
EMAR process. See Electrochemically 

mediated amine regeneration 
(EMAR) process

Emulsion 330
breaking 176–178
membrane‐based separation 248–250
stability 114
surfactants 313

Emulsion liquid membrane (ELM) 301, 
302, 322, 325–326

Energy efficiency 140–141
metrics 528, 530

Energy optimization 531
Energy storage systems (ESS) 598
Enhanced oil recovery (EOR) 139
Environmental, health, and safety (EHS) 

properties 540–541
Environmental‐impact metrics 528–529
Enzymatic catalysts 348
Enzyme‐assisted extraction method 81, 

82, 94, 522
EP. See Electrophoresis (EP)
Epigallocatechin‐3‐gallate (EGCG) 629
Equilibrium partial pressure (EPP) 222–223
ESPLIM. See Electrostatic pseudo‐liquid 

membranes (ESPLIM)
Essential fatty acids 69
ETAS. See Electrochemically tunable affinity 

separation (ETAS)
Ethanol 272, 273, 503, 545
Eutectic solvents 534
Evaporation 159
Evaporation‐induced phase separation 

(EIPS) 711
Evaporative crystallizer

integrated with adsorption cycle 423–424
schematic of 421
states of streams 423, 424

Extracellular vesicles (EVs) 669
Extraction–distillation hybrid process  

465–468
Extraction process, 163–167, 485. See also 

Green extraction processes
accelerated solvent 544
alkaline 78–79, 84, 92–94
aromatics 610

phenol and derivatives 616–620
sulfur and nitrogen‐based compounds  

620–625
toluene and benzene 611–616

bioactive compounds 625–626
alkaloids 632, 634
phenolic compounds 626–631
terpenic compounds 631–633

columns 252–254
dysprosium 330–331
gold 640, 641

Electrochemical separation methods (cont’d)
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objective of 519
sensors for 524
and sustainability 521–522
thermal processing 522
ultrasound‐assisted 81, 82, 84, 542

Ceylon spinach 545, 546
oligosaccharides 547–548
polysaccharides 546–547

Extractive distillation (ED) 458–462, 489

f
Facilitated transport membranes 389
Fatty acid methyl ester (FAME) 350
Fatty acids 69
FCDI. See Flow capacitive deionization  

(FCDI)
Fenske–Underwood–Gilliland (FUG) 

method 493
Ferrocene 21–23

moieties 23
Ferrocenium ion pairs 23, 25
Field & Food Tech Hub – UFSCar 65
Filtration pressure 170, 172, 173, 176
Fine chemicals 484

production of 485
recovery of (See also Solvent recovery (SR))

distillation process 488–497
Fischer–Tropsch (F–T) process 213
Fixed site membranes (FSMs) 304
Flash distillation 431
Flavonoids 68–69, 627
Flotation processes 12–13, 371
Flowback water 107, 141
Flow biocatalysis 242
Flow capacitive deionization (FCDI) 19, 20
Flow chemistry 239–240
Flow separation

adsorption and scavenger 240–244
extraction technology selection 254–255
functionalized supports 242, 243
liquid–liquid extraction 244

extraction columns 252–254
membrane‐based separation 247–251
mixer settlers 251–252
theory of 244–247

silica gel cartridges 241–242
Fluidic resistance 657
Fluorescence‐activated cell sorting (FACS) 

systems 669–670, 674–675
Fluorescence‐activated droplet sorter 

(FADS) 675
FO. See Forward osmosis (FO)
Focused traveling surface acoustic wave 

(FTSAW) 670
Food insecurity 73
Food supply chain (FSC) 65
Food supply chain waste (FSCW) 63

extraction of high‐value compounds  
65–67

carbohydrates 70–71
lipids 69–70
proteins (See Proteins)
secondary metabolites 67–69

unavoidable 64, 66, 67, 75
Forward osmosis (FO) 137–138, 383–385

membranes 503
Fouling 165

biofouling 382
membrane 381–382, 577, 699
propensity 369

Fouling ratio 577
Fractionation 720–722
Free fatty acids (FFAs) 345, 347
Frequency, ultrasonic 168–170, 176, 184
Frequency hopping DEP 673
Freundlich isotherm model 582
Froth flotation 12
Fructose 70
F–T process. See Fischer–Tropsch 

(F–T) process
FTSAW. See Focused traveling surface 

acoustic wave (FTSAW)
Functionalized supports 242, 243

g
Gadolinium recovery 330
Galactooligosaccharides 547
γ‐valerolactone (GVL) 467
Gas chromatography (GC) 489
Gas transfer membranes 132
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Genotoxic impurities (GTIs) 507
Gibbs triangle 463–464, 466
Girard’s reagent T (GT) 565, 579
GlaxoSmithKline (GSK) selection guides  

541
Global Warming Potential (Carbon 

Footprint) 528
Gold catalyst, recovery of 718
Gold extraction 640, 641
Gouy‐Chapman model 3, 4
Gouy‐Chapman‐Stern model 3, 4
Gradient forces 680, 681
Gravity separation 119, 127
Green and Sustainable Chemistry 

movement 64
Green Arizona system 274
Green chemistry 521, 606
Green energy 140–141
Green extraction processes. See also Green 

solvents
accelerated solvent extraction 544–545
economic considerations 531–532
energy optimization 531
HPH 548–550
HWE 522, 546–547
metrics for 526–529
principles 522–524
Soxhlet extraction 542–545
subcritical solvent extraction 542–545
supercritical CO2 extraction 542–545
sustainability

evaluation of 525–531
extractions and 521–522

UAE
Ceylon spinach 545, 546
oligosaccharides 547–548
polysaccharides 546–547

Green food processing 521
Greening the Desert initiative 139
“Green” Motion 529
Green principles 522–524, 606–607
GREENSCOPE 529
Green solvents 348–349, 521, 607

bio‐based solvents 533, 534
bioethanol 533

development of 532
EHS properties 540–541
overview of 533–534
recycling process 539–540
selection guides 540–541
selectivity prediction models 534

COSMO 536–537
COSMO‐RS 537–539
Hildebrand solubility 

parameters 535–536
Kamlet–Taft scale 535
Kauri‐butanol index 535

water 533
GREENVOLTEX project 524
GTIs. See Genotoxic impurities (GTIs)
Gunbarrel settling tank separator 121–122

h
HA‐DWC. See Heterogeneous azeotropic‐

dividing wall column (HA‐DWC)
HDES. See Hydrophobic DES (HDES)
Heat‐integrated distillation columns 

(HIDiC) 442–444
Heat integration 446–449
Heat pumps

absorption 441
bottom flashing configuration 440–441
compression resorption 441
concept of 438–449
COP of 449
magnetic 442
mechanical vapor recompression  

440–441, 443
thermal vapor recompression 441
vapor compression 440, 441

Heavy chemicals 484
Heavy metals, recovery of 323–326
Height equivalent to a theoretical plate 

(HETP) 436
Helmholtz model 3–4
n‐Heptane 272–273, 300, 612
Heteroazeotropic distillation 463–465
Heterogeneous azeotropic‐dividing wall 

column (HA‐DWC) 493, 494
Heterogeneous nucleation 160
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n‐Hexane 270, 612
Hickling Theory 159
HIDiC. See Heat‐integrated distillation 

columns (HIDiC)
High hydrostatic pressure‐assisted 

extraction 84
High‐pressure homogenization (HPH)  

80, 520
of Chlorella vulgaris microalgae 549
of tomato peel suspensions 548–550

High‐value compounds from FSCW 65–67
carbohydrates 70–71
lipids 69–70
secondary metabolites 67–69

Hildebrand solubility parameters 535–536
Hollow fiber (HF) 303, 304

membrane extraction 355–356
Hollow fiber renewal liquid membrane 

(HFRLM) 304, 305
Homogeneous catalysts 717
Horizontal dissolved gas flotation system  

125, 126
Hot water extraction (HWE) 522, 546–547
HPH. See High‐pressure homogenization  

(HPH)
HT. See Hydroxytyrosol (HT)
Hybrid MED and adsorption desalination 

(MEDAD) cycle 415
experimental setup 417
geometrical specifications of 418
schematic diagram of 416
temperature trend of 418–419
water production rate 419

Hybrid organic–inorganic composites  
31, 32

Hydraulic IGF 123–125
Hydrocyclones 122–123, 132
Hydrodesulfurization 620
Hydrodynamic drag force 670
Hydrogen bond acceptor (HBA) 349, 607, 

609, 610
Hydrogen bond donor (HBD) 349, 607, 

609, 610
Hydrogen (H2) production, CLC‐assisted  

211–213

Hydrogen sulfide (H2S)
harmful effects of 223–224
selective separation of

challenges with 229
chemical looping process 225–227
Claus process 224–225
H2 recovery 226
reaction schemes 224

Hydrolysis 485
Hydrolyzed proteins 75
Hydrometallurgy 634
Hydrophilicity 370
Hydrophilicity tuning method 34, 36–37
Hydrophilic–lipophilic balance value 

(HLB) 313
Hydrophobic DES (HDES) 638–641
Hydrophobicity 370
5‐Hydroxymethylfurfural (HMF) 718
Hydroxytyrosol (HT) 283

i
IGF. See Induced gas flotation (IGF)
Imprinted polymers 499
Incineration methods 486
Induced gas flotation (IGF)

hydraulic 123–125
mechanical 123, 124
vs. DGF 126

Industry 4.0 524
Inertial forces 661–663
Inertial microfluidics 661, 662
Integrally skinned asymmetric (ISA) 

membranes 707, 711–717
Integrated continuous manufacturing 

(ICM) 487
Integrated Pollution Prevention Control  

524
Intensity, ultrasonic 170–172
Interfacial polymerization (IP) 385
Interfacial science 368–369
Interpenetrating polymer network (IPN)‐

based membrane 713
Intrusion pressure 371
Inverted CDI (i‐CDI) 20
Ion concentration polarization 21
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Ion‐exchange resin 352
Ionic liquids (ILs) 318, 349, 534, 607

fluidic 304
liquid membrane 321–322
membranes 219, 300

Ion imprinting 31, 32
IP. See Interfacial polymerization (IP)
IPA. See Isopropyl alcohol (IPA)
ISA membranes. See Integrally skinned 

asymmetric (ISA) membranes
Isoelectric precipitation procedure 78–79
Isoflavones 627
Isopropyl alcohol (IPA) 497–499

j
Jackfruit leaves, protein extraction 84
Janus membranes 368

breakthrough pressure 371
contact angle, measurement of 370–371
fabrication method 373–375, 382
f‐CNT/c‐PVA membrane 375, 383
gas separation 388

conventional MMMs 388–389
nanomembranes 389–390

GO‐based membrane 386–387
Janus leitmotif 389
oil–water separation 371–373

coalescence effect 372
issues in 382–383
membrane fouling 381–382
performance measurement 377–379
size sieving mechanism 372
switchable transport 373–376
unidirectional transport 376, 380–381

PVDF membrane 376
PVDF/PVP‐VTES membrane 374–375
stability of 383
water desalination

forward osmosis 383–385
membrane distillation 384, 387–388
nanofiltration 384–387
reverse osmosis 384

water purification 369–370
Jatropha curcas L., protein extraction from 92
Joule heating 675

k
Kaibel column 453–454
Kamlet–Taft scale 535
Kauri‐butanol index 535
Kerosene 300, 330–331
Kevlar OSN membrane 714
Kinetics 4–5

l
Lactic acid 315, 317
Langmuir isotherm model 572, 582
LCA. See Life cycle assessment (LCA)
Lead removal 569– 570
LEP. See Liquid entry pressure (LEP)
Levulinic acid 316, 317
Lewis acid catalysts 349
LIBs. See Li‐ion batteries (LIBs)
Life cycle assessment (LCA) 520, 529, 530, 

537, 736, 737
Lignin separation process 497
Li‐ion batteries (LIBs) 591

cathode and anode of 591
electrolytes in 594
in energy storage systems 598
LFP cathodes 596–598
price of 599
recycling

with DES 637–638
Duesenfeld recycling process 595
economic analysis 598
first‐generation 592, 593
industry 592–593
LiFePO4 batteries 596–597
zero‐emission 593–598

Limonene 271–272
Linoleic acid 69–70
Lipids 69–70
Liquid entry pressure (LEP) 135
Liquid–liquid extraction (LLE/LLX)

hybrid extraction–distillation processes  
465–468

LMs vs. 299
Liquid membrane (LM) 298

applications and features of 298
components of 299–300
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compounds’ interaction within 313–314
configurations 301

BFLM 303
BLM 300–302
BOLM 304
CLM 303
ELM 301, 302
ELM operating into a spray column  

304, 305
ESPLIM 303
HFRLM 304, 305
PEHFSD 304, 305
PELM 303, 322
SLM 301–303, 312
TFLM 303–305

extraction process 310–311
LLX vs. 299
organic 315
performance of 310
phase concentration behavior 311
phase ratios 312
publications on 314
recovery efficiencies 310–311
selectivity of 299
stability 311–313
sustainable separations with 314–315

amino acid recovery 319–320
environmental and wastewater 

treatment 320–323
heavy metal removal 323–326
metal ion recovery 323–326
nuclear waste treatment 326–329
rare‐earth recovery 329–331
recovery of compounds in 

biorefinery 315–319
theory of 304, 306–308
transport mechanism

carrier facilitated 309, 310
couple‐counter facilitated 309, 310
couple facilitated 309, 310
simple 309
stripping phase reaction‐facilitated  

309–310
Liquid‐only transfer (LOT) 

configuration 449, 453, 456

Lithium recovery, from produced water  
143

LLTernary web‐app 735
Looping media, in chemical looping 

system 204–206, 227

m
MAE. See Microwave‐assisted 

extraction (MAE)
Magnetic activated cell sorting (MACS) 677
Magnetic‐based separation 675–680
Magnetic heat pumps 442
Magnetophoresis 675–676, 678–679
Mass‐efficiency metrics 525–528
Mass Intensity 527
Mass Productivity 526
Mass separating agent (MSA) 456–461,  

463–468
Material Recovery Parameter 528
McCabe–Thiele approach 721
MCDI. See Membrane capacitive 

deionization (MCDI)
MD. See Membrane distillation (MD)
Mechanical IGF 123, 124
Mechanical vapor compression (MVC)  

134–135
Mechanical vapor recompression (MVR)  

440–441, 443
MEDAD system. See Hybrid MED and 

adsorption desalination 
(MEDAD) cycle

Media filters 128–129
Membrane‐based biofuel production 352–354

downstream purification
ceramic and polymeric membranes  

357–358
hollow fiber membrane extraction  

355–356
multi‐staged membrane system 358–359

reactors 354–355
traditional process vs. 353

Membrane‐based separation 247–248
countercurrent extraction process 250–251
emulsions 248–250
feature of 248
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modularity 250
retention and breakthrough 248
small internal volume 250
Zaiput® separators 248, 249

Membrane bioreactors (MBRs) 130
Membrane capacitive deionization 

(MCDI) 19–21
Membrane distillation (MD) 136–137, 

358–359, 384, 387–388, 468–469
Membrane filtration and cleaning, US effect 

on 165, 168, 176
filtration pressure 170, 172
frequency 168–170
intensity 170–172
schematic representation of 168
sonication mode 175
temperature 172, 174–175

Membranes 297–298, 354
contactor 132
filters 660–661
filtration process 129–131
fouling 381–382, 577, 699
plasticization 701
reverse osmosis 136–137
science 368–369
separation 219, 733
swelling 701

MeOH 272, 273
Metabolites 67

primary 67
secondary 67–69

Metal ion recovery 323–326
Metallurgic wastes 634–636
Metal–organic frameworks (MOFs) 29, 

31, 388–389
Metal oxide‐assisted chemical looping 205
Metal separation

from electronic waste 637–638
gold extraction 640, 641
hydrometallurgy 634
hydrophobic DES 638–641
LIB recycling 637–638
from metallurgic wastes 634–636
solvometallurgy 634

Metastable zone (MSZ) 158
Metastable zone‐width (MSZW) 158
Methanol 272, 273, 344
2‐Methyl tetrahydrofuran (2‐MeTHF) 270, 

271, 711
Metrics, green chemistry 526–529
Microalgal biomass 345
Microfabricated fluorescence‐activated cell 

sorters (mFACS) 674–675
Microfiltration (MF) 130, 137, 660–661
Microfluidic‐based magnetically actuated 

cell sorters (mMACS) system  
677–678

Microfluidic cell sorting systems
active 653

acoustic‐based separation 665–670
electric‐based separation 670–675
magnetic‐based separation 675–680
optic‐based separation 680–684

passive 653
deterministic lateral displacement  

655–660
inertial and dean drag forces 661–665
microfiltration 660–661
pinched flow fractionation 654–655

Microreactors 350
Micro‐turbulence 160
Microwave‐assisted extraction (MAE) 80–82,  

84, 346
Microwaves 531
Mixed matrix membranes (MMMs) 388–389,  

714–717
Mixer settlers 251–252
mMACS system. See Microfluidic‐based 

magnetically actuated cell sorters 
(mMACS) system

MMMs. See Mixed matrix membranes  
(MMMs)

Modular‐reactor chemical looping 227
Molecular imprinting 31
Molecular weight cut‐off (MWCO) 697, 698
Monoethanolamine (MEA)‐based CO2 

absorption 207
Monosaccharides 70
MSA. See Mass separating agent (MSA)

Membrane‐based separation (cont’d)
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Mulberry leaves, phenolic compounds 
from 627, 629

Multi‐effect desalination (MED) 141, 402
conventional 415
operation 418

Multi‐effect distillation (MED) 437–438
Multistage flashing (MSF) 402
MVC. See Mechanical vapor 

compression (MVC)
MVR. See Mechanical vapor 

recompression (MVR)
MWCO. See Molecular weight cut‐off (MWCO)

n
NaDESs. See Natural deep eutectic solvents 

(NaDESs)
Nanocellulose 563

negatively charged (anionic) 563–565
positively charged (cationic) 565–566

Nanofiltration (NF) 137, 369
Janus membranes

gas separation 389–390
oil–water separation 384–387

membranes 298, 697, 698
solvent recovery 509

Nanoparticles, in chemical looping 227
Narrow‐boiling mixtures, separation of

distillation processes
extraction–distillation hybrid 

process 465–468
extractive 458–462
heteroazeotropic 463–465
membrane‐assisted 468–469

MSA in 456–468
Natural adsorbents 351–352
Natural deep eutectic solvents (NADES)  

276–278, 520, 534, 609–610, 626–627, 
629, 630

Negatively charged (anionic) nanocellulose  
563–565

Negative magnetophoresis 676
Neoteric solvents 539
Nernst equation 3
Nernst–Planck equation 307
NF. See Nanofiltration (NF)

NHC. See N‐heterocyclic carbenes (NHC)
N‐heterocyclic carbenes (NHC) 718
Nickel hexacyanoferrate (NiHCF) 29–31

and PVFc 31, 33–34
Nitrogen compounds 69

aromatic 620–625
Nitro‐oxidation process (NOP) 564
Nitro‐oxidized cellulose nanofibers 

(NOCNF) 564
cadmium removal 570– 572
FTIR spectrum of 567, 568
lead removal 569– 570
properties of 567–569
remediation experiments using 567
synthesis of 566
TEM analysis 567, 568
uranyl removal 572–575

N‐methyl‐2‐pyrrolidone (NMP) 499, 500
Nonrandom two‐liquid model (NRTL) 

system 489–490
Non‐solvent‐induced phase separation 

(NIPS) 711
Nuclear waste treatment 326–329
Nucleation

heterogeneous 160
secondary 160
sonocrystallization and 159–160

Nutshell filters 128–129

o
ODEP. See Optically induced‐

dielectrophoresis (ODEP)
Offshore oil and gas production 108
Ohio State Carbonation Ash Reactivation 

(OSCAR) process 218
Oil extraction

assam tea seed 542–544
spent coffee grounds 544–545

Oil–water separation 371
coalescence effect

oleophilic membranes 372–373
superoleophobic membranes 373

Janus membranes for
issues in 382–383
performance measurement 377–379



Index756

unidirectional transport 376, 380–381
membrane fouling 381–382
size sieving mechanism 372
switchable transport 373–376

Oleophilic membranes 372–373
Oleuropein (OR) 499, 501
Oligosaccharides 70, 547–548
Olive leaf extracts

antioxidants isolation 505–507
OR isolation 499, 501

Olive leaves 540
Onshore oil and gas production 108
Optically induced‐dielectrophoresis (ODEP)  

682, 683
Optical tweezers 680–683
Optic‐based separation 680–684
Organic solvent FO (OSFO) 503
Organic solvent nanofiltration (OSN)  

278, 509
concentration polarization 698–699
cross‐flow cell 697, 699
dead‐end cell 697, 698
green membrane materials

ISA membranes 707, 711–717
MMM 714–717
reduce approach 702
substitution approach 702
TFC membranes 703, 707

green strategies 717
catalyst recovery 717–719
fractionation 720–722
solvent recovery 719–720

membrane fabrication 701
biophenols 713
chemicals and materials in 704–706
green strategies for 702
polymers for 711, 712
TFC and TFN 703, 708–710

membranes 469
nanofiltration membrane 697, 698
solvent recovery by 502–504

Organic solvents 184, 484, 607, 711
O2 separation. See Chemical looping air 

separation (CLAS)

OSFO. See Organic solvent FO (OSFO)
OSN. See Organic solvent 

nanofiltration (OSN)
OTC. See Oxygen transport capacity (OTC)
Oxyfuel combustion 214
Oxygen transport capacity (OTC) 221–222
Oxygen uncoupling process 220

p
PAC. See Powdered activated carbon (PAC)
Palladium catalyst, recovery of 717–718
Paraben compounds 323
Particle bed coalescer 127, 128
Particle concentration 659
Particle separation based on pulsed laser 

activated cell sorter (PLACS)  
682–684

Passive microfluidic cell sorting system 653
deterministic lateral displacement  

655–660
inertial and dean drag forces 661–665
microfiltration 660–661
pinched flow fractionation 654–655

PBA. See Prussian Blue analog (PBA)
PCpCoCbMA 26, 34
Peclet number 657
PEG. See Polyethylene glycol (PEG)
Penicillin G 318
Periodate oxidation 578
Permeate flux 175
Permeation flux 700
Pervaporation (PV)‐assisted distillation 469
Pervaporation (PV) membrane 500–502
PFF. See Pinched flow fractionation (PFF)
Pfizer solvent selection guides 541
Phase separation (PS) process 707, 711
Phenol extraction processes 616–620
Phenolic compounds 68–69, 320, 626–631
pH extraction method 78–80
Photoresist (PR) cleaning 487
Pickering ELM (PELM) 303, 322
Pinched flow fractionation (PFF) 654–655
PLACS. See Particle separation based on 

pulsed laser activated cell 
sorter (PLACS)

Oil–water separation (cont’d)
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Plant‐based protein
extraction methods 85–91
market 73–75

Plasticized polymer membranes (PPMs) 304
Plastics, incineration of 593
Plug‐flow membrane reactors 354
Plutonium uranium reduction extraction 

(PUREX) process 327
Polyacrylonitrile (PAN) 712
Polyamide‐based RO membranes 136
Poly(1,4‐anthraquinone) (PAQ) 26, 27
Polybenzimidazole (PBI) membrane  

711–714
Polydimethylsiloxane (PDMS) 712
Polydopamine (PDA) 713
Polyethylene glycol (PEG) 659
Polyimide (PI) Matrimid 712
Polyimide (PI) P84 membrane 711, 712
Polymer cross‐linking 711
Polymeric membranes 357–358, 701
Polymer inclusion membranes (PIMs) 304, 

313, 327, 329
Polymers

conducting 26, 28–29
redox‐active 21–26

Poly(2‐(methacryloyloxy)ethyl 
cobaltocenium) (PMAECoCp2)  
23, 26, 34

Polymorphism 162
Polyphenylsulfone (PPSU) 712
Poly(2,6‐pyridinedicarboxylic acid) 

(PPDA) 29
Poly(pyrrole) (PPy) 26, 28

AOT‐doped 36–37
PVFc and 34, 36

Polysaccharides 70, 546–547
Poly(vinylferrocene) (PVFc) 22

and NiHCF 31, 33–34
and PPy 34, 36–37

Porous IL polymers 304
Positively charged nanocellulose 565–566
Positive magnetophoresis 676, 677
Powdered activated carbon (PAC) 179
PPDA. See Poly(2,6‐pyridinedicarboxylic 

acid) (PPDA)

PPy. See Poly(pyrrole) (PPy)
Pressure

filtration 170, 172, 173, 176
ultrasonic, effect on nucleation 159

Pressure‐swing adsorption desalination 
(PSAD) cycle 411

distillate productivity 414
pressure profiles 413, 414
schematic diagram of 412
temperature profiles 413, 414
TVC system 412, 415

Pressure swing adsorption (PSA) process  
219

Primary metabolites 67
Principal component analysis (PCA) 509
Principles of green chemistry 522–524, 532
Probe‐based ultrasonic system 164–165
Process intensification 505
Process Mass Intensity 527
Produced water 105

challenges for reuse 139, 140
characteristics of 109–110
components of 106
contaminants in 109
conventional and unconventional oil and 

gas wells 106–107
cost–benefit analysis 139
energy efficiency and green energy  

140–141
inorganic ions in 112
management 110–112, 138
onshore vs. offshore 108
origins and sources of 106–109
physical and chemical properties of  

109–111
resource recovery 143
reuse of 108, 139, 141–143
salt content in 109
sustainable management of 138–144

Produced water treatment technologies  
111, 113–114

advanced technologies 115
de‐oiling and filtration 115–116

API separator 116–117
coalescers 127–128
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compact flotation unit 125–127
corrugated plate interceptors 118–121
dissolved gas flotation 125, 126
droplet size 115
film drainage model 116
Gunbarrel settling tank separator  

121–122
hydrocyclones 122–123, 132
induced gas flotation 123–125
media filters 128–129
membranes 129–131
oil concentrations and removal 

efficiencies 131–132
particle size removal capabilities 116
summary of 133
WOSEP 113, 117–118

desalination technologies
forward osmosis 137–138
membrane distillation 136–137
nanofiltration 137
vapor compression 134–135

dissolved gas removal
adsorption 132
degasser 132
membrane contactor 132
summary of 133

higher degree of treatment 141–143
injection water quality characterization 115
objectives of 115
oil and suspended solids removal 115, 131

Propylene glycol monomethyl ether 
(PGME) 492–493

Propylene glycol monomethyl ether acetate 
(PGMEA) 487, 492–493

Proteins 319
alternative 73–74
animal 75–76
extraction methods

alternative solvents 82, 83
Camelina sativa seeds 84, 91
classification of 77–78
enzyme‐assisted 81, 82, 94
green and sustainable 83–95

high hydrostatic pressure‐assisted 84
isoelectric precipitation procedure 78–79
from jackfruit leaves 84
Jatropha curcas L. 92
microwave‐assisted 80–82, 84
pH (alkaline or acid) 78–80
pulsed electric field 82
saline 79, 80
shear force disruption 79–80
ultrasound‐assisted 81, 82, 84

flours 75
functions of 71–72
hydrolyzed 75
isolates 75
market 72–73

plant‐based 73–75
seed storage 72
soybean 77
structure of 71, 72
from uFSCW 75–77
whey 76

Pruning waste 84
Prussian Blue analog (PBA) 29

NiHCF 29–31
PSA process. See Pressure swing adsorption 

(PSA) process
Pseudo‐emulsion hollow fiber strip 

dispersion (PEHFSD) 304, 305
Pulsed electric field extraction method 82
PVDF membranes 577, 578
PVFc‐CNT 22, 24

q
Q‐factor 528, 530

r
Rare‐earth (RE) recovery 329–331
Rayleigh theory 680
Reaction Mass Efficiency 526
Reactive extraction 306
Reactive separation methods 37–39
Reactors, for biofuel production 350
RED. See Relative energy difference (RED)
Redox‐active materials 21, 40

electrochemically mediated binding 
processes 21, 22

Produced water treatment technologies 
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asymmetric electrochemical cells 31,  
33–35

conducting polymers 26, 28–29
electroactive crystalline species 29–31
hybrid organic–inorganic composites  

31, 32
redox‐active polymers 21–26

electrochemically mediated hydrophilicity 
tuning 34, 36–37

electrochemically mediated reactive 
separations 37–39

Redox‐active polymers 21–26
Redox chemical looping 203–204

CO2 capture using 206–213
Relative energy difference (RED) 536
Reversed‐phase HPLC (RP‐HPLC) 281
Reverse osmosis (RO) 297, 384, 402

membrane 136–137
UHP 141

RHA. See Rice husk ash (RHA)
Rice husk ash (RHA) 351
Rotating packed bed (RPB) 436

s
Saline extraction method 79, 80
Sanofi solvent selection guides 541
Scattering forces 680, 681
Scavenger resins 242
SCE. See Supercritical extraction (SCE)
Screw‐pressed Jatropha curcas L. residue 

(SPJR) 92
Seawater reverse osmosis (SWRO) 401
Secondary metabolites

applications of 69
extraction from FSCW 67–68
nitrogen compounds 69
phenolic compounds 68–69
terpenes 68

Secondary nucleation 160
Seed storage protein 72
Segregation 160
Selective electrodeposition 15
Separation processes 2

in chemical industry 199–201
problems with 200

Separation processes, ultrasound‐assisted  
155–157

cleaning of delicate articles 182–186
desorption

cavitation‐assisted 180–181
chemical regeneration 178–179
chloramphenicol 179
parameters 179
p‐chlorophenol 179
of resins 177–179
thermal regeneration 178

distillation 179, 181–183
emulsion breaking 176–178
extraction 163–167
membrane filtration and cleaning  

165, 168
filtration pressure 170, 172
frequency 168–170
intensity 170–172
schematic representation of 168
sonication mode 175
temperature 172, 174–175

sonocrystallization 156, 186
chirality 162–163
crystal breakage 161–162
crystal growth 160–161
deagglomeration 162
MSZW 158
nucleation 159–160
polymorphism 162

Separations teaching 732–735
SGMD. See Sweeping gas membrane 

distillation (SGMD)
Shear force disruption 79–80
Shear gradient lift forces 661–662
Shock electrodialysis 9–10
Shrimp meat production 76
σ‐profile 537
Silica gel cartridges 241–242
Simple batch distillation 431, 432, 488
Size sieving mechanism 372
SLM. See Supported liquid membranes 

 (SLM)
Sol‐gel process 403
Solid catalysts 348
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Solid‐phase microextraction (SP‐ME) 
techniques 26

Solute permeation 299
Solutes 483
Solvent Intensity metric 527
Solvent recovery (SR) 483–484

adsorption method
continuous isolation of OR 499, 501
isopropyl alcohol 497–499
N‐methyl‐2‐pyrrolidone 499, 500

from complex quaternary mixtures  
493, 495–497

distillation process
dividing wall column azeotropic 

distillation 492–494
modified direct distillation sequence  

490
NTRL system 489–490
optimization of 490, 491
TCD 490–491

FUG method 493
green OSN 719–720
Lignin separation process 497
membrane technology in 499, 500

AI models 509
cascade configuration 507
FO membranes 503
hybrid process 508, 509
OSFO process 503
OSN 502–504, 509
PV membrane 500–502

publications on 488
waste minimization and 486–488

Solvent‐resistant membranes 701
Solvents. See also Green solvents

emission 486
extraction 163, 346
recycling 505, 539–540
selection guides 540–541
solubility 536

Solvometallurgy 634
Sonication 175, 176, 182
Sonocatalytic–Fenton reaction 547
Sonocrystallization 156, 186

chirality 162–163

crystal breakage 161–162
crystal growth 160–161
deagglomeration 162
MSZW 158
nucleation 159–160
polymorphism 162

Sonofragmentation 161
Soxhlet extraction 163, 346, 521, 542–545
Soybean protein 77
SP‐ME techniques. See Solid‐phase 

microextraction (SP‐ME) techniques
Standing surface acoustic waves (SSAWs)  

665, 666
Stirred tank reactor (STR) 281
Stokes–Einstein correlation 307
Stokes forces 682
Subcritical fluids 542
Subcritical solvent extraction 542–545
Subcritical water 83
Succinic acid 316, 317
Sugarcane bagasse 578
Sulfur‐based aromatic compounds 620–625
Supercritical CO2 531

extraction with 533
assam tea seed oil 542–544
spent coffee grounds oil 544–545

Supercritical extraction (SCE) 284
Supercritical fluids 542
Supercritical transesterification (SCT) 350
Superoleophobic membranes 372, 373
Supported liquid membranes (SLM) 301–303, 312
Surface acoustic waves (SAWs) 665
Surface hydrophilicity and 

hydrophobicity 370
Sustainability metrics 529
Sustainable food system 74
Sweeping gas membrane distillation 

(SGMD) 135–136
Switchable‐hydrophilicity solvents 540
Switchable Janus membranes 373–376
Switchable solvents 487–488

t
Tannic acid 713
Taylor flow liquid membrane (TFLM) 303–305



Index 761

TC. See Thermal coupling (TC)
TCD. See Thermally coupled distillation  

(TCD)
Teaching separations 732–735
Temperature effect 172, 174–176

in ultrasound‐assisted cleaning 
procedures 184

Temperature‐induced phase separation 
(TIPS) 707

Temperature‐swing adsorption desalination 
(TSAD) cycle 409–412

Temperature‐swing molecular imprinting 
technology 540

TEMPO‐oxidation method 564
TEMPO‐oxidized cellulose nanofibers 

(TEMPO‐CNF) 564
characteristics of 574, 575–577
preparation of 574, 575

Terpenic compounds 631–633
D9‐Tetrahydrocannabinol (D9‐THC)  

284
Tetrahydrofuran (THF) 502
2,2,6,6‐Tetramethylpiperidinyl‐N‐oxyl 

(TEMPO) catalyst 718–719
TFC membranes. See Thin‐film composite 

(TFC) membranes
TFLM. See Taylor flow liquid membrane  

(TFLM)
Thermal coupling (TC) 448–454
Thermal integration (TI), HA‐DWC with  

493, 494
Thermally coupled distillation (TCD)  

490–491
Thermal processing extraction techniques  

522
Thermal vapor recompression (TVR) 441
Thermodynamic efficiency 435
Thermogravimetric analyzer (TGA) 216
THF. See Tetrahydrofuran (THF)
Thin‐film composite (TFC) membranes  

703, 707
Thin‐film nanofibrous composite (TFNC) 

membranes 575
Tilted‐angle standing surface acoustic wave 

(taSSAW) 668, 669

TNCS membrane. See Turbostratic 
nanoporous carbon sheet (TNCS) 
membrane

Toluene extraction 611–616
Tomato peel suspension, HPH treatment 

of 548–550
Total annualized costs (TAC) 461, 465
Total dissolved solids (TDS) 109, 115, 142
Transesterification, 344, 347–349, 354. See 

also Supercritical 
transesterification (SCT)

Traveling surface acoustic waves 
(TSAWs) 665, 666

Trimesoyl chloride (TMC) 385
Trioctyl(dodecyl) phosphonium chloride 

([P88812][Cl]) 325
Turbostratic nanoporous carbon sheet 

(TNCS) membrane 719
TVR. See Thermal vapor recompression  

(TVR)

u
UAE. See Ultrasonic‐assisted 

extraction (UAE)
Ultrafiltration (UF) 130, 137

membranes 357–359
Ultrahigh pressure (UHP) reverse 

osmosis 141
Ultrasonic‐assisted extraction (UAE)  

346–347
Ultrasonic generator 184
Ultrasound (US), in separation processes  

155–157
cleaning of delicate articles 182–186
desorption

cavitation‐assisted 180–181
chemical regeneration 178–179
p‐chlorophenol 179
chloramphenicol 179
parameters 179
of resins 177–179
thermal regeneration 178

distillation 179, 181–183
emulsion breaking 176–178
extraction 163–167
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membrane filtration and cleaning  
165, 168

filtration pressure 170, 172
frequency 168–170
intensity 170–172
schematic representation of 168
sonication mode 175
temperature 172, 174–175

sonocrystallization 156, 186
chirality 162–163
crystal breakage 161–162
crystal growth 160–161
deagglomeration 162
MSZW 158
nucleation 159–160
polymorphism 162

Ultrasound‐assisted extraction (UAE) 81, 
82, 84, 542

Ceylon spinach 545, 546
oligosaccharides 547–548
polysaccharides 546–547

Unavoidable FSCW (uFSCW) 66, 67
defined 64
as protein source 75–77

Unconventional oil and gas production
water life cycle for 107, 108
wells in 106–107

Unidirectional Janus membranes 376,  
380–381

Unipolar pulse electropolymerization 
(UPEP) 31

United Nation’s Sustainable Development 
Goals (SDGs) 138

Responsible Consumption and 
Production 73

Zero Hunger 64, 73
Uranium recovery, from produced water  

143
Uranium extraction 327–329
Uranyl removal 572–575

v
Vacuum distillation 437
Vacuum filtration 375

Vacuum membrane distillation (VMD) 136
Vanadium recovery, from produced 

water 143
Vanillin 626
Vapor compression (VC) 134–135, 440, 441
Vapor‐induced phase separation (VIPS)  

707, 711
Vapor‐liquid equilibrium (VLE) 431–432, 

437, 464, 495
Vegetable oils 533
Vertical dissolved gas flotation system 125
Virus‐like particles (VLPs), CPC separation  

in 276
Volatile methylsiloxanes 535
Volatile organic compounds (VOCs)  

497–498

w
Wall‐induced lift forces 662
Waste

incineration 486, 498
minimization 486–488
valorization 283

Waste Water Intensity 527
Wastewater treatment 320–323
Water 545

as green solvent 533
Water desalination

Janus membranes for
forward osmosis 383–385
membrane distillation 384, 387–388
nanofiltration 384–387
reverse osmosis 384

Water electrolysis separation methods
Water–oil separator (WOSEP) 113, 117–118
Water purification 565, 566
Waveguide 683–684
Weir filters 660, 661
Wenzel’s equation 371
Wet washing 344, 351, 358
Whey protein 76

x
Xylene, recovery of 502

y
Yttrium extraction 331

Ultrasound (US), in separation processes 
(cont’d)
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z
Zaiput® membrane separators 248, 249,  

254
Zeolite 132
Zero‐emission LIB recycling 593–598
Zero Hunger (UN SDG) 64, 73
Zero liquid discharge (ZLD) system 420

evaporative crystallizer 421

integrated with adsorption cycle  
423–424

states of streams 423, 424
schematic of 421
temperature‐solubility diagram 422
α‐Zirconium phosphate (α‐ZrP) 

nanosheet 31, 32
Zwitterionic alkaloids 619




