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Preface

Environmental pollutants pose a serious threat to ecological balance, human health, 
and the global climate. Early detection and effective remediation of these pollutants 
are critical to prevent further damage. Over the years, both natural and synthetic 
materials have been explored and applied for pollutant detection and remediation. 
This book, Biomaterials for Environmental Applications: Detection and 
Remediation, presents current techniques, critically evaluates their efficiency, and 
highlights the future prospects of various biomaterials in addressing environmental 
pollution.

Biomaterials have gained increasing importance in tackling environmental chal-
lenges due to their unique advantages such as biocompatibility, specificity, ease of 
fabrication, biodegradability, cost-effectiveness, and eco-friendly nature. In recent 
years, a wide range of biomaterials has been developed for potential applications 
including dye removal, heavy metal detection, and use as pharmaceutical excipi-
ents. Moreover, the integration of biomaterials with other advanced materials has 
paved the way for ultrasensitive and highly selective pollutant detection and reme-
diation strategies. This book also explores the advancements in biomolecules 
employed in biosensors for pollutant detection. It covers both the fundamental con-
cepts and the latest developments in bioremediation using biomolecules such as 
chitosan, alginate, pectin, enzymes, and biochar. Additionally, the synthesis and 
applications of advanced nanomaterials derived from biological sources such as 
bacteria, fungi, algae, and plants are discussed in detail.

The book is designed to serve a wide audience including researchers, engineers, 
technicians, and students from diverse fields such as biochemistry, microbiology, 
biotechnology, and environmental sciences. Each chapter provides insights into 
advanced conversion techniques for synthesizing biomaterials, application strate-
gies for pollutant detection and remediation, associated challenges, as well as their 
economic and environmental impacts.

We are deeply grateful to the contributors from leading institutions worldwide, 
whose expertise and commitment have greatly enriched the content of this book.
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We hope that this volume will serve as a valuable reference and inspire further 
innovation in the development of biomaterials for environmental applications.

Mumbai, Maharashtra, India� Abhishek Guldhe  
Mumbai, Maharashtra, India � Jaya Lakkakula  
Mumbai, Maharashtra, India � Nilesh Shirish Wagh  

Preface
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Chapter 1
Enzyme-Based Biosensors for Detection 
of Environmental Pollutants

Jugal Patil, Arya Algikar, and Shankar Khade

Abstract  The modern world provides simple access to all areas necessary for a 
comfortable living and interpersonal interactions. The world is gradually becoming 
more exposed to the most dangerous aspect of existing environmental pollution 
while providing such a resource. If the action in question is not handled seriously, it 
will have a negative impact on environmental security and pose serious issues for all 
of the living things in this ecosystem. Environmental pollutants are compounds that 
are introduced into an open environment and disrupt living ecosystems. Some of 
these substances may naturally occur, but most are introduced by human activities 
such as energy generation, agriculture, and industry. Numerous scientifically based 
procedures and initiatives have been launched to identify and regulate dangerous 
pollutants. However, these measures alone are insufficient to bring about a signifi-
cant shift, and the problem will remain difficult to fix. Simple, quick, inexpensive, 
and sensitive procedures are required for the development of the initiative to address 
global pollution and to detect pollutants. To create biosensors, methods like enzyme 
immobilization could be applied. Biosensors are among the items listed above. 
Enzyme, whole cell, antibody, aptamer, and DNA-based approaches for the detec-
tion of environmental contaminants have been popular recently. This chapter 
reviews and discusses types of contaminants, development hurdles, and techniques 
for detecting environmental pollutants using enzyme-based biosensors.

Keywords  Biosensors · Enzymes · Enzyme immobilization · Pollutants
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1.1 � Introduction

One of the main objectives of sustainable development is the detection and remedia-
tion of environmental toxins, which is a modern necessity. One of the factors con-
tributing to rising carbon emissions is an increase in human activity related to daily 
commuting. On the other hand, synthetic chemicals are found in cosmetics, insecti-
cides, fast-paced industrialization (Shindhal et al. 2021), medications, cleaning sup-
plies, etc. Things do not stop at this point; one of the major reasons is also 
uncontrolled population growth and human-induced activities that have caused the 
uncontrolled discharge of different toxic pollutants like mercury (Hg), lead (Pb), 
cadmium (Cd), copper (Cu), chrome (Cr), nickel (Ni), selenium (Se), and arsenic 
(As) (Coronado-Apodaca et al. 2023), radioactive elements (radium “Ra” and ura-
nium “U”), organic compounds like acrylamide and polyacrylamide, nitride and 
nitrates, benzene phenols, etc. Methods are available for detection of the above-
mentioned pollutants, like the quantum dot method with fluorescence, hydride gen-
eration atomic absorption spectroscopy, graphite furnace AAS spectrometry, X-ray 
fluorescence spectrometry, and energy dispersive X-ray fluorescence. Heavy met-
als, including arsenic, in drinking water samples and other complex matrices, the 
ICP-MS method is the most common method used (González-González et al. 2023), 
etc. On the other hand, standard methods for the detection of organic compounds in 
water bodies are gas chromatography and mass spectrometry. However, despite the 
many advantages of this technology, the weakness of the methods is that sophisti-
cated instruments are required with proper knowledge, which is necessary for han-
dling such equipment. Also, due to the expensive and high-demand technique, this 
system has failed in terms of bioavailability. To overcome certain gaps, a comple-
mentary system is developed that is made from living systems and is used for detec-
tion as well as analysis. The examples for those various systems are bacteria, fungi, 
blue-green algae, and enzymes, which are used in this type of analysis, including 
single-celled microorganisms, especially bacteria. The reason for consideration is 
their rapid growth and low maintenance (Nigam and Shukla 2015). Over this period, 
the proteins present in these cells are also applied to specific pollutants and analytes 
(Acha et al. 2009). Therefore, it is necessary to create a simple, specific, sensitive, 
rapid, and portable method to monitor and evaluate environmental safety threats; 
thus, biosensors have become a screening tool option.

Mechanism of Biosensor
A biosensor is defined by the IUPAC as a device that detects chemical molecules, 
usually through electrical, thermal, or optical signals, by means of certain biochem-
ical reactions mediated by separated enzymes, proteins, antibodies, tissues, organ-
elles, or entire cells (Inshyna et  al. 2020). A normal biosensor is represented in 
Fig 1.1.

The components of a normal biosensor are as follows:

Analyte: A substance or material that is of interest and also requires detection. The 
most common example of an analyte is glucose.

J. Patil et al.
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Fig 1.1  Schematic diagram of a biosensor (Kan et al. 2004)

Bioreceptor: A bioreceptor is a molecule that analyses or identifies the analyte spe-
cifically, e.g. enzymes, DNA, etc.

Transducer: A transducer could be simply described as a device that detects or 
observes change, may it be physical or chemical, into a measurable signal. The 
signals may be optical or electrical, which are proportional to the quantity of 
analyte-bioreceptor interactions.

Electronics: This part is solely responsible for processing the transduced signals for 
display. It mainly consists of a circuit that amplifies and converts the signal from 
analog to digital and further transfers it to the display.

Display: The display is mainly made of liquid crystal, which is a direct computer or 
printer that makes numbers or curves that are understandable by the user. The 
output could be graphic, numeric, image, or tabular.

1.2 � The Role of Enzymes in Biosensors

In biosensors, enzymes could be used as essential part for recognition element. The 
enzyme used is immobilized within its supported matrix on the surface of trans-
ducer for maintaining the enzymatic activity. Therefore, the advantage of using 
enzyme as a part of biosensor is their high specificity, high turnover rates, etc. The 
principle of enzymes as biosensing is to determine changes in the proton (H+) con-
centration, the release and uptake of gases (CO2, NH3, O2, etc.), light emission, 
absorption or reflection, and heat emission in order to identify the presence of ana-
lytes (Nguyen et al. 2019). The basic principle of enzyme-based biosensors is the 
absorption of enzymes, i.e., their byproducts can be measured by following sub-
strate degradation on electrodes. By closely observing a biocatalytic process, the 
electrode monitors the changes either amperometrically or potentiometrically. An 
enzyme is applied to the electrode surface to make enzyme biosensors. An enzyme 
helps a substrate break down, and the end products are measurable. These systems 
usually include the catalytic process of redox reactions in which an electrical charge 
is present in either the substrate or the product. Many different enzyme-based 

1  Enzyme-Based Biosensors for Detection of Environmental Pollutants
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biosensors are used for detecting and monitoring environmental pollutants, for 
example, pollutants like parathion, nitrate, and formaldehyde can be detected by 
sulphite parathion hydrolase, nitrate reductase, and formaldehyde dehydrogenase 
(Cosnier et al. 1994; Liu et al. 1995; Nader et al. 1990).

1.3 � Detection of Environmental Pollutants 
with Enzyme-Based Biosensors

Heavy metals, hormones, organophosphates, phenolic compounds, antibacterials, 
and dyes are among the environmental toxins that are currently deserving of atten-
tion because of their toxicity to the environment and potential harm to humans and 
other creatures (Hart et  al. 2018). Enzymes are a class of complex proteins that 
function in living cells as catalysts. Similar to a catalyst, an enzyme quickens the 
pace of a chemical reaction. An enzyme changes one or more compounds, often 
referred to as substrates, into another class of substances, known as products, during 
a chemical process.

Enzymes can be divided into six main classes: oxidoreductase, transferase, 
hydrolase, isomerase, lyase, and ligase (Nelson et al. 2008). Of these several catego-
ries of enzymes, two primary categories—oxidoreductase and hydrolase—are pri-
marily employed effectively as biosensors for the identification of numerous 
dangerous metalloids and heavy metals. The measurement of the immobilized sys-
tem’s enzyme activity involves monitoring variations in conductivity, heat release, 
current, mass, voltage, and ionic strength as well as optical characteristics like reac-
tance or reflectance. The immobilization process can be done directly or indirectly 
using the transducer system. Acquired in either of the aforementioned forms, the 
signals are then processed once again via an advanced microprocessor system to 
enhance the signal intensity, enabling accurate detection of even the smallest 
changes during an enzyme activity. Through indirect blockage of the active sites by 
other substances, these enzymatic processes either cause an inhibition of enzyme 
activity or cause the enzyme to become activated as a direct enzyme-substrate com-
plex form. In the first situation, the concentration of substrates that interact with 
enzymes is measured, whereas the concentration of substrates that inhibit enzyme 
activity is measured (Table 1.1).

1.4 � Principle of Enzyme-Based Sensor

Enzyme-based biosensors are devices that, in essence, convert data from changes in 
the catalytic domain during chemical reactions between enzymes and substrates 
into quantifiable signals in a variety of forms, such as pH, temperature, ions, the 
absorption efficiency, charges, molecular weight, and atomic mass utilizing a bio-
sensing as well as transducer system as depicted in Fig. 1.2.

J. Patil et al.
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Table 1.1  Specificity of enzymes in detecting the pollutants

Pollutants/analytes Enzyme
Method for enzyme 
immobilization

Type of 
pollution References

Mercury, cadmium, 
and arsenic

Urease enzyme Entrapment, 
adsorption, covalent 
attachment

WP Pal et al. 
(2009)

Phenols Horseradish peroxidase Covalent attachment 
to PEG-coated 
magnetite 
nanoparticles

WP Yadav et al. 
(2021)

Organic 
micropollutants

Melon peel peroxidase Entrapment in 
alginate beads

WP Al-Madhagi 
et al. (2023)

Nitrogen oxides 
(NOx) and sulphur 
oxides (SOx)

Nitrate reductase and 
sulphite oxidase

Entrapment in silica 
sol-gel matrices or 
polyacrylamide gels

AP Sohail and 
Adeloju 
(2016)

Volatile organic 
compounds 
(VOCs)

Alcohol dehydrogenase 
and aldehyde 
dehydrogenase

Covalent binding to 
chitosan beads or 
silica gel particles

AP Sohail and 
Adeloju 
(2016)

Petroleum 
hydrocarbons 
(TPH)

Bacterial enzymes (e.g., 
alkane hydroxylase)

Encapsulation in 
calcium alginate 
beads or polyvinyl 
alcohol gel beads

SP Li et al. 
(2020)

Pesticides Acetylcholinesterase Entrapment WP, SP, 
AP

Ali and Singh 
(2020)

Dyes Peroxidase Covalent attachment WP, SP Garg and 
Vemaraju 
(2024)

AP Air pollution, WP Water pollution, SP Soil pollution

The biosensing enzyme in addition to a transducing unit (electrodes, photodetec-
tor, thermistor, or piezoelectric) makes up the majority of an enzyme-based biosen-
sor. The transducer and biosensing enzyme are typically connected by a suitable 
immobilization mechanism (Rajangam et al. 2018).

1.5 � Development of Enzyme-Based Biosensors: Design 
and Fabrication

The design of an enzyme-based biosensor consists of different components as men-
tioned in the following:

	1.	 Recognition Element: An enzyme acts as a recognition element which specifi-
cally interacts with the target analyte. The choice of the enzyme is important for 
ensuring that it is selective and specific towards the targeted analyte.

	2.	 Immobilization Technique: This involves attaching the enzyme to a support 
material like a transducer or electrode. This improves enzyme stability, reusabil-
ity, and orientation on the sensor surface.

1  Enzyme-Based Biosensors for Detection of Environmental Pollutants
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Fig. 1.2  Typical diagram for enzymatic biosensor (Sarkar et al. 2019)

	3.	 Transducer: It changes the biochemical signal generated from the interaction 
between enzyme and analyte to a measurable chemical or physical signal. 
Common transducers are electrochemical, optical, and piezoelectric transducers.

	4.	 Signal Processing Unit: Signal processing unit amplifies, filters, and processes 
the transducer’s output signal in order to generate quantitative readout.

J. Patil et al.



7

1.6 � Fabrication of Enzyme-Based Biosensors

In general, fabrication of enzyme-based biosensors involves the following steps:

Preparation of the Substrate: The substrate may be a conductive electrode or a 
microfluidic channel which is prepared to provide a suitable surface for enzyme 
immobilization.

Immobilization of Enzyme: Different methods such as physical adsorption, entrap-
ment, crosslinking, and self-assembly are used to immobilize selected enzymes 
onto the chosen substrate. Enzyme activity and orientation must be preserved 
during immobilization.

Integration of Transducer: The transducer is integrated in the sensor design to ensure 
proper electrical contact or optical coupling with the immobilized enzyme.

Packaging of Sensor: To ensure stability, avoid contamination, and ease handling, a 
sensor is packaged in protective housing.

1.7 � Recent Advancements and Applications 
of Enzyme-Based Biosensors for Pollutant Detection

	(a)	 Nanomaterials-Based Enzyme Immobilization
Incorporation of nanomaterials into enzyme immobilization techniques has 

improved enzyme stability, orientation, and biocompatibility. Carbon nanotubes, 
gold nanoparticles, and silica nanoparticles among other nanomaterials possess 
high surface area for enzymes attachment hence improving enzyme loading and 
reducing enzyme aggregation. Besides, the presence of these materials around the 
enzyme helps to control its microenvironment thereby making it more stable and 
active in different conditions (Liang et al. 2021).

	(b)	 Enzyme Engineering for Enhanced Selectivity
Enzymes with enhanced selectivity towards specific target pollutants are being 

engineered using directed evolution and rational design strategies. These methods 
involve introducing mutations into an enzyme’s protein sequence or structure so 
that it better recognizes the target pollutant while minimizing its interaction with 
interfering substances. Such targeted engineering of enzymes has enabled develop-
ment of biosensors that have increased selectivity but decreased false negatives 
(Korendovych and DeGrado 2020; Porter et al. 2016).

	(c)	 Microfluidic and Miniaturized Biosensors
Miniaturization is a key trend in biosensor development, enabling the creation of 

portable, user-friendly devices for on-site pollutant detection. Microfluidic technol-
ogy plays a crucial role in this miniaturization, allowing for the precise manipula-
tion of small volumes of fluids and the integration of multiple sensor components 
onto a single chip. Miniaturized enzyme-based biosensors offer the potential for 

1  Enzyme-Based Biosensors for Detection of Environmental Pollutants
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real-time, in-field monitoring of pollutants in environmental and industrial settings 
(Fattahi and Hasanzadeh 2022; Karunakaran et al. 2025).

	(d)	 Microbial Pollution Detection
Enzyme-based biosensors have been utilized for the identification of microbial 

pollutants, such as E. coli and Salmonella, in water samples. These biosensors 
employ enzymes like β-galactosidase and alkaline phosphatase, which are immobi-
lized on nanomaterials including quantum dots and graphene. The integration of 
these nanomaterials has significantly enhanced the sensitivity and selectivity of the 
biosensors, making them suitable for real-time monitoring of microbial contamina-
tion (Kucherenko et al. 2019).

	(e)	 Detection of Phenolic Compounds by Oxidoreductases:
Enzymes like tyrosinase and laccase, classified as oxidoreductases, are utilized 

in biosensors to identify phenolic compounds present in water samples. They 
catalyse the oxidation of phenolic substances, leading to observable changes in 
electrochemical signals. Recent investigations have focused on the use of nanoma-
terials, including carbon nanotubes and magnetic nanoparticles, for enzyme immo-
bilization, which enhances the functionality of these biosensors (Lzaod and 
Dutta 2022).

	(f)	 Hydrolases in the Detection of Organophosphates:
Enzymes such as organophosphorus hydrolase (OPH) are employed in biosen-

sors for the identification of organophosphate pesticides. These hydrolases facilitate 
the hydrolysis of organophosphates, resulting in detectable alterations in electro-
chemical signals. Recent research has concentrated on the application of sophisti-
cated immobilization methods, including sol-gel encapsulation and cross-linking, to 
improve the efficacy of these biosensors (Ali and Singh 2020).

	(g)	 Transferases in the Detection of Pharmaceutical Compounds:
Transferases are employed in biosensors to identify pharmaceutical compounds 

in water samples. These enzymes catalyse the transfer of specific functional groups, 
resulting in measurable variations in electrochemical signals. Recent studies have 
examined the use of nanomaterials, such as gold nanoparticles and magnetic 
nanoparticles, for the immobilization of enzymes, which improves the performance 
of these biosensors (Kucherenko et al. 2019).

1.8 � Analysis of Viability of Enzyme-Based Biosensors

Even though a number of biosensors have already been created for the purpose of 
identifying and tracking both organic and inorganic environmental contaminants, 
many of them—such as hormones, endocrine disruptors, poisons, heavy metals, and 
pharmaceuticals—remain undetected readily because of their intricate features. The 
significant advantages of biosensor use over the compactness of environmental con-
taminants are one of the traditional analytical techniques in terms of portability, 

J. Patil et al.
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size, flexibility to use a smaller sample volume, and in situ monitoring aptitude 
(Nigam and Shukla 2015). Nonetheless, a number of factors limit the true uses of 
biosensors. The primary issues with environmental samples are their complexity, 
heterogeneity, and decrease of signal as a result of external interference. 
“Component-based failure” or “biocompatibility-based failure” are the two main 
causes of inefficiencies in enzyme-based biosensors (Rocchitta et al. 2016). Proteins, 
cellular detritus, or living cells cling to the electrode area and outside biosensor 
surface during biofouling, blocking the diffusion process and lowering the sensor 
signal. Other chemicals in environmental samples also cause a decrease in signal 
intensity by forming a polymeric coating on transducer surfaces. An enzyme-based 
biosensor’s sustained activity is the single factor that affects how long it lasts, and it 
might get less over time. Good immobilization methods can aid to maintain enzyme 
activity, which in turn increases the stability of the biosensor. Examples of these 
methods include adsorption, the sol-gel method, the use of aqueous-insoluble cou-
pling agents, and polymeric films (Sassolas et al. 2013).

1.9 � Challenges and Limitations of Enzyme-Based Biosensors 
in Environmental Detection

	1.	 Enzyme Stability and Activity:
Enzymes are proteins that are susceptible to denaturation under various envi-

ronmental conditions, such as changes in temperature, pH, and ionic strength. 
This instability can lead to a loss of enzyme activity and reduced biosensor per-
formance (Adamian et al. 2021; Sheldon 2007).

	2.	 Enzyme Selectivity:
While enzymes exhibit high specificity towards their target analytes, they 

may also interact with non-target molecules, leading to false positives or reduced 
sensitivity. This issue is particularly challenging in complex biological or envi-
ronmental samples (Liang et al. 2021).

	3.	 Sensitivity:
The sensitivity of enzyme-based biosensors is crucial for detecting low con-

centrations of analytes. However, the sensitivity of these biosensors can be lim-
ited by factors such as the enzyme’s activity, the transducer’s efficiency, and the 
background signal (Bucur et al. 2018).

	4.	 Miniaturization and Integration:
Miniaturization of enzyme-based biosensors is essential for portability and 

point-of-care applications. However, miniaturization can pose challenges in 
maintaining enzyme stability, integrating multiple sensor components, and 
ensuring reliable signal transduction (Liao et al. 2018).

	5.	 Cost-Effectiveness:
Enzyme-based biosensors can be relatively expensive to produce due to the 

use of purified enzymes and complex fabrication processes. Reducing costs is 
essential for making these biosensors more accessible and widely applicable 
(Ispas et al. 2012).
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1.10 � Case Studies

Heavy Metal Detection in Water Bodies: Nigam and Shukla’s study showed how to 
employ biosensors based on enzymes to find heavy metals in water bodies. Water 
samples were subjected to a study that employed a microbiological biosensor which 
identified heavy metals like lead, cadmium, and mercury (Nigam and Shukla 2015).

Monitoring Air Quality in Urban Areas: Second study showed how air quality 
could be monitored in urban areas using enzyme-based biosensors. Nitrogen diox-
ide (NO2) could be found in air samples using an amperometry biosensor (Nigam 
and Shukla 2015).

Finding Soil Contamination: Another study showed how biosensors could be 
used for analysing soil sample for detecting soil pollutants which could turn adverse 
if such cultivation is pumped in markets (Kucherenko et al. 2019).

1.11 � Future Aspects and Consideration

Enzyme biosensors have demonstrated great promise in supplanting traditional, 
expensive equipment-based analytical methods. However, a number of issues cov-
ered in Sect. 1.5 limit the practical uses of enzyme biosensors. Future studies on 
biosensors based on enzymes for use in the real-world detecting, identifying, and 
measuring of emerging pollutants should concentrate on the following areas:

	1.	 Increasing stability and sensitivity
	2.	 Increasing the level of selectivity (among developing contaminants)
	3.	 Lab-on-a-chip (LiP) miniaturization of biosensors based on enzyme activities
	4.	 Enzyme-based biosensors going into business

To increase the sensitivity of enzyme biosensors, researchers have recently investi-
gated the efficient use of nanomaterials and enzyme-analyte reaction optimization. 
It has also been demonstrated that using nanoparticles in the biosensor fabrication 
procedure increases stability.

1.12 � Conclusion

Enzyme-based biosensors have emerged as powerful tools for the detection and 
control of environmental pollutants due to their high specificity, sensitivity, and 
quick response times. These biosensors also provide different advantages over tra-
ditional analytical methods, including portability, cost-effectiveness, and reusabil-
ity. Recent advancements in enzyme immobilization techniques, enzyme 
engineering, and biosensor design have further enhanced the capabilities and appli-
cations of enzyme-based biosensors.
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Recent advancements in enzyme immobilization techniques, enzyme engineer-
ing, and biosensor design have significantly enhanced the capabilities of enzyme-
based biosensors. Novel immobilization methods, such as nanomaterial-based 
immobilization, have improved enzyme stability and facilitated miniaturization. 
Directed evolution and rational design strategies have enabled the development of 
highly selective and robust enzymes for target pollutants. Additionally, innovative 
biosensor designs, such as microfluidic and integrated biosensors, have expanded 
the applications of these biosensors.

Despite these advancements, several challenges remain in the development and 
widespread adoption of enzyme-based biosensors for environmental monitoring. 
Ensuring long-term enzyme stability under harsh environmental conditions is cru-
cial for reliable and continuous monitoring. Overcoming interference from complex 
sample matrices is essential for accurate and precise measurements. Miniaturizing 
biosensors without compromising performance is critical for portability and point-
of-care applications. Additionally, reducing the cost of biosensor fabrication and 
materials is essential for broader accessibility and adoption.

As research continues to address these challenges, enzyme-based biosensors are 
poised to revolutionize environmental monitoring and pollution control. These bio-
sensors will play a pivotal role in early detection of environmental contaminants, 
enabling timely interventions to prevent environmental damage and protect human 
health. With further advancements, enzyme-based biosensors have the potential to 
transform environmental monitoring from a reactive to a proactive approach, paving 
the way for a cleaner and more sustainable future.
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Abstract  This book chapter highlights the critical role of nano-biomaterials in 
detecting environmental pollutants. The chapter covers various types of nano-
biomaterials, such as carbon-based, metal-based, and polymeric nano-biomaterials, 
and the properties that make them suitable for detecting different types of pollut-
ants. Additionally, the chapter describes different detection techniques that employ 
nano-biomaterials, including colorimetry, fluorescence-based, and electrochemical 
methods.

Furthermore, the chapter deals with nano-biomaterials’ applications in detecting 
heavy metals, pesticides, organic pollutants, and biological pollutants. In this sec-
tion, the chapter outlines the advantages of nano-biomaterials over traditional detec-
tion methods and discusses how the sensitivity and selectivity of these materials can 
aid in pollutant detection.

The chapter also examines the challenges and future prospects of using nano-
biomaterials in pollutant detection. Some of the challenges discussed include nano-
biomaterials’ toxicity and the difficulties associated with their large-scale 
production. However, the chapter highlights nano-biomaterials’ potential in advanc-
ing pollutant detection technology and their potential for real-world applications.

In conclusion, the chapter emphasizes the importance of nano-biomaterials in 
detecting environmental pollutants and their potential to revolutionize the field of 
pollutant detection. Overall, this book chapter serves as an informative resource for 
researchers and scientists interested in the applications of nano-biomaterials in 
detecting environmental pollutants.
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2.1 � Introduction

Environmental pollution is a major issue that threatens the health of living organ-
isms and ecosystems. To combat this issue, there is an increasing need for effective 
techniques to detect pollutants in environmental samples. Nano-biomaterials have 
recently emerged as a promising tool for detecting environmental pollutants due to 
their unique physical and chemical properties. With high surface area-to-volume 
ratio, biocompatibility, and functionality, nano-biomaterials have proven to be use-
ful in various detection methods, such as adsorption, catalysis, and sensing (Ibrahim 
et al. 2016).

By using nano-biomaterials, it is possible to overcome the limitations of tradi-
tional detection methods, such as low sensitivity and specificity. Nano-biomaterials 
have the ability to detect pollutants at trace levels, with high sensitivity and selectiv-
ity, even in complex mixtures. Furthermore, they can be regenerated and reused, 
making them an economical and sustainable solution for pollutant detection 
(Lofrano et al. 2017).

This chapter will provide an overview of the latest research on the use of nano-
biomaterials in detecting environmental pollutants. It will cover the different types 
of nano-biomaterials used in pollutant detection, their physical and chemical prop-
erties, and their roles in detection methods. The advantages and limitations of using 
nano-biomaterials for detecting environmental pollutants will also be discussed, 
along with the potential environmental and health risks associated with their use. 
This chapter will be useful for researchers, students, and professionals in the field of 
environmental science and engineering, providing valuable insights into the use of 
nano-biomaterials in detecting environmental pollutants.

2.1.1 � Definition of Nano-biomaterials

Nano-biomaterials are materials that have dimensions at the nanoscale and are used 
in biological applications. They are a rapidly growing field of research that com-
bines the principles of nanotechnology with biomaterials science. Nano-biomaterials 
have unique properties that make them highly suitable for various biological and 
medical applications such as drug delivery, tissue engineering, and biosensors 
(Yadav et al. 2017a).

The properties of nano-biomaterials depend on their size, shape, surface area, 
and surface chemistry. At the nanoscale, materials exhibit different physical and 
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chemical properties compared to their bulk counterparts. For example, nano-
biomaterials have a large surface area-to-volume ratio, which increases their reac-
tivity and allows for more efficient interactions with biological systems. They also 
exhibit unique optical, electronic, and magnetic properties that can be exploited for 
various biomedical applications (Koul and Taak 2018).

Nano-biomaterials can be classified into three main categories: organic, inor-
ganic, and hybrid. Organic nano-biomaterials include polymers, lipids, and pro-
teins. Inorganic nano-biomaterials include metals, metal oxides, and quantum dots. 
Hybrid nano-biomaterials are a combination of both organic and inorganic materi-
als (Chong et al. 2022).

2.1.2 � Importance of Detecting Environmental Pollutants

Ensuring the environmental quality and safeguarding public health heavily rely on 
the detection of pollutants. Pollution can infiltrate the environment via diverse chan-
nels, including industrial operations, agricultural practices, and transportation sys-
tems. The repercussions of these pollutants can range from minor discomfort to 
severe health complications and even fatalities, exerting adverse impacts on both the 
environment and human well-being. Consequently, it becomes imperative to iden-
tify and measure these pollutants accurately in order to evaluate the risks they pose. 
This information serves as a foundation for formulating suitable strategies to pre-
vent or alleviate their detrimental consequences (Gumpu et al. 2015).

The detection of pollutants is crucial for several reasons. Firstly, it ensures com-
pliance with environmental regulations by monitoring and identifying sources of 
non-compliance. This helps enforce environmental laws and hold industries and 
individuals accountable. Secondly, pollutant detection helps assess the impact of 
pollutants on the environment and human health, such as ozone depletion and eutro-
phication. It enables the identification of sources and the development of measures 
to prevent or mitigate harmful effects. Lastly, pollutant detection is important for 
monitoring emerging pollutants, which are substances not yet regulated but recog-
nized as potential hazards. Detecting emerging pollutants helps identify risks and 
develop appropriate prevention or mitigation strategies (Yan et al. 2018; Liu et al. 
2020a; Liu and Lu 2003).

2.1.3 � Role of Nano-biomaterials in Detection 
of Environmental Pollutants

Nano-biomaterials are highly promising for detecting environmental pollutants due 
to their unique physicochemical properties. A nanomaterial-based sensors offer sig-
nificant advantages in terms of sensitivity, selectivity, rapid response, 
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miniaturization, multi-parameter detection, cost-effectiveness, and reusability. 
These features make them indispensable tools for detecting and monitoring envi-
ronmental pollutants, aiding in pollution control, risk assessment, and the develop-
ment of effective mitigation strategies (Lofrano et al. 2017).

In addition, these versatile materials offer efficient solutions for pollutant detec-
tion in air, water, and soil samples, enabling enhanced sensitivity and reliable iden-
tification of pollutants. Nano-biomaterials play a crucial role in addressing 
environmental pollution by providing effective tools for monitoring and mitigating 
the impact of pollutants on ecosystems and human health (Yadav et al. 2017b).

2.2 � Types of Nano-biomaterials Used in Detecting 
Environmental Pollutants

Nano-biomaterials are increasingly being used for detecting environmental pollut-
ants because of their unique properties, including high surface area, selective bind-
ing, and strong adsorption. Carbon nanotubes (Lam et al. 2014), quantum dots (Yu 
et  al. 2015), metal oxide nanoparticles (Gaviria-Arroyave et  al. 2020), magnetic 
nanoparticles (Parida et al. 2021), and nanoporous materials (Lee et al. 2019) are 
some of the most used types of nano-biomaterials for this purpose. By modifying 
and functionalizing these materials, it is possible to enhance their sensitivity and 
selectivity for detecting pollutants, making them a promising approach for environ-
mental monitoring (Jain et al. 2021).

2.2.1 � Carbon-Based Nano-biomaterials

Carbon-based nano-biomaterials such as carbon nanotubes and graphene are used 
for detecting environmental pollutants due to their unique properties including high 
surface area, electrical conductivity, and biocompatibility. These materials can be 
functionalized with specific biomolecules to selectively bind pollutants and detect 
them with high sensitivity. They have been used for detecting heavy metals, pesti-
cides, PAHs, nitroaromatics, and other pollutants in water and soil samples. Carbon-
based nano-biomaterials offer a promising approach for environmental pollution 
detection due to their unique properties that can be tailored for specific pollutant 
detection (Abdelbasir and Shalan 2019).
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2.2.1.1 � Carbon Nanotubes

In the field of environmental pollution detection, CNTs have been extensively used 
as sensing platforms due to their high sensitivity and selectivity toward specific pol-
lutants. A wide array of detection techniques has been utilized for the identification 
of heavy metal ions following their sorption and preconcentration using nanoscale 
carbon-based materials. Notably, electrochemical methods stand out due to their 
ability to employ carbon-based electrode materials as both sorbents and detectors 
for multiple heavy metal ions concurrently. Prominent examples of these electro-
chemical techniques include voltametric stripping analysis, potentiometric strip-
ping analysis, field effect transistor configuration, and electrical impedance. CNTs 
can be functionalized with specific biomolecules, such as antibodies or aptamers, to 
selectively bind to target pollutants and detect them with high sensitivity (Wanekaya 
2011). Nanoscale carbon-based materials can be modified onto electrode surfaces 
either by casting colloidal dispersions or by direct growth using methods such as 
chemical vapor deposition (CVD), enabling enhanced properties and functionalities 
for various applications. For example, functionalized CNTs have been used for the 
detection of heavy metals, pesticides, and organic compounds in water and soil 
samples (Ibrahim et al. 2016).

Here are a few more examples of how carbon nanotubes (CNTs) have been used 
for detecting environmental pollutants: Polyaromatic hydrocarbons (PAHs) are 
organic compounds composed of fused aromatic rings. They are formed during 
incomplete combustion processes and are commonly found in various environmen-
tal sources such as industrial emissions, vehicle exhaust, and natural sources like 
forest fires. PAHs are of significant interest due to their potential harmful effects on 
human health and the environment. Polyaromatic hydrocarbons (PAHs) encompass 
a range of compounds with fused aromatic rings, including naphthalene, anthra-
cene, phenanthrene, and pyrene. Carbon nanotubes (CNTs) offer promise in PAH 
detection due to their high surface area, electrical conductivity, and sensitivity to 
analytes. Detection methods involving CNTs include functionalizing CNT-based 
field-effect transistors (FETs) with selective receptors for PAH binding, utilizing 
CNT-coated quartz crystal microbalances (QCMs) to measure changes in resonant 
frequency upon PAH adsorption, and developing optical sensors using functional-
ized CNTs to induce changes in optical properties for PAH detection. Ongoing 
research in this field aims to refine and expand the capabilities of CNT-based sen-
sors for PAH detection (Akinpelu et al. 2019).

A composite material consisting of multi-walled carbon nanotubes incorporated 
into a porous monolith was used for the extraction and detection of polycyclic aro-
matic hydrocarbons (PAHs). The method achieved efficient extraction of PAHs with 
good recovery values and low detection limits (ranging from 0.02 to 0.22μg/L). The 
presence of carbon nanotubes enhanced the extraction performance of the solid 
phase adsorbent. This composite material demonstrated advantages such as preci-
sion, low detection limits, reproducibility, and good recovery values for the detec-
tion of PAHs in environmental samples (Al-Rifai et al. 2018).
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A Pd-CuO/MWCNTs modified glassy carbon electrode served as an electro-
chemical nano-sensor for the detection of ametridione pesticide in water samples. 
The method achieved a limit of detection of 0.0796μg/mL−1, a limit of quantifica-
tion of 0.5560μg/mL−1, and a concentration range of 0.1−10.0μg/mL−1. The sensor 
demonstrated successful detection of ametridione in tap water, agricultural run-off, 
and river water samples, with mean recoveries exceeding 98% (Bebi et al. 2021).

A DNA-based electrochemical method has been developed to detect Cd (II) ions 
using ethyl green and multi-walled carbon nanotubes. By immobilizing double-
stranded DNA on a glassy carbon electrode with the help of MWCNT, researchers 
employed differential pulse voltammetry (DPV) analysis. Cd (II) ions cause the 
unwinding of dsDNA, allowing ethyl green to bind to the resulting single-stranded 
DNA and produce a higher reduction peak current. The method achieves a linear 
detection range of 2 nM to 10.0 nM, with a sensitivity of approximately 5 nM and a 
limit of detection of 2 nM. This study expands the application of MWCNT-modified 
electrodes as biosensors and presents potential for the detection of other heavy met-
als in environmental samples (Sreekanth et al. 2021).

2.2.1.2 � Graphene

The use of graphene-based nano-biomaterials for the detection of environmental 
pollutants is a promising area of research. Graphene’s high surface area, electrical 
conductivity, and mechanical properties make it an ideal material for biosensors. 
Some examples of graphene-based biosensors include the detection of heavy met-
als, polycyclic aromatic hydrocarbons, and pesticides. In each case, the graphene-
based sensor exhibited a high sensitivity and low detection limit (Anku et al. 2018). 
Figure 2.1 shows the types of graphene-based nanomaterial.

Here are some detailed examples of how graphene-based nano-biomaterials are 
being used for the detection of environmental pollutants: A cysteine-functionalized 
graphene oxide (cGO) was synthesized, and a nanocomposite film of cGO/polypyr-
role (PPy) was grown on the working electrode surface of a screen-printed electrode 
(SPE) via controlled one-step electrochemical deposition. The cGO/PPy-SPE was 
used to detect lead ions (Pb2+) in water by depositing Pb2+ on the working electrode 
surface and anodic stripping by differential pulse voltammetry (DPV). The sensor 
has a measurable detection limit of 0.07 ppb and can effectively adsorb and remove 
Pb2+ in water samples (Seenivasan et al. 2015).

The study found that DNA sequences containing polycytosine can be strongly 
adsorbed onto the surface of graphene oxide to enhance the physical adsorption 
between graphene oxide and DNA. The researchers developed two biosensors for 
detecting Hg2+ ions using fluorescence resonance energy transfer. The first biosen-
sor had a limit of detection of 1.11 nM, while the second had a limit of detection of 
0.84 nM. To improve the detection signal, the researchers covered an ultra-thin sil-
ica shell with metal nanomaterial Ag. This improved the stability and sensitivity of 
the biosensors, resulting in lower limits of detection of 0.36 nM and 0.15 nM for the 
two sensors, respectively (Lv et al. 2022).
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Fig. 2.1  Graphene-based nanomaterials for the detection of environmental pollutant. (Image 
adapted from (Kumar et al. 2023) with permission)

In one study, a cost-effective approach for the detection of polycyclic aromatic 
hydrocarbons (PAHs) using graphene quantum dots (GQDs) as fluorescence sen-
sors was developed. GQDs were synthesized from graphene oxide (GO) and citric 
acid (CA), and their properties were analyzed. The GQDs were then applied to 
detect pyrene in water samples using a “turn-off-on” mechanism. Both GO-GQDs 
and CA-GQDs showed a linear response within a concentration range of 
2  ×  10−6  mol  L−1, with detection limits of 0.325  ×  10–6  mol  L−1 and 
0.242 × 10−6 mol L−1, respectively. The sensor was also tested with lake water, and 
satisfactory recoveries were achieved. These findings suggest the potential of GQDs 
as an affordable and eco-friendly approach for environmental monitoring (Nsibande 
and Forbes 2020).

The study proposes a non-enzymatic electrochemical-sensing electrode modified 
with electrochemically reduced graphene oxide (ERGO) for detecting the presence 
of organophosphate-based pesticides such as parathion (PT) in environmental sam-
ples including soil, water, vegetables, and cereals. The ERGO sensor showed high 
sensitivity, selectivity, and stability for interference-free detection of PT residues in 
actual samples. The electrochemical nano-sensor has a wide dynamic range and a 
lower detection limit, making it suitable for point-of-care detection of PT.  The 
nanosensor’s performance was validated through absorption spectroscopy after add-
ing PT to natural samples. The results suggest the design of easy-to-use 
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nano-sensor-based analytical tools for rapidly monitoring other environmental sam-
ples (Sen et al. 2022).

The study synthesized a nanocomposite of reduced graphene oxide (rGO) and 
gold nanoparticles (AuNPs) using a microwave-assisted hydrothermal method for 
detecting sulfamethazine (SMZ) in swine effluent. The rGO-AuNPs composite was 
characterized and modified with the AuNPs. A glassy carbon (GC) electrode was 
used with the composite to detect SMZ, and the GC/r GO-AuNPs electrode achieved 
detection limits of 0.1μ mol L−1. The sensor was successfully applied to detect SMZ 
in synthetic swine effluent samples (Silva and Cesarino 2019).

2.2.2 � Metal-Based Nano-biomaterials

Nano-biomaterials based on gold, silver, and iron oxide have shown promise in the 
detection of environmental pollutants. These nanomaterials can be functionalized 
with specific molecules that bind to the target pollutants, allowing for sensitive and 
selective detection. Gold nanoparticles, for example, have been used to detect heavy 
metals such as lead and mercury, while silver nanoparticles have been used to detect 
pesticides and herbicides. Iron oxide nanoparticles have also been used for the 
detection of heavy metals and organic pollutants. These metal-based nano-
biomaterials have the potential to provide rapid and cost-effective methods for envi-
ronmental monitoring and can contribute to the development of sustainable and 
greener environmental practices.

2.2.2.1 � Gold Nanoparticles

Gold nanoparticles (AuNPs) have unique physicochemical properties, such as a 
high surface area to volume ratio, which allows for efficient interaction with target 
analytes. They also exhibit unique optical properties, including surface plasmon 
resonance, which leads to intense and tunable absorbance and scattering of light. 
These properties make AuNPs attractive for use in various sensing applications, 
including the detection of environmental pollutants (Wang and Yu 2013; Gutierrez 
et al. 2017; Sung and Wu 2014; Valera et al. 2008; Priyadarshini and Pradhan 2017).

Here are some examples of gold nano-biomaterials for environmental pollutant 
detection taken from a review article (Wang and Yu 2013):

According to Liu and Lu (2007a, b), a colorimetric sensor was developed for the 
detection of Pb2+ with a detection limit of 3  nm. Lee et  al. (2009) introduced a 
cation-specific functionalized sensor capable of detecting Hg2+ with a detection 
limit of 0.2 ppb. Kim et al. (2001) proposed a direct electrostatic aggregation sensor 
for divalent heavy metal ions, but the specific detection limit was not mentioned. 
Gooding et al. presented an electrochemical sensor for Cu2+ with a detection limit of 
less than 1 pm. In terms of aromatic compounds, Dasary et al. (2009) reported a 
cysteine-modified AuNP-based label-free sensor that could detect 
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2,4,6-trinitrotoluene (TNT) with a detection limit of 2 ppm. Liu et al. (2007a, b) 
developed an electrochemical sensor for nitrobenzene with a detection limit of 
0.3 mg/l (Wang and Yu 2013).

For the detection of inorganic pollutants, Daniel and Astruc (2009) described a 
crosslinking colorimetric sensor for nitrite ions with a sub-ppm detection limit. 
Xiao and Yu (2010) introduced a non-crosslinking colorimetric sensor for nitrite 
ions with a detection limit below 1 ppm. Zhang and Yi (2009) presented an electro-
chemical sensor for nitrite ions with a detection limit of 0.1μM. Tsai et al. (2011) 
developed an electrochemical sensor for hypochlorite with a detection limit of 
1μM. Rassaei et al. (2008) reported an electrochemical sensor for arsenic with a 
detection limit of 30 ppb (Wang and Yu 2013).

Newman et  al. (2007) presented an optical sensor for organophosphates and 
phosphonates (OPPs) with a detection limit of 0.5μM. Chauhan et al. (2011) devel-
oped an electrochemical sensor for OPP compounds/pesticides with a detection 
limit of 0.1 nM. Regarding toxin detection, Uzawa et al. (2008) used gold nanopar-
ticles (AuNPs) conjugated with a lateral flow strip assay to detect ricin with a detec-
tion limit of 10 pg/ml. Bo et al. (2007), Liu et al. (2007a, b), and Shim et al. (2009) 
developed immunochromatographic strip assays for the detection of Ochratoxin A 
(OTA), zearalenone (ZEA), and aflatoxin B1 with detection limits of 0.32 ng/ml and 
2.5 ng/ml (Wang and Yu 2013).

Gold nanoparticles (GNPs) can be used as colorimetric probes by modifying 
their surface through a process called functionalization. This involves conjugating 
GNPs with ligand molecules that have a specific affinity for the target analyte or 
molecule of interest. For example, maleic acid-functionalized GNPs are employed 
for the detection of Pb2+ ions (Wei et al. 2008). Various methods for the colorimetric 
detection of As3+ ions have been demonstrated. Wu et al. used a specific aptamer and 
a cationic polymer (PDDA) to induce aggregation of gold nanoparticles (GNPs) in 
the presence of As3+ ions, resulting in a color change (Le Thao Nguyen et al. 2018). 
Zhan et al. achieved stabilization of GNPs using an aptamer alone, and the presence 
of As3+ ions led to GNPs destabilization and aggregation. Another approach involved 
the use of poly (allylamine hydrochloride) (PAH)-conjugated GNPs, where the 
binding of As3+ ions to amine groups caused a measurable shift in the surface plas-
mon resonance (SPR) peak. Additionally, laser-induced desorption/ionization mass 
spectrometry (LDI-MS) coupled with GNPs-modified membranes enabled the 
detection of As3+ ions through aggregation-induced color change. These methods 
provide diverse strategies for sensitive and specific colorimetric detection of As3+ 
ions (Wu et al. 2012).

Colorimetric sensors for the detection of As3+ ions are predominantly based on 
the strong binding affinity of As3+ to sulfur-containing compounds. Kalluri et al. 
demonstrated the use of glutathione (GSH), dithiothreitol (DTT), and cysteine (Cys) 
functionalized gold nanoparticles (GNPs) for the colorimetric detection of As3+ 
ions. The minimum detection limits (MDL) for the GNP probes were reported as 
5 ppb, 20 ppb, and 25 ppb for DTT, GSH, and Cys-conjugated GNPs, respectively. 
To enhance the detection limit, dynamic light scattering (DLS) analysis was 
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employed, achieving a sensitivity of 10  ppt, indicating DLS as a more sensitive 
detection method (Kalluri et al. 2009).

DTT facilitated the conversion of As5+ to As3+, which then bound to the GNPs, 
resulting in aggregation, color change, and a shift in the surface plasmon resonance 
(SPR) peak. GSH-DTT-Cys-PDCA functionalized GNPs exhibited better perfor-
mance in detecting As3+ compared to GSH-DTT and Cys functionalized GNPs. The 
MDL of GSH-DTT-Cys-PDCA functionalized GNPs was 2.5 g/L, and the mini-
mum quantification limit was 8.4 g/L (Domínguez-González et al. 2014).

Another metal like mercury (Hg) is a highly toxic heavy metal ion that contami-
nates water bodies. One effective method for detecting Hg2+ ions is using gold 
nanoparticles (GNPs) functionalized with various molecules. For example, GNPs 
functionalized with amino acids, peptide moieties, and quaternary ammonium 
groups can efficiently detect Hg2+ ions by causing the aggregation of the functional-
ized GNPs. By adding Hg2+ ions, the charge on the GNP surface is destabilized, 
leading to aggregation and a shift in the surface plasmon resonance (SPR) peak 
(Wang and Yu 2013). Other functional molecules, such as 3-mercaptopropionate 
acid, adenosine monophosphate, mercaptopropionic acid (MPA), homocysteine, 
l-cysteine, and papain (a cysteine protein), have also been used to functionalize 
GNPs for Hg2+ detection. These molecules enable the aggregation of GNPs in the 
presence of Hg2+ ions, resulting in a change in color or plasmon shift (You et al. 
2013). Oligonucleotide-functionalized GNPs and DNA-functionalized GNPs have 
shown high sensitivity and selectivity for detecting Hg2+ ions. By conjugating GNPs 
with specific DNA sequences, the presence of Hg2+ ions can induce conformational 
changes in the DNA, leading to differential GNP aggregation and changes in optical 
properties (Tiwari et al. 2011).

As like lead and chromium, various colorimetric methods have been employed 
for the detection of copper ions using gold nanoparticles (GNPs) with different 
surface functionalizations. One approach involved the use of citrate-capped GNPs, 
where the negatively charged citrate groups on the GNP surface prevented aggrega-
tion by mutual electrostatic repulsion. However, interaction with Cu2+ ions destabi-
lized the surface charge, leading to aggregation and a red shift in the surface plasmon 
resonance (SPR) peak (Salcedo and Sevilla 2013). Similarly, cysteamine-
functionalized GNPs underwent aggregation in the presence of Cu2+ ions by react-
ing with a Schiff base formed on the GNP surface, resulting in a color change from 
red to blue (Li et al. 2014).

Another method, where calixarene-functionalized GNPs formed an alloy with 
Cu2+ ions, caused a change in color from dark brownish to green and a red shift in 
the SPR peak. Core-satellite GNPs, functionalized with l-Cysteine, showed cross-
linking and the formation of core-satellite structures upon addition of Cu2+ ions, 
resulting in a color change from red to blue. Catalytic etching of GNPs using Cu as 
a catalyst was another detection method, where the presence of Cu2+ ions enhanced 
the etching process, leading to a decrease in the intensity of the SPR peak and a 
slight red shift. Catalytic leaching of gold nanorods by thiosulfate or H2O2 in the 
presence of Cu2+ ions caused changes in color and SPR peak intensity (Gunupuru 
et al. 2014).
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A gold nanoparticles (AuNPs) probe was developed for detecting Copper (II) 
ions (Cu2+) without the need for labelling. The probe was fabricated using plant-
derived, non-toxic polysaccharide carboxymethyl gum karaya (CMGK), which 
acted as a reducing, stabilizing, and functionalizing agent. The system showed a 
linear correlation in the range of 10–1000 nM of copper, with a limit of detection of 
10 nM. The method was successfully applied to detect copper in real water samples, 
as well as biological samples like human plasma and urine (Gangapuram et al. 2017).

The detection of lead (Pb2+) ions using gold nanoparticles (GNPs) with different 
surface functionalizations. One approach involves the use of glutathione-conjugated 
GNPs, maleic acid-functionalized GNPs, or calixarene-functionalized (CALNN) 
GNPs, which undergo aggregation in the presence of Pb2+ ions, leading to a color 
change and a red shift in the surface plasmon resonance (SPR) peak. Ion-dependent 
chelation-based GNP aggregation using a pentapeptide (CALNN) has also been 
utilized for Pb2+ detection, resulting in visible color changes and SPR peak shifts 
(Chai et al. 2010).

Additionally, DNAzyme-based methods have been explored, where DNAzyme-
modified GNPs are used for visual sensing of Pb2+ ions. Cleavage of the DNAzyme-
substrate complex by Pb2+ ions prevents GNP aggregation, resulting in a red color, 
while the absence of Pb2+ ions leads to aggregation and a color change. Different 
variations of DNAzyme structures and GNP sizes have been studied to enhance the 
sensitivity and selectivity of the colorimetric sensor. Moreover, the combination of 
DNAzyme-modified GNPs with graphene oxide has been demonstrated to achieve 
highly sensitive detection of Pb2+ ions with excellent selectivity (Wei et al. 2008).

Gold nanoparticles (GNPs) have been utilized for the efficient detection and 
monitoring of cadmium (Cd2+) ions in water samples. One approach involves the 
conjugation of citrate-synthesized GNPs with di-(1H-pyrrol-2-yl) methanation, 
which exhibits a high affinity for Cd2+ ions. The chelation of Cd2+ ions by the func-
tionalized GNPs results in a plasmonic shift to longer wavelengths, accompanied by 
a change in color from red to blue. Another method utilizes GNPs modified with 
4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT), which serves as an 
excellent chelator for Cd2+ ions. Chelation leads to inter-plasmon coupling and a 
distinct color change from red to blue (Sung and Wu 2014).

A label-free colorimetric detection method for Cd2+ ions involves unmodified 
GNPs, which tend to aggregate at high ionic strength concentrations. However, the 
presence of glutathione (GSH) prevents aggregation. When Cd2+ ions are added to 
the solution, they coordinate with GSH molecules, leading to a decrease in the 
amount of free GSH and resulting in diminished stability and aggregation in high 
salt concentrations. This method is highly specific for Cd2+ ions and has been suc-
cessfully applied to detect Cd2+ ions in rice sample (Guo et al. 2014).
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2.2.2.2 � Silver Nanoparticles

Silver nanoparticles have also been used for the detection of environmental pollut-
ants due to their unique optical and electronic properties. Silver biosensors were 
prepared using different methods, such as drop casting or sticking, and utilized for 
the detection of various pollutants. The pollutants detected include acetamiprid, aci-
fluorfen, amikacin sulfate, atrazine, carbendazim, catechol, chloramphenicol, cipro-
floxacin, clenbuterol, diene sterol, doxorubicin, diethylstilbesterol (DES), 
eriochrome black T, 5-fluorouracil, hydroquinone, lindane, malathion, methyl para-
thion, methylene blue, monocrotophos, 4-nitrophenol, 4-nitrotoluene, nitrofura-
zone, ochratoxin A, orange II, oxazepam, paraoxon, pentachlorophenol, phoxim, 
rhodamine B, rilpivirine, thiodicarb, thiourea, trichloroacetic acid, and chlorpyrifos. 
The biosensors demonstrated different limits of detection for each pollutant, indi-
cating their sensitivity to the target analytes (Wang and Yu 2013).

Silver nanoparticles (AgNPs) and their functionalization with mercaptoundeca-
noic acid (11-MUA) (Fig. 2.2). The AgNPs showed a surface plasmon absorption 
band (SPAB) at 393 nm, which shifted to 417 nm after coating with 11-MUA. The 
nanoparticles selectively detected micromolar levels of Ni2+ ions, even in the pres-
ence of other cations such as manganese (Mn2+), cobalt (Co2+), cadmium (Cd2+), 
copper (Cu2+), zinc (Zn2+), iron (Fe2+), mercury (Hg2+), lead (Pb2+), and chromium 
(Cr3+) (Rossi et al. 2021).

Figure 2.2 shows that a colorimetric sensor using green-synthesized silver 
nanoparticles (AgNPs) derived from the roots extract of Bistorta amplexicaulis is 
reported for selective and cost-effective detection of Hg2+ and Pb2+ ions. The AgNPs 
were characterized using various spectroscopic techniques, and their photophysical 

Fig. 2.2  Detection of Ni metal in the presence of silver nanoparticle using colorimetric sensor. 
(Image adapted from (Rossi et al. 2021) which comes under creative common attribution CC BY 4)
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potential for metal cation recognition was explored through absorption spectros-
copy and colorimetric assay. The AgNPs exhibited a hypochromic shift in the sur-
face plasmon resonance (SPR) band, allowing visual detection of Hg2+ ions through 
a color change from dark brown to light yellow. Mixing AgNPs with Pb2+ ions led 
to a reduction in absorbance. The colorimetric sensor showed high sensitivity, with 
limits of detection (LOD) of 8.0  ×  10−7  M and 2.0  ×  10−7  M for Hg2+ and Pb2+ 
respectively (Ahmed et al. 2020).

Cysteine-coated silver nanoparticles (Cys-AgNPs) were investigated for their 
potential as label-free sensors for detecting heavy metals, specifically lead (Pb2+) 
and mercury (Hg2+). The Cys-AgNPs were characterized using various techniques, 
and their photophysical properties toward Hg2+ and Pb2+ ions were studied through 
absorption spectroscopy and colorimetric tests. The limit of detection (LOD) was 
determined to be 45.39 × 10−9 M for Hg2+ ions and 49.39 × 10−9 M for Pb2+ ions. 
Furthermore, the Cys-AgNPs demonstrated the ability to simultaneously detect 
Hg2+ and Pb2+ ions in water samples, with LODs of 43 × 10−9 M for constant Hg2+ 
and varying Pb2+ ions, and 37.95 × 10−9 M for constant Pb2+ and varying Hg2+ ions. 
These findings highlight the potential application of Cys-AgNPs as a quick and 
effective colorimetric sensor for the detection of individual or mixed Hg2+ and Pb2+ 
ions in water samples (Samuel and Rao 2023).

2.2.2.3 � Iron Oxide Nanoparticles

Iron oxide nanoparticles (IONPs) have gained significant attention in recent years 
due to their unique magnetic and optical properties, making them useful in various 
applications, including environmental sensing and detection of pollutants.

Using Fe3O4 MNPs offers significant advantages, including their low cost, high 
efficiency, recyclability, regenerability, and magnetic controllability. These features 
make them an attractive option for developing a biosensor system to detect H2O2 in 
rainwater, which is important for monitoring the quality of water resources. 
Therefore, Fe3O4 MNPs have the potential to be a promising alternative to HRP and 
other existing biosensors for detecting H2O2 in rainwater (Zhuang et al. 2008).

2.2.3 � Polymeric Nano-biomaterials

Dendrimers and nanogels are two types of polymer nanomaterials that have shown 
great promise for the detection of environmental pollutants. Both materials have 
unique properties that make them well-suited for sensing applications.
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2.2.3.1 � Dendrimers

Dendrimers are highly branched, three-dimensional polymers that can be synthe-
sized to have a precisely controlled size, shape, and functionality. This makes them 
ideal for use as sensors, as they can be designed to selectively bind to specific pol-
lutants. For example, dendrimers can be functionalized with ligands or receptors 
that bind to heavy metals or organic compounds, and can be used as fluorescent or 
colorimetric sensors for the detection of these pollutants in water or soil samples 
(Han et al. 2022).

2.2.3.2 � Nanogels

Nanogels are a type of hydrogel nanoparticle that can swell or shrink in response to 
changes in their environment, such as changes in pH, temperature, or ionic strength. 
This property makes them useful for sensing applications, as they can be designed 
to undergo a change in size or shape in response to the presence of a pollutant. For 
example, nanogels can be functionalized with specific molecules that bind to a tar-
get pollutant, causing the nanogel to swell or collapse, and thereby indicating the 
presence of the pollutant (Han et al. 2022).

2.3 � Detection Techniques Using Nano-biomaterials

Colorimetry, fluorescence, and electrochemical methods are used for detecting 
environmental pollutants. Colorimetry involves measuring the absorbance or trans-
mission of light by a sample (Liu et al. 2020a), fluorescence involves measuring the 
emission of light by a sample after it has been excited, and electrochemical methods 
involve measuring the electrical properties of a sample. The choice of method will 
depend on the specific pollutant being detected and the required sensitivity.

2.3.1 � Colorimetric Detection

2.3.1.1 � Principle of Colorimetric Detection

The principle of colorimetry detection used in environmental pollutants is based on 
the measurement of the absorbance or transmission of light by a sample at a specific 
wavelength. In colorimetry, a reagent is added to the sample that reacts with the 
pollutant to produce a colored product. The intensity of the color is directly propor-
tional to the concentration of the pollutant in the sample (Mortimer 2016; Gilchrist 
and Nobbs 2016; Alberti et al. 2020).
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For example, a common colorimetric method for detecting ammonia in water 
involves adding a reagent called Nessler’s reagent, which reacts with ammonia to 
produce a yellow-brown color. The intensity of the color is then measured using a 
spectrophotometer at a specific wavelength (Duarte et al. 2015).

The principle of colorimetry is based on the Beer-Lambert law, which states that 
the absorbance of light by a sample is directly proportional to the concentration of 
the absorbing species in the sample. The absorbance is defined as the logarithm of 
the ratio of the intensity of the incident light to the intensity of the transmitted light 
(Mortimer 2016).

2.3.1.2 � Application of Colorimetric Detection Using Nano-biomaterials

Kong et al. developed a microfluidic paper-based colorimetric sensor for detecting 
bisphenol A (BPA), an environmental endocrine disruptor found in plastic products. 
The sensor combined molecular imprint polymer (MIP) membranes and ZnFe2O4 to 
achieve high selectivity. It exhibited a detection limit of 6.18 nM and a linear range 
of 10–1000 nM for BPA sensing, making it suitable for detecting BPA in food and 
environmental samples (Liu et al. 2020b).

In another study, Zhang et  al. prepared BN nanosheet/CuS nanocomposites, 
which acted as mimetic peroxidase for the highly sensitive colorimetric determina-
tion of cholesterol. This sensor demonstrated a detection limit of 2.9μM and a linear 
range of 10–100μM for cholesterol detection (Liu et al. 2020b).

Ye et al. developed an angle-independent colorimetric sensor based on photonic 
crystals. The sensor used a photonic film with an inverse opal structure and a target-
responsive aptamer hydrogel scaffold. It exhibited a detection limit of 1 nM and a 
wide detection range of 1 nM to 10μM for Hg2+(Liu et al. 2020b).

2.3.2 � Fluorescence-Based Detection

The increasing interest in nanomaterials that possess advanced optoelectronic prop-
erties has driven the progress of biosensors with diverse applications. In the realm 
of environmental studies, there is a pressing need for swift identification of pollut-
ants in water sources, which has led to the emergence of fluorescent biosensors. 
These biosensors are characterized by high sensitivity and ease of use. In order to 
develop effective fluorescent detection systems, various nanomaterials such as car-
bon dots (CD), quantum dots (QD) (Pooja et al. 2019), gold nanoparticles, nanoclu-
sters, graphene (G), graphene oxide (GO), transition metal dialcogens (TMDC), and 
organometallic frameworks (MOF) have been employed. These materials typically 
operate on the quenching principle of Förster resonance energy transfer (FRET). To 
achieve specific detection of the target pollutant, nanomaterials can be bioconju-
gated with molecules such as antibodies, enzymes, or aptamers. This allows for 
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specific detection of the target pollutant, even in complex real-life samples (Gong 
et al. 2016).

Fluorescent biosensors use a fluorescent molecule as the detection element, 
which emits light when excited by a specific wavelength of light. This allows for 
very sensitive and specific detection of environmental pollutants. However, fluores-
cent biosensors require specialized equipment for measurement and can be expen-
sive to produce (Bose et al. 2022).

2.3.2.1 � Principle of Fluorescence-Based Detection

The principle of fluorescent-based detection techniques used in detecting environ-
mental pollutants involves the use of a fluorescent molecule as a detection element 
that emits light when excited by a specific wavelength of light. The fluorescent 
molecule is coupled to a recognition element such as an enzyme or antibody that 
can specifically bind to the target pollutant (Cheng et al. 2018).

When the recognition element binds to the target pollutant, it causes a change in 
the fluorescence of the biosensor, which can be measured using specialized equip-
ment. The change in fluorescence can be due to a variety of factors, including 
changes in the physical or chemical properties of the fluorescent molecule, changes 
in the distance between the fluorescent molecule and a quencher molecule, or 
changes in the energy transfer efficiency between the fluorescent molecule and a 
nearby chromophore (Gaviria-Arroyave et al. 2020).

The sensitivity and specificity of fluorescent-based detection techniques depend 
on several factors, including the choice of fluorescent molecule, the design of the 
biosensor, and the optimization of the experimental conditions. By carefully select-
ing the fluorescent molecule and the recognition element, it is possible to develop 
fluorescent biosensors that are highly sensitive and specific for detecting a wide 
range of environmental pollutants (Gaviria-Arroyave et al. 2020).

2.3.2.2 � Application of Fluorescence-Based Detection Using 
Nano-biomaterials

A simple and sensitive detection system was developed for detecting chromium 
using carbon dots (CDs) based on fluorescence inhibition. The CDs were synthe-
sized from papaya pulp residues through pyrolysis and demonstrated a strong fluo-
rescent response in the blue spectrum. To achieve selective detection of chromium, 
the CDs were functionalized using ethylenediaminetetraacetic acid (EDTA) via car-
bodiimide chemistry. The method showed high sensitivity with a detection limit of 
0.708 ppb (Pooja et al. 2019).

A different study also aimed to detect Cr (VI), using cellulose-synthesized CDs 
combined with isophorone dicyanate (IPDI) and 𝛽-cyclodextrin (𝛽-CD) as stabiliz-
ing agents. The system exhibited decreased fluorescence upon excitation at 370 nm 
in the presence of the analyte, attributed to the chelation of metal ions by carbamate 
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groups and hydrogen bonds. However, this sensor was designed for ion detection in 
digested soil, which requires extensive sample processing (Wang et al. 2017).

Acetylcholinesterase (AChE) has found extensive use in detecting pesticides 
enzymatically. AChE-dependent methods rely on the hydrolysis of acetylthiocho-
line (ATCh) to produce thiocholine, which contains a thiol group that can react 
chemically with metal cations, nanomaterials, and fluorophores. As a result, a mea-
surable fluorescent or colorimetric signal can be generated (Yan et al. 2018).

Paraoxon is a highly toxic organophosphate compound that is often used as a 
pesticide. It is an acetylcholinesterase inhibitor, which means that it disrupts the 
normal functioning of the nervous system by preventing the breakdown of acetyl-
choline. The detection of paraoxon using acetylcholinesterase (AChE) can be 
achieved through a specific system that utilizes carbon dots (CDs) doped with nitro-
gen. CDs are a type of nanomaterial with unique optical properties that have been 
studied for various applications, including biosensing. Nitrogen doping is a com-
mon technique employed to enhance the quantum performance of CDs, which 
results in a higher fluorescence quantum yield. Moreover, nitrogen doping can gen-
erate a greater diversity of surface chemical groups, which makes it easier to func-
tionalize CDs and tailor them for specific applications (Gong et al. 2016).

A biosensor has been developed that uses a nano beacon, which consists of gold 
nanoparticles functionalized with DNA aptamers and FAM as a fluorophore. This 
biosensor has achieved isocarbophos detection limits of 10μg/L. Initially, the fluo-
rescence of FAM is inhibited due to its proximity to the nanoparticle, but it recovers 
upon binding of the aptamer and isocarbophos. When the pesticide is detected, a 
portion of the aptamer binds to it while another part binds to the nanoparticle, lead-
ing to a decrease in the initial fluorescence. This detection method corresponds to 
“turn off”, where the nanoparticles act as an anchor for the beacon system as well as 
a quenching agent (Dou et al. 2015).

A new fluorescent biosensor has been developed by researchers, which uses 
aptamers and combines Quantum Dots and gold nanoparticles. The biosensor men-
tioned above has been tested with chlorpyrifos, diazinon, and malathion as model 
molecules. This biosensor has a detection limit of 0.73μg/L, with a “turn on” strat-
egy used for smaller molecules. Negative samples are mixed with the AuNPs-
Aptamer conjugates and rise toward the test zone by capillarity. If hybridization 
occurs, the fluorescence of the QDs is inhibited by the FRET phenomenon with the 
AgNPs, resulting in a dark line. Positive samples will not inhibit hybridization, 
allowing a positive fluorescence signal to be obtained. This biosensor has better 
detection limits and works on immobilized lateral flow type systems, making it an 
improvement over other aptamer-based system (Cheng et al. 2018).
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2.3.3 � Electrochemical Detection

Electrochemical biosensors are a popular method for detecting pollutants due to 
their high sensitivity, selectivity, and fast response times. These biosensors work by 
detecting changes in electrical properties caused by the interaction between the pol-
lutant and a specific biological recognition element, such as an enzyme or an 
aptamer.

2.3.3.1 � Principle of Electrochemical Detection

An electrochemical biosensor operates on the principle of utilizing a biological rec-
ognition element, such as an enzyme or an aptamer, which specifically targets the 
analyte or pollutant of interest. The biological recognition element is immobilized 
on an electrode surface, either directly or through a transducer layer, and acts as a 
sensing element.

When the sample is introduced to the biosensor, the target analyte or pollutant in 
the sample binds to the sensing element. This binding event causes a change in the 
electrochemical properties of the electrode, which is then measured by a signal 
transduction system. The signal transduction system typically involves an electro-
chemical reaction, such as the oxidation or reduction of the analyte, which gener-
ates a measurable signal, such as a change in current or voltage.

The change in the electrochemical properties of the electrode is directly propor-
tional to the concentration of the analyte or pollutant in the sample. By measuring 
this change, the electrochemical biosensor can determine the concentration of the 
target analyte or pollutant in the sample. Thus, electrochemical biosensors offer 
high accuracy and sensitivity for the detection of target analytes or pollutants.

2.3.3.2 � Application of Electrochemical Detection Using 
Nano-biomaterials

A novel detection approach has been introduced that utilizes a three-dimensional 
graphene framework combined with bismuth nanoparticles for simultaneous moni-
toring of multiple heavy metals. The sensor was able to detect cadmium and lead in 
a wide range of concentrations, with low detection limits. It also detected zinc, but 
with a smaller range of concentrations. The improved performance of the sensor 
was attributed to the increased binding sites for metal cations, better charge mobil-
ity, and improved conductivity due to the combination of bismuth and graphene (Shi 
et al. 2017).

A biosensor was created that can detect heavy metal cations through glucose 
oxidase enzymatic inhibition. It was built on carbon film electrode supports with 
immobilized glucose oxidase cross-linked with glutaraldehyde. A poly (neutral red) 
film was added through electro polymerization to act as a redox mediator. The 
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biosensor was able to detect cadmium, copper, lead, and zinc in the presence of 
glucose, with detection limits of 1μ g L−1 for cadmium, 6μ g L−1 for copper, 3μ g L−1 
for lead, and 9μ g L−1 for zinc (Ghica and Brett 2008).

Another study presents a biosensor that employs self-assembled gold nanoparti-
cles to detect mercury ions using a potentiometric urease inhibition-based approach. 
The biosensor incorporates a PVC-NH2 matrix membrane pH electrode surface 
with N, N-dodecyl amino methyl benzene (DAMAB) as a neutral carrier. The gold 
nanoparticles are chemically adsorbed onto the electrode surface, and urease is 
immobilized on the nanoparticles. The study also investigated the response charac-
teristics of the DAMAB/PVC-NH2 pH-sensitive membrane and the effect of 
nanoparticle size. The biosensor has a low detection limit of 0.05μ mol L−1 and a 
linear range for determining Hg2+ of 0.09–1.99μmol L−1. The self-assembled immo-
bilization method has several advantages, including a rapid response time and easy 
regeneration (Yang et al. 2006).

A study developed an amperometric biosensor to detect paraoxon, a pesticide 
that inhibits acetylcholinesterase (AChE). The biosensor was designed using a zinc 
oxide matrix to immobilize AChE, which retained its activity for up to 3 months 
when stored in phosphate-buffered saline (pH 7.4) at 4 °C. The biosensor was able 
to detect paraoxon in the concentration range of 0.035–1.38 ppm and can also be 
used to detect other AChE-inhibiting organophosphate pesticides (Sinha et al. 2010).

2.4 � Applications of Nano-biomaterials in Detecting 
Environmental Pollutants

2.4.1 � Detection of Heavy Metals

Heavy metal pollution is a major environmental concern triggered by industrial, 
mining, and human activities. Industrial, mining, and human activities are respon-
sible for heavy metal pollution, with notable examples including lead, mercury, 
cadmium, chromium, arsenic, copper, zinc, and nickel. These heavy metals con-
taminate soil, water, and air, giving rise to significant risks for both human health 
and ecosystems. They have the potential to cause diverse detrimental effects on 
plants, animals, and microorganisms, while their accumulation in the environment 
can disrupt delicate ecosystems. It is imperative to prioritize the control and reduc-
tion of heavy metal pollution in order to protect and preserve the environment and 
promote human well-being (Gumpu et al. 2015; Vonnie et al. 2022; Baig et al. 2021; 
Wen et al. 2019).

Nano-biomaterials, such as nanoparticles, carbon-based nanomaterials, quantum 
dots, and nanocomposites, are being utilized for the detection of heavy metals in the 
environment. These materials offer unique properties at the nanoscale that enable 
sensitive and selective detection of heavy metal contaminants. By functionalizing 
these biomaterials with specific receptors or ligands, they can selectively bind to 
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target heavy metals, resulting in measurable changes in their optical, electrical, or 
magnetic properties. This allows for the rapid and accurate detection of heavy metal 
ions in environmental samples. Nano-biomaterial-based detection systems offer 
advantages such as high sensitivity, selectivity, and the ability to detect multiple 
heavy metals simultaneously. They can be incorporated into portable devices for 
on-site monitoring, aiding in the mitigation of risks associated with heavy metal 
pollution in the environment (Gumpu et al. 2015; Baig et al. 2021; Wen et al. 2019).

Various heavy metals, including Arsenic (III) (Boruah et al. 2019), Arsenate (Liu 
et  al. 2015), Cobalt (Annadhasan et  al. 2015), Nickel (Annadhasan et  al. 2015), 
Lead (Antunović et al. 2019), Cadmium (Antunović et al. 2019), Mercury (May and 
Oluwafemi 2016), Iron (May and Oluwafemi 2016), Copper (Cheon and Park 
2016), and Lead (Cheon and Park 2016), are detected using biosensors. Detection 
methods include colorimetric analysis using functionalized nanoparticles, 
fluorescence-based mechanisms, and electrochemical techniques. These biosensors 
offer selective and sensitive detection of heavy metals in diverse samples. Table 2.1 
shows detection of various metals using different kinds of biosensor.

2.4.2 � Detection of Pesticides

Various biosensors have been developed for the detection of different pesticides, 
including glyphosate (Zúñiga et al. 2022a), atrazine (Supraja et al. 2019), chlorpyri-
fos (Talan et  al. 2018), DDT (Alam et  al. 2021), and organochlorine pesticides 
(Goel and Arora 2018). These biosensors utilize different detection principles such 
as competitive immune reactions, electrochemical sensing, and colorimetric 
responses. The biosensors offer high sensitivity, wide detection ranges, and low 
detection limits, making them suitable for precise and real-time detection of pesti-
cides in environmental samples. These advancements in biosensor technology con-
tribute to the development of effective tools for monitoring and ensuring the safety 
of agricultural and environmental systems. Table 2.2 represents detection of various 
pesticides by different kinds of biosensor.

IgG-CDs were employed for selective glyphosate detection via a competitive 
immune reaction. By separating magnetic antigen beads using a magnetic field, 
glyphosate attached to IgG-CDs could be quantified, exhibiting a linear range of 
0.06–473.18μM and a detection limit of 0.05μM (Zúñiga et al. 2022b).

A novel colorimetric method using cysteamine-stabilized gold nanoparticles 
(CS-AuNPs) was developed for rapid, sensitive, and low-cost detection of glypho-
sate, with a detection limit of 5.88 × 10–8 M (Zheng et al. 2013).

A sensitive electrochemical sensor was developed to detect glyphosate by creat-
ing cavities through electropolymerization of gold nanoparticles in the presence of 
glyphosate as a template molecule. The sensor exhibited a broad linear range of 
1 pg/L to 1μg/L and a quantification limit of 0.8 pg./L, while demonstrating excel-
lent selectivity toward glyphosate compared to its metabolite, aminomethylphos-
phonic acid (Do et al. 2015).
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Table 2.2  Detection of pesticide using nanoparticle-based sensor

Sr. 
no

Name of 
pesticide Biosensor used in detection Detection limit References

1. Glyphosate Antibody-tagged carbon dot (IgG-CDs) 0.05μM Zúñiga et al. 
(2022a)

Cysteamine-stabilized gold 
nanoparticles (CS-AuNPs)

5.88 × 10–8 M Zheng et al. 
(2013)

Electro polymerization of gold 
nanoparticles

8 pg./L Zúñiga et al. 
(2022b)

A fluorescence carbon dot/silver 
nanoparticle (CDs/AgNPs)

12 ng mL−1 Wang et al. 
(2016)

Cu-BTC MOF 1.4 × 10−13 Cao et al. 
(2019)

A nano-porous copper film 4 nmol L−1 Regiart et al. 
(2020)

Multi-walled carbon nanotube 
(MWCNTS)-ionic liquid (IL) composite 
and copper oxide nanoparticle (CuO)

1.3 nM Gholivand 
et al. (2018)

Bipyramid-shaped gold nanoparticle 5.92μM Nafisah et al. 
(2020)

Luminol-gold-L-cysteine-Cu (II) 
nanoparticle composites (Lu-Au-L 
cys-Cu (II))

0.5 nM Liu et al. 
(2020c)

2. Atrazine Manganese oxide nanofibers 0.22 × 10−21 g/
mL

Supraja et al. 
(2019)

Platinum nanoparticles/carbon nitride 
nanotubes

1.5 × 10–13 M Yola and Atar 
(2017)

G-protein-functionalized magnetic 
nanoparticles (MNPs@protG)

0.05–1 ng/mL Yola and Atar 
(2017)

Multiwalled carbon nanotube embedded 
with ZnO nanofiber

5.368 nM Supraja et al. 
(2020)

Antibodies labelled with gold 
nanoparticles

0.1–1gL Valera et al. 
(2008)

3. Chlorpyrifos Fluorine-doped tin-oxide (FTO) with 
gold nanoparticles (AuNPs) and 
anti-chlorpyrifos antibodies (chl-Ab)

10 fM Talan et al. 
(2018)

Photoelectrochemical sensor based on 
the noble-metal-free AgBr/Ti3C2 
Schottky interface in fruit and 
vegetables.

0.33 pg L−1 Du et al. 
(2022)

MnCo2O4 decorated (2D/2D) rGO/g-
C3N4-based non-enzymatic sensor

0.14 × 10−12 M Maji et al. 
(2022)

Gold nanoparticles-silk fibroin 
(SF-AuNPs) dispersion, label-free 
colorimetric

10 ppb Mane et al. 
(2020)

(continued)
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Table 2.2  (continued)

Sr. 
no

Name of 
pesticide Biosensor used in detection Detection limit References

4. DDT The gold nanostructure 0.750μ M Alam et al. 
(2021)

void@AuNPs@SiO2 microporous 
capsules

– Moldovan 
et al. (2021)

AgNPs prepared by self-assembly/in 
situ growing method

–

AgNPs@ α, ω-aliphatic diamines 13.7 nM
5. Malathion Gold nanoparticle prepared by using 

citrate
1.5 × 10–7 mol/L Kohzadi and 

Roushani 
(2016)

6. Dieldrin AuNPs/AgNPs@alkyl dithiols 0.82μM Moldovan 
et al. (2021)

A fluorescence system (CDs/AgNPs) was developed for the detection of glypho-
sate, where the fluorescence intensity of the system showed a linear relationship 
with glyphosate concentration in the range of 0.025–2.5μg mL−1, achieving a low 
detection limit of 12 ng mL−1 (Wang et al. 2016).

A novel electrochemical sensor utilizing Cu-BTC MOF material has been devel-
oped for the detection of non-electroactive glyphosate, demonstrating a large spe-
cific surface area that enhances the electrode reaction site and improves the detection 
performance. Cyclic voltammetry (CV) evaluated the electrochemical behavior of 
Cu-BTC frameworks for glyphosate detection, and under optimal conditions, dif-
ferential pulse stripping voltammetry (DPV) was employed, revealing an ultralow 
detection limit of 1.4 × 10−13 mol L−1 and a wide detection range of 1.0 × 10−12 to 
1.0 × 10−9 mol L−1 and 1.0 × 10−9 to 1.0 × 10−5 mol L−1 (Cao et al. 2019).

A nano-porous copper (NPC) film was electrodeposited on a copper microelec-
trode for electrochemical sensing of glyphosate (Glyp). The NPC film exhibited a 
highly pure and crystalline structure. The optimized NPC-modified Cu microelec-
trode showed high sensitivity (14 nA nmol−1 L), a low detection limit (4 nmol L−1), 
excellent reproducibility, and selectivity for Glyp. The sensor successfully detected 
Glyp in river water samples (Regiart et al. 2020).

A highly sensitive colorimetric method is introduced for the determination of 
malathion using gold nanoparticles (AuNPs). The stability of the synthesized 
AuNPs solution is ensured by the presence of citrate anions, which prevent aggrega-
tion of the AuNPs by exerting repulsive forces. The surface of the AuNPs is capped 
by malathion, leading to their aggregation in Britton-Robinson buffer solution. The 
progress of the reaction is monitored spectrophotometrically by measuring the 
decrease in the plasmon resonance band of the AuNPs at 527 nm after 9 min. The 
impact of various reaction variables on the sensitivity of the reaction is investigated, 
and the interference from common ions is effectively minimized. The calibration 
curve demonstrates a linear relationship over the concentration range of 3.3 × 10−7 
to 3.3  ×  10−6  mol/L of malathion, exhibiting good precision and accuracy. 

P. M. Sah et al.
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Fig. 2.3  Preparation of platinum nanoparticles/carbon nitride nanotubes for detection of atrazine. 
(Image adapted from (Yola and Atar 2017) with permission)

Furthermore, the detection limit of the method is as low as 1.5 × 10−7 mol/L (Kohzadi 
and Roushani 2016).

An ultrasensitive, label-free electrochemical immunosensor developed for 
detecting atrazine, a toxic pesticide. Utilizing electrospun manganese oxide nanofi-
bers, the method achieves a low limit of detection of 0.22 × 10−21 g/mL and demon-
strates superior performance compared to previous sensors, making it suitable for 
real-time applications (Supraja et al. 2019) (Fig. 2.3).

A highly sensitive and stable electrochemical nano-sensor utilizing fluorine-
doped tin-oxide (FTO) with gold nanoparticles (AuNPs) and anti-chlorpyrifos anti-
bodies (chl-Ab) was developed for the detection of chlorpyrifos, demonstrating a 
wide detection range and low limit of detection, making it suitable for on-site detec-
tion of chlorpyrifos traces in real samples.

The gold nanostructured electrochemical sensor achieved a low detection limit 
of 0.750μM for thiols, demonstrating its high sensitivity and suitability for precise 
detection.

Gold nanoparticles were used as a colorimetric sensor to detect and quantify the 
organochlorine endosulfan pesticide, with the nanoparticles’ color changing from 
wine red to various shades of blue in the presence of different concentrations of the 
pesticide.
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2.5 � Challenges and Future Prospects

2.5.1 � Challenges in Using Nano-biomaterials for Detection 
of Environmental Pollutants

Nano-biomaterials have shown immense potential in the detection of environmental 
pollutants. However, several challenges need to be addressed before these materials 
can be widely used for environmental monitoring.

One of the main challenges is the potential toxicity of the nanoparticles them-
selves. While nanoparticles have unique properties that make them useful for detec-
tion, these properties can also lead to toxicity concerns. For instance, the small size 
of nanoparticles can lead to cellular uptake and accumulation, which can cause 
cellular damage and inflammation. In addition, the surface chemistry of nanoparti-
cles can also contribute to their toxicity. Therefore, it is important to thoroughly 
investigate the potential toxicity of nano-biomaterials and to develop strategies to 
mitigate their negative effects.

The selectivity and sensitivity are also challenges in biosensor development. 
Environmental samples can contain a range of different pollutants, some of which 
may have similar properties. Therefore, it is crucial to develop methods that can 
selectively detect the target pollutant of interest. In addition, the sensitivity of the 
detection method is important for accurately quantifying the pollutant concentration 
in the sample. Several strategies have been developed to enhance the selectivity and 
sensitivity of nano-biomaterial-based detection methods, such as functionalization 
with specific ligands and the use of amplification techniques.

Another challenge is the reproducibility and reliability of the detection methods. 
The synthesis and characterization of nano-biomaterials can be complex, and even 
minor variations in the synthesis conditions can lead to variations in the properties 
of the material. Therefore, it is important to establish standardized protocols for the 
synthesis, characterization, and application of nano-biomaterials. Furthermore, the 
robustness of the detection method should be thoroughly tested to ensure reliable 
and reproducible results.

Finally, the practicality and cost-effectiveness of the detection methods are also 
important considerations. The detection methods should be user-friendly, easy to 
operate, and require minimal sample preparation. Furthermore, the cost of the mate-
rials and equipment required for detection should be reasonable to enable wide-
spread adoption of these methods.

P. M. Sah et al.
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2.5.2 � Prospects and Potential of Nano-biomaterials 
in Detecting Environmental Pollutants

Nano-biomaterials have promising potential in detecting environmental pollutants, 
and the field has several prospects, including increasing sensitivity by improving 
surface area, shape, and size, developing new materials like metal-organic frame-
works, miniaturization and portability for on-site detection, multi-analyte detection 
for comprehensive monitoring, and environmental remediation. Additionally, nano-
biomaterials can reduce the environmental impact of traditional detection methods 
and enable real-time monitoring in industrial settings. Continued research and 
development in this field will lead to more efficient and effective monitoring and 
remediation methods to address the impact of environmental pollution on human 
health and the planet.

2.6 � Conclusion

2.6.1 � Summary of Key Points

The book chapter discusses the use of nano-biomaterials in the detection of environ-
mental pollutants. It highlights the advantages of using nano-biomaterials, such as 
their high sensitivity, specificity, and selectivity, in environmental monitoring. The 
chapter provides various examples of nano-biomaterials, including gold nanoparti-
cles, silver nanoparticles, and iron oxide nanoparticles, used for the detection of 
environmental pollutants, such as heavy metals, pesticides, and polycyclic aromatic 
hydrocarbons (PAHs). The challenges associated with the use of nano-biomaterials 
for environmental monitoring are also discussed, including their potential toxicity 
and the need for standardized protocols. The chapter concludes by outlining the 
potential future applications of nano-biomaterials in environmental monitoring and 
highlighting the importance of continued research in this area. Overall, the chapter 
provides a comprehensive overview of the use of nano-biomaterials in environmen-
tal monitoring and the potential impact they can have on improving our ability to 
detect and mitigate environmental pollutants.

2.6.2 � Importance of Nano-biomaterials in Detecting 
Environmental Pollutants

Nano-biomaterials have shown great potential in detecting environmental pollutants 
due to their unique physicochemical properties, including large surface area, high 
reactivity, and strong affinity for certain pollutants. They can be designed to selec-
tively target specific pollutants and provide highly sensitive and accurate detection 
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with low limits of detection. Furthermore, the use of nano-biomaterials can greatly 
reduce the amount of sample needed for analysis, making them more environmen-
tally friendly and cost-effective. The field of nano-biomaterials-based pollutant 
detection is constantly expanding, with new materials being developed and opti-
mized for specific applications. The continued research and development of nano-
biomaterials in this field have the potential to revolutionize the way environmental 
monitoring is performed, ultimately leading to a safer and healthier environment 
for all.
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Abstract  Release of toxic chemicals or pollutants like heavy metals, pesticides, 
aromatic hydrocarbons, and pharmaceutical products contributes heavily to envi-
ronmental pollution. Hence, the rapid detection of these pollutants is necessary to 
reduce possible environmental pollution. Biosensors can be excellent and highly 
specific tools for detecting pollutants in the environment, which possess significant 
impacts on ecosystems, human health, and development. Different types of biosen-
sors have been developed for the purposes of pollutant monitoring. This chapter 
focuses primarily on whole-cell-based biosensors for detecting environmental pol-
lutants. Cell-based biosensors are developed by fusing reporter genes such as lacZ, 
lux, and gfp, with inducible regulatory genes that react to specific environmental 
pollutants, like heavy metals and aromatic hydrocarbons. A broad range of micro-
bial biosensors has been developed by using novel recombinant DNA technology.
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3.1 � Introduction

The rapid growth in populations is causing a drastic rise in industrialization. The 
man-made chemicals and some industrial products and byproducts are becoming 
major concerns for surrounding ecosystems. These pollutants are heavily released 
into the environment which can cause harmful impacts or serious changes on the 
environmental health. These hazardous pollutants lead to environmental pollutions 
which can directly or indirectly affect the health problems in humans and animals 
(Hashemi Goradel et  al. 2018). The farmers are using agrochemicals to increase 
crop production and to fulfill the food requirement of the growing population. To 
control plant diseases, certain pesticides, fungicides, and bactericides are applied 
directly to the plants and soil. These agrochemical compounds are directly resealed 
into the soil, building up toxic residues that can pollute the soil, interact with the 
food chain and ecology, and have severe impacts on all living things, including 
humans (Aynalem and Muleta 2021). Human activities related to industrial and 
agricultural products are the major sources for release of pollutants. To diminish the 
pollutants from the environment, it is necessary to detect them on initial levels. 
Scientists have developed sophisticated tools to detect these deleterious pollutants 
known as biosensors. Various types of biosensors are available which have the sig-
nal transducer to convert biological signal into measurable electrochemical energy.

Biosensor is a portable analytical instrument made up of physicochemical trans-
ducer and a biologically derived sensing element. The International Union of Pure 
and Applied Chemistry (IUPAC) refers to a biosensor as “a self-contained inte-
grated device that uses a biochemical receptor which is maintained in direct contact 
with a transduction element to provide specific quantitative or semi-quantitative 
analytical information” (Palchetti and Mascini 2008). Biosensors can detect and 
quantify environmental pollutants by converting the biochemical signal into a mea-
surable electrical signal. Hence, these are powerful tools which can detect and quan-
tify the harmful chemical substances or the pollutants in the environment (Hashemi 
Goradel et  al. 2018). Here in this chapter, we are focusing on whole-cell-based 
biosensors for detecting environmental pollutants. Cell-based biosensors are power-
ful and excellent analytical tools which are developed to detect pollutants from vari-
ous fields such as environment, biomedical, and food industries. The whole-cell-based 
biosensors are one of the most prominent tools to detect the target pollutants in 
which the cells are combined with transducer to get rapid and accurate detection of 
pollutants from various fields. These biosensors are considered as the first environ-
mental pollutant detecting system which provides sufficient information for routine 
analysis and screening the samples from the polluted area (Saini et al. 2019). In 
1970, the first microbial cell-based biosensor was developed which is combined 
with organic compound to produce electroactive metabolites and the biological 
changes in reparation of cell activity is detected by transducer, in this way the first 
cell-based biosensor phenomenon was studied. Since then, numerous types of 
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microbial cell-based biosensors have been developed for pollutant detection because 
of quick developments in the domains of synthetic biology and microbial physiology.

Whole-cell biosensor has components such as bio-receptor, transducer, and sig-
nal processor. Bio-receptor is a sensitive component derived from biological origin. 
The types of bio-receptors used for the detection of target pollutants have a large 
influence on the function of biosensor. Bio-receptor type can change the biosensing 
parameters like response time, specificity, and sensitivity. In whole-cell-based bio-
sensor, microorganisms act or are used as bio-receptor. The transducer is known as 
an analyzing tool. The basic principle of the transducer is to convert the biochemical 
signal into electric signal and that can be further measured or detected. Based on 
this signal, pollutants can be detected and quantified from the environment. Various 
types of transducers are used, such as electrochemical, optical-based, and thermal-
based. In whole-cell-based biosensor, the living cells are linked to external trans-
ducers in order to generate a signal that can be measured and read. The transduction 
mechanism selection is based on the type of cells used in biosensor for sensing 
pollutants. Electrochemical and optical-based transducers are used in microbial bio-
sensors. Advanced methodologies, including light addressable potentiometric sen-
sor (LAPS) and electrochemical cell impedance spectroscopy (ECIS) transduction 
methods are employed in higher eukaryotic cell biosensor. Transducers can convert 
the biological signal in electric form which can be further displayed by signal pro-
cessor. The key elements of whole-cell-based biosensor in environment pollutant 
detection are illustrated in Fig. 3.1.

In order to generate a sensing microorganism, whole-cell-based biosensors are 
integrated with signal-generating protein molecules that recognize pollutants. 
Combining sensing microorganism with transducer can convert the identified bio-
logical signal into quantifiable output to detect the pollutants. In genetically modi-
fied microorganisms, the modified genes for sensor protein can control the synthesis 
of reporter protein in response to a targeted pollutant. Hence the entire microbial 
cell functions as a biological sensor, producing a signal that can be measured. Using 
the specific molecular recognition between proteins and an intended ligand, whole-
cell-based biosensor enables the dose-dependent specific identification of the avail-
able pollutants. One of the main functions of whole-cell-based biosensor is that it 

Fig. 3.1  Key elements of biosensor
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provides the physiological related data regarding the bioavailability of a particular 
pollutant, since the target pollutant needs to first contact with the living bacteria in 
order to generate a response. Whole-cell-based biosensors are cost-effective to con-
struct and store, these can stand with variation in temperature and pH (Struss 
et al. 2010).

The entire cell-based biosensor has a very simple mechanism in detection of 
environmental pollutants which is illustrated in Fig. 3.2. The living cells (geneti-
cally modified or non-modified) in the biosensors have been integrated with trans-
ducers by immobilization method. Cell-based biosensors use such immobilization 
techniques that cannot affect the cells’ viability such as hydrogel, sol-gel entrap-
ment, and encapsulation (Axelrod et al. 2016). After immobilization, the cells and 
transducer interact with each other. The immobilized cells combine with targeted 
pollutants to give cell-bound pollutants and that can produce the electronic response 
that can be further measured by the detector. However, the contaminants or analytes 
may occasionally be converted into products that release heat, gas (oxygen), elec-
trons, or hydrogen ions. The product-associated changes are then converted into 
electrical signals by the transducer that can be further measured, amplified, and 
displayed by the electronic system (Dhewa 2015).

The whole-cell-based biosensor has shown good results in rapid detection of pol-
lutants, but these sensors are not more sensitive to environmental changes. Hence 
the biosensors are modified or altered by using genetic engineering methods to get 
high sensitivity toward the pollutants and they can be used to identify a wide range 
of reactions that occur within the living cells. These modified biosensors can further 
provide additional information related to pharmacology, cell physiology, and toxic-
ity of sample (Gui et al. 2017).

Fig. 3.2  Mechanism of whole cell-based biosensor in environmental pollution detection
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3.2 � Microorganisms as Whole-Cell Biosensors

Anthropogenic activities which include agricultural and industrial practices have 
caused the release of various toxic contaminants into the environment (Zeng et al. 
2021). These contaminants are mutagenic and carcinogenic, hence increasing uses 
of chemicals in these two sectors have potentially increased the risk to human health 
and loss of biodiversity (Bilal and Iqbal 2019). The traditional methods for detec-
tion of environmental pollutants include chromatographic and spectroscopic tech-
niques (Brányiková et al. 2020). However, these methods only detect the availability 
of the pollutants and are expensive with long detecting time periods (Liu et  al. 
2010). Therefore, a biological perspective is required for rapid and sensitive detec-
tion and monitoring the pollutants. Biosensors are devices which can detect signals 
within a cell or a tissue (Neethirajan et al. 2018). Molecular biosensors detect bioac-
tive compounds like DNA, enzymes, antibodies, and antigens. Whole-cell-based 
biosensors (WCB) use living cells to provide molecular recognition. They make use 
of natural or genetically engineered cells like algae, bacteria, fungi, protozoa, or 
viruses, even tissue pieces as recognition elements. The working of a WCB includes 
sensing of an analyte species, amplification to an optical or electrical signal, and 
detection by the immobilized cell which provides the molecular recognition (Gui 
et al. 2017). The cells are modified to carry a specific reporter gene which is linked 
to a promotor. When the system is encountered with a specific pollutant, the promo-
tor gene is activated causing the reporter gene to produce a measurable signal. The 
intensity of the signal correlates with the concentration of the pollutant. The binding 
of analyte to the regulatory protein and the choice of reporter gene determine the 
performance of a WCB (Raut et al. 2012). Using live cells in biosensors provides 
the ability to study and assess the bioavailability, mutagenicity, and cytotoxicity of 
environment toxins. Hence, WCB can be a vital approach for selective, sensitive, 
and effectual detection of environmental pollutants (Maduraiveeran and Jin 2017). 
Cells are susceptible to genetic modifications, allowing WCB to detect a variety of 
compounds and work under a wide range of conditions like different temperatures 
and pH (Tian et al. 2017). Due to the rapidity, simplicity, portability, cost efficiency, 
and better LOD (limit of detection), WCB are not only used for environmental pol-
lutant detection but also equipped in other industries like food, pharmaceuticals, 
and drug testing (Bilal and Iqbal 2019; Wang et al. 2014). Over the years, WCB has 
gained attention considering its advantages and applications; however, studies to 
improve the sensitivity, specificity, and stability of WCBs are still ongoing.

3.2.1 � Bacterial Cell-Based Biosensors

Microbial whole-cell-based biosensors (MCBs) are considered to be a modified 
form of enzymatic biosensors, where microbes are immobilized on the transducers 
using various immobilization techniques like physical entrapment, adsorption, 
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covalent binding, or cross-linking (Gavrilaș et al. 2022). The cell viability and sta-
bility, mechanical resistance, handling, and long-term storage of the biosensor 
depend on the type of method used to immobilize the cells (Moraskie et al. 2021). 
MCBs are majorly used for detection of environmental pollutants like heavy metals, 
aromatic compounds, and other toxic chemicals. Escherichia coli is reported to be 
used in biosensors for detection of heavy metals like cadmium (Cd), mercury (Hg), 
and arsenic (As) (Frick et al. 2019; Kim et al. 2019). Genetically engineered E. coli 
biosensor is used for environmental monitoring to detect paraoxon and parathion, 
which are hazardous to aquatic biota and toxic to humans when they encounter the 
skin. The detection limit for paraoxon was reported to be 9 nM and for parathion to 
be 10 nM (Tang et al. 2014). A study reported that Acinetobacter baylyi incorpo-
rated biosensors have the capability to detect heavy metals like chromium (Cr) and 
lead (Pd) in soil, detection limit of 520 and 2072 mg/kg respectively (Song et al. 
2014). Fluorescent biosensor with Bacillus megaterium VR1 is used to detect metal 
contamination of soil, i.e., Cd, Zn, and Cu with 1.42  ×  10−4, 2.42  ×  10−4, and 
3.16 × 10−4 LOD, respectively (Rathnayake et al. 2021a). Pseudomonas putida is 
used for environmental monitoring for various contaminants which include Zn, Cd, 
Hg, and phenanthrene with LOD 5–55 μmol/L, 0.01 μM, <40 μg/kg, and <24 mg/
kg respectively (Wei et al. 2014; Liu et al. 2012). Arsenic (As) contamination moni-
toring can be carried out by genetically engineered Shewanella oneidensis with 
LOD 40 μM (Webster et  al. 2014). A recent study revealed that biosensors with 
E. coli strain DH10B could detect the presence of 3-phenoxybenzoic acid with a 
detection limit of 3  ng/mL (Riangrungroj et  al. 2019). Similarly, another study 
focused on the use of Pseudomonas aeruginosa strain PAO1 in detection of sodium 
dodecyl sulphate (SDS) contamination. The results revealed the detection limit to be 
around 0.1 ppm (Dey et al. 2020). There are many such examples reported over time 
about the advantages of using MCBs for environmental pollutant detection. 
However, such biosensors are also associated with certain disadvantages, which 
include extended response time, genetic instability of genetically modified microbes, 
difficulty in maintenance of viability of the cells, societal and technical issues 
regarding the use of genetically engineered cells and influence of environmental 
factors on the functionality of the biosensors. Despite the challenges, research is 
ongoing to overcome the hurdles and improve the application of microbial biosen-
sors (Bilal and Iqbal 2019).

3.2.2 � Algal Cell-Based Biosensors

Cyanobacteria are considered to be the first group of organisms to implement 
oxygen-dependent photosynthesis. They are used in biosensors to detect heavy met-
als, herbicides, biocides, and pesticides. Detection of nickel (Ni) and cobalt (Co) 
contamination can be done by using Synechocystis sp. PCC 6803 biosensors which 
has been reported to have LOD value 0.2 μM for Ni and 0.3 μM for Co (Peca et al. 
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2008). Herbicide contamination of water caused by herbicides like atrazine, diuron, 
and simazine can be detected by using Anabaena variabilis, Chlamydomonas rein-
hardtii, and Dictyosphaerium chlorelloides biosensors, with detection limit of 
0.07 μM, 0.2 μM, and 40.8 μg/L, respectively (Tsopela et  al. 2016; Tucci et  al. 
2019). Green algae are sensitive to a range of pollutants, hence are usually used in 
biosensors for detecting toxic components in water, BOD, heavy metals, and bio-
cides. An optic fiber-coupled Chlorella vulgaris biosensor has been equipped for 
detection of pesticides and chlorophenols. The same species were used in conduc-
tometric biosensors and were found to be sensitive to heavy metals like Co, Ni, Zn, 
and Pb. Similarly, an optic fiber-coupled Dictyosphaerium chlorelloides biosensor 
has been used for detection of copper ions in reservoirs and water supplies (Peña-
Vázquez et al. 2010). A study reported that marine green algae Ostreococcus tauri 
as luminescent biosensor was sensitive for detection of anti-fouling biocides in the 
coastal waters (Sanchez-Ferandin et  al. 2013). Platimonas subcordiformis-
developed biosensor was tested for sensitivity against Pb, Cu, phenol, and nonyl-
phenol. The results showed detection limits 1.90, 0.65, 2.85, and 5.22 μmol/L for 
the same. An optical biosensor with a strain of cyanobacteria Synechoccus sp. and 
two strains of Mesotaenium sp. were developed for detection of Cd, Cr, and Zn in 
the aquatic systems (Rathnayake et al. 2021b). With ongoing research, addressing 
and overcoming the challenges in developing whole-cell biosensors, algal biosen-
sors can be a powerful tool for environmental monitoring.

3.2.3 � Fungal Cell-Based Biosensors

Using fungal whole-cell biosensors has advantages over bacterial WCB as it is easy 
to culture, easy for gene manipulation, and is open to various transducer technolo-
gies. Saccharomyces cerevisiae is the most widely studied fungi for whole-cell bio-
sensors. A WCB was developed using the organism, which was sensitive to Cu ions, 
with a detection limit of about 0.5 μM (Roda et al. 2011). In another study, S. cere-
visiae was genetically modified for producing luminescence and was employed in a 
biosensor to detect Zn, Cu, and pesticides. The detection was based on the decrease 
in bioluminescence when the cell encountered and interacted with such chemicals. 
Similarly, biosensors with filamentous fungi Mycena citricolor and Armillaria mel-
lea were developed for environmental monitoring by producing luminescent light 
(Barceló 2009). Co-immobilization using strains Bacilllus licheniformis and 
Trichosporon cutaneum was done to develop biosensor for measurement of bio-
chemical oxygen demand (BOD). However, the biosensor showed exhibited low 
sensitivity.
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3.3 � Types of Whole-Cell-Based Biosensors

There are two types of whole-cell-based biosensors that are classified into nonspe-
cific whole-cell-based biosensor and specific whole-cell-based biosensor on the 
basis of their biological ability and sensing element (Kaur et al. 2015).

3.3.1 � Nonspecific Whole-Cell-Based Biosensors

Nonspecific whole-cell-based biosensor provides information regarding toxicity 
and bioavailability of pollutants. Stress-responsive genetic regulation, including 
heat shock and damages to DNA responses, are the primary building blocks for the 
construction of nonspecific whole-cell biosensors. In case of heat shock stress, heat 
shock stress-related genes activate when proteins are damaged, and these genes can 
subsequently be used as a sensing component in non-specific cell-based biosensors 
for the detection of pollutants or toxins that cause protein degradation or damage 
(Eltzov et al. 2009). In case of DNA damage, nonspecific sensing elements could 
involve SOS response genes whose expression is amplified by DNA damage, and 
this change in biological response of cell activity can be further used to detect the 
pollutants (Huang et al. 2023).

3.3.2 � Specific Whole-Cell-Based Biosensors

Certain whole-cell-based biosensor microbes use metabolic or detoxifying genes as 
sensing elements to identify contaminants (Li et  al. 2021; Voon et  al. 2022). 
Environmental pollutants like pesticides, heavy metals, alkanes, and organic pollut-
ants are detected by specific regulatory metabolic genes of microorganisms. Operons 
like nah, alkBAC, and the transcriptional regulatory gene DntR were used in bacte-
rial cell-based biosensor to detect soil and water pollutants like pesticides, linear 
alkanes, and naphthalene by nitro toluene (Smirnova et al. 2004). The bacterial cells 
contain certain regulatory genes that can metabolize the organic pollutants like tolu-
ene and xylene. TOL plasmid contains xylR and xylS genes which are specifically 
constructed for the detection of benzene-related compounds (Li et al. 2008). The 
specific whole-cell-based biosensor uses resistance genes and these genes are placed 
in plasmid of microorganisms that can serve as a sensing element for the detection 
of specific heavy metals in soil and water. Microorganisms use some metals as a 
nutrient, the greater number of toxic metals inside cells can activate the resistance 
gene and the function of resistance genes such as redox transformation, active trans-
port, and intracellular or extracellular precipitation is maintained by intracellular 
metal level (Bontidean et al. 2004).
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Nonspecific whole-cell-based biosensors exhibit a medium response time with 
poor selectivity but moderate sensitivity and good bioavailability. In contrast, spe-
cific whole-cell-based biosensors also have a medium response time but offer excel-
lent selectivity while maintaining moderate sensitivity and bioavailability. The key 
difference between the two lies in their selectivity, with specific whole-cell-based 
biosensors providing a higher degree of target recognition, making them more suit-
able for precise biological detections. However, both types share similar response 
times and bioavailability, ensuring their applicability in various biosensing applica-
tions (Huang et al. 2023).

3.3.3 � Constitutive and Inducible Whole-Cell-Based Biosensor

Based on the mode of expression of reporter protein, whole-cell-based biosensors 
are classified into two types: inducible and constitutive (Gu et al. 2004). The early 
microbial whole-cell-based biosensors were constitutive expression systems, which 
involve the reporter’s constitutive expression at high basal levels. The detection of 
pollutants or toxins is directly correlated with signal strength generated by whole-
cell-based biosensor, but this signal decreases if cells die or show lower metabolic 
activity. Since constitutive microbial whole-cell-based biosensors can react to any 
chemical that damages cells, their applicability is limited because they are unable to 
pinpoint the precise kind of toxin that is present in samples. On the other hand, 
constitutive MWCBs have been effectively used in environmental monitoring for 
pollutant identification (Moraskie et  al. 2021). Regulatory protein elements and 
DNA sequence elements interact to control the expression of genes within the 
microbial genome. Regulatory proteins usually bind to promoter regions in order to 
control the activity of RNA polymerase. By combining the right promoter elements 
and regulatory proteins inducible whole-cell-based biosensor can be created which 
controls the expression of a reporter gene in the presence of a specific pollutant.

Eventually, the need for a target-specific whole-cell-based biosensor and our rap-
idly expanding understanding of the principles behind microbial gene control 
prompted the development of inducible microbial cell-based biosensor. To develop 
inducible microbial cell-based biosensors, regulatory elements from metal and met-
alloid resistant bacteria are used. In inducible expression system, a protein-analyte 
complex formed by the basal expression of a regulatory protein that binds specifi-
cally to a target analyte triggers the reporter’s expression through an inducible pro-
moter. The reporter expresses itself at low basal levels when the target analyte is not 
present, but it exhibits dose-dependent expression when target analyte is present.
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3.4 � Development of Whole-Cell-Based Biosensors 
to Identify Pollutants

The creation of entire microbial cell biosensor uses living cells which are immobi-
lized on transducer. Transducer acts as a detecting tool which identifies the environ-
mental pollutants. When the immobilized cells directly contact pollutants, they will 
produce biological response which is further converted into electrochemical signal 
by transducer and detected. The microbial cell immobilized with transducer has a 
natural reporter gene which produces biological responses against specific pollut-
ants. To detect targeted pollutants, genetically engineered genes will be inserted into 
microbial cells by using recombinant technology. Transducer is the most crucial 
component of biosensor; without transducer, biosensors are unable to detect the pol-
lutants. Development of whole-cell-based biosensor includes the selection of cell 
type, selection of reporter gene, immobilization of cells with transducer, etc. Various 
sensing techniques like optical and electrochemical are used to identify the 
pollutants.

3.4.1 � Selection of Microbial Cells

Various cells can be used for the fabrication of entire cell-based biosensor, and the 
selection of host cell is one of the important steps. The kind of cell employed for 
detecting the pollutants affects a biosensor’s responsive time, sensitivity, and speci-
ficity. Numerous studies have shown the application of several host cell-based bio-
sensor types for pollutant detection, depending on their specific characteristics. 
E. coli-based host cells are used to detect high concentration pollutants while the 
Alcanivorax borkumensis SK1 cells are used to detect the low concentration pollut-
ants such as octane (Sevilla et al. 2015). Various E. coli strains were employed for 
the construction of whole-cell-based biosensor to detect specific pollutants like 
nickel from water samples. Deinococcus deserti was used for the fabrication of 
whole-cell-based biosensor which is employed to detect heavy metals like arsenite 
(Brutesco et al. 2017). The selections of host cells for the development of whole-
cell-based biosensor to detect environmental pollutants have an impact on biosensor 
activity.

3.4.2 � Reporter Gene

The selection of suitable reporter gene is a very crucial step while constructing 
entire cell-based biosensor because the activity of this biosensor to detect environ-
ment pollutants depends on reporter gene. The basic principle of reporter gene is 
that it interacts directly with certain pollutants and generates a signal which shows 
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the presence of specific pollutants (Roggo and van der Meer 2017). As a result, 
reporter genes are genetically engineered by using recombinant technology for 
microbial cells that are commonly employed to demonstrate the synthesis of spe-
cific biomolecules which can affect gene expression (Park et al. 2013).

The majority of the whole-cell-based biosensors reporter genes utilize the 
enzymes as a final indicator to detect the pollutants from environment by colorimet-
ric assay (Truffer et al. 2014; Prindle et al. 2012). β-galactosidase (β-gal), which is 
expressed by the lacZ gene, is a frequently utilized enzyme for this purpose. It 
allows for the quick and easy detection of targeted pollutants from environment by 
using either colorimetric or fluorescence method. The well-known enzyme lucifer-
ase, which stimulates the light that release response and functions as the light 
reporter gene, is encoded by the bioluminescence gene lux, which was replicated in 
Vibrio fischeri and Photorhabdus luminescens. These genes are employed in the 
development of whole-cell-based biosensor to detect the pollutants from environ-
ment (Daniel et al. 2008). When oxygen molecules are present, bacterial luciferase 
has been shown to be helpful in oxidizing long-chain fatty aldehydes, producing a 
blue-green light (Liu et al. 2010). Hence, this enzyme was widely used to construct 
the entire cell-based biosensor because of its elevated sensitivity and easy to handle.

Since fluorescent proteins have self-luminescence, they do not need any extra 
substance to emit light. This gene is used as reporters in microbial whole-cell-based 
biosensors to detect the pollutants from environment. Gfp gene encodes for green 
fluorescent protein (GFP) which is used to detect environment pollutants by produc-
ing light which is easily detected by using modern potentiometer method without 
harming host cells. Apart from its function as a reporter gene in sensing element, it 
also acts as pH indicator and fusion tag in the investigation of environment pollut-
ants (Lei et al. 2006). The reporter gene roGFP2 was highly expressed in E. coli 
which was immobilized on the κ-carrageenan matrix to develop a highly stable and 
more sensitive biosensor that could rapidly detect substances that cause oxidative 
stress (Ooi et al. 2015). Furthermore, the maximal detection activity of GFP is low-
ered as it takes longer to emit a steady fluorescence (Yagi 2007). GFP-based whole-
cell biosensors are therefore usually inappropriate for the quick detection of 
pollutants.

Some researchers developed genetically engineered unique type reporter gene 
crtA, which synthesizes the carotenoid (Fujimoto et al. 2006). By using this unique 
type of reporter gene, whole-cell-based biosensors were constructed when applied 
to sample in the presence of pollutants, the color of medial was changed automati-
cally without adding an extra compound. Hence, this reporter gene is considered a 
good choice for whole-cell-based biosensor construction for rapid detection of envi-
ronment pollutants. Table  3.1 lists various reporter genes used for developing 
whole-cell-based biosensor.
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Table 3.1  Types of reporter genes employed for developing whole-cell-based biosensor

Reporter 
gene Detection method Target pollutants Advantages Disadvantages References

lux Bioluminescence 
technique

Tetracycline, 
naphthalene

Easy to 
measure and 
gives quick 
response

It has a 
requirement of 
oxygen 
molecules

Hakkila 
et al. 
(2002)

luc Bioluminescence Heavy metals More 
sensitive, 
thermally 
more stable 
and gives 
quick 
response

It shows low 
permeability 
and has 
requirements of 
oxygen and ATP 
molecules

Gutiérrez 
et al. 
(2015)

gfp Fluorescence Nalidixic acid No need of 
extra 
compound, 
highly stable

Less sensitive Sagi et al. 
(2003)

lacZ Bioluminescence, 
fluorescence, 
colorimeter

Organic 
compounds

Highly stable Require 
substrate

Mascher 
et al. 
(2004)

crtA Colorimeter Organophosphorus 
compounds

Identifiable 
by naked 
eyes

Requires 
substrate

Chong and 
Ching 
(2016)

3.4.3 � Immobilization of Microorganisms or Whole Cells

The localization or physical confinement of entire cells to a specific surface region 
while preserving the necessary biological activity is referred to as “immobilization 
of whole cells.” Immobilization gives the microbe a special degree of resistance to 
external influences and shields the cells from vibration forces such as pH, organic 
substances, temperature, salts, etc. Immature cells can be kept alive, active, and 
functional for a very long period (Patel et al. 2020).

The effective functioning of the entire whole-cell-based biosensor depends on 
the cells immobilization. Immobilization of whole cell increases the cells stability 
and helps to keep cellular activity for longer time (Zhu 2007). However, the choice 
of immobilization method is based on the kind of microbial cell and its properties. 
It’s necessary to consider some basic points while selecting the immobilization 
method such as immobilized microbial cells must be stable, effective, it should not 
interrupt the cellular activity, the carrier material used to immobilize cells should be 
biocompatible in nature and it’s easy to handle.

Different kinds of immobilization methods were used to construct the whole-
cell-based biosensor to detect the environment pollutants such as adsorption, cova-
lent binding, encapsulating, cross linking and entrapment. There are two types of 
immobilizations active and passive immobilization. Active immobilization uses car-
rier material like chemical substances, gel entrapments, and flocculating agents. 
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Most microbes are naturally able to adhere to surfaces, develop there, and become 
passively immobile on various kinds of carriers (Xu and Ying 2011). Researchers 
developed various immobilization techniques while developing whole-cell-based 
biosensor by using Aliivibrio fischeri. It was immobilized on cellulose nitrate mem-
brane and integrated with microencapsulation to identify the heavy metals (Futra 
et al. 2014). Immobilization of E. coli cells was used with various alginate-modified 
cellulose membranes and k carrageenan matrix (Futra et al. 2015; Ooi et al. 2015). 
Moraxella sp. cells were immobilized by sol-gel entrapment method which showed 
the increase in cell stability (Yu et al. 2005). Table 3.2 lists some immobilization 
matrices used for immobilizing cells for construction of whole-cell-based biosensor 
to detect environment pollution.

3.4.4 � Transducer

The design’s central component is made of genetically modified microorganisms, 
which are followed by an electrical sensing system (Pham et al. 2022). There are 
two transducers that are used in whole-cell biosensors. The primary transducer is a 
synthetic fluorescent protein, which is an essential component of the cell that 
responds to signals from the environment. The intensity of the primary transducer 
will be measured and recorded by the secondary transducer, which is an electro-
chemical or optical detecting device (Flemming et al. 2006). A detectable signal is 
produced by the transducer upon interpretation of the biological reaction produced 
by the cells after interacting with the pollutants. It enables the correlation of the 
signal and pollutants concentration. Optical techniques replaced electrochemical 
approaches with the development of genetic engineering. Due the genetic engineer-
ing, it is possible to construct an optical whole-cell-based biosensor employed to 
detect environment pollution. The reporter gene is usually coupled with the 

Table 3.2  Immobilization of microbial cells on various matrices in whole-cell-based biosensor

Immobilization 
carrier material

Microbial cells 
immobilized

Target 
pollutants Detection method References

Agarose E. coli Cadmium Optical method Charrier et al. 
(2010)

Agarose E. coli Copper, 
mercury, and 
cadmium

Colorimetric method Kim et al. 
(2021)

Agarose E. coli Sodium 
benzoate

Spectrofluorimeter 
method

Patel et al. 
(2020)

Agar E. coli Arsenite Optical method Elcin and 
Öktem (2020)

Polyurethane E. coli Mercury heavy 
metal

Optical method Biran et al. 
(2003)
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inducible gene. An inducible gene becomes active or inactive in response to a spe-
cific pollutant.

The optical intensity linked to the concentration of the target molecule serves as 
the foundation for the fluorescent technique. Longer fluorescence is emitted by mol-
ecules that are excited by shorter wavelengths. Fluorescent whole-cell-based bio-
sensor is developed by applying these fundamental molecular techniques (Ibraheem 
and Campbell 2010). The fluorescent method can be used in both in vivo and in vitro 
types. Since microorganisms can generate fluorescence, like green fluorescent pro-
tein, that’s why in vivo type does not require the addition of an external substance. 
In the in vitro type, a change in the metabolic activity of the microbe results in 
changes to the environment around it, because of this electron stimulation occurs in 
external elements, and emits fluorescent light (Su et al. 2011). In this way, the fluo-
rescent method emits the green, fluorescent light in the presence of particular pol-
lutants and detects its concentration. Various types of environmental pollutants are 
detected by using fluorescent transducer technique.

Microbial cells contain luminescence after interacting with pollutants. This 
luminescence may vary on the basis of the type of pollutants. This approach is used 
to develop bioluminescence whole-cell-based biosensor. Bioluminescent-based 
technique mostly uses the lux reporter gene which codes for luciferase. Bacterial 
luciferase enzyme catalysis the oxidation of long-chain fatty aldehydes in the pres-
ence of oxygen molecules and produces a blue-green light (Liu et al. 2010). The 
intensity of bioluminescence is dependent on the activity of enzymes rather than 
protein quantity. Consequently, bioluminescence is a quicker and more accurate 
method of detection (Sagi et al. 2003). This technique does not need any external 
compounds because all cofactors and reactants were produced inside the cells. 
Various heavy metals in the environment were detected by using this technique. 
Table 3.3 lists the transducer used for developing whole-cell-based biosensor.

Table 3.3  Summary of transducer technique as a sensing element along with microbial cells and 
targeted pollutants

Microbial cells Targeted pollutants
Transducer 
technique

Detection 
range References

E. coli Toluene Fluorescent 25 μM Li et al. (2008)
Pseudomonas 
putida

Naphthalene Fluorescent Not 
determined

Kohlmeier et al. 
(2008)

Caulobacter 
crescentus

Uranium Fluorescent 0.5 μM Hillson et al. 
(2007)

Bacillus 
licheniformis

BOD Fluorescent 0.2 mM/L Lin et al. (2006)

Vibrio fischeri 2,4-Dichlorophenol Bioluminescent 40–200 mg/L Stolper et al. 
(2008)

E. coli Chloramphenicol Bioluminescent 1 μg/mL Shapiro and 
Baneyx (2007)

Acinetobacter sp. Heavy metals Bioluminescent Not 
determined

Abd-El-Haleem 
et al. (2006)
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3.5 � Applications of Microbial Whole-Cell Biosensors 
for Environmental Pollutant Detection

Microbial whole-cell biosensors are used as an analytical tool for monitoring envi-
ronmental pollutants. These tools are constructed by the fusion of reporter genes to 
the regulatory genes responsive to pollutants like aromatic hydrocarbons and heavy 
metals, organic and inorganic pollutants. Biosensors are developed by using recom-
binant DNA technology and are applied in various fields such as environmental 
monitoring and agriculture. By altering regulatory genes, biosensors can increase 
their sensitivity and target ranges. To enable high-throughput monitoring, biosensor 
cells have been mounted on semiconductors, optical fibers, and other platforms. 
Biosensors provide rapid and particular data on contaminated sites, measuring pol-
lutants in complex matrices with minimal sample preparation. Microbial biosensors 
offer advantages over other sensing elements due to their ability to detect a wide 
range of chemicals and genetic modification adaptability. Future trends in biosensor 
development focus on miniaturization, automation, and ubiquitous devices for high-
throughput monitoring of environmental variables. Whole-cell biosensors have 
various applications in detecting environmental pollutants. They provide real-time 
monitoring of pollutants in the environment, allowing quick detection and response 
to contamination events. These biosensors offer a cost-effective approach to detect-
ing pollutants, making them suitable for extensive environmental monitoring. These 
biosensors can be engineered to be highly specific to a particular pollutant, enhanc-
ing the accuracy of detection. They can also detect a wide range of pollutants, 
including heavy metals, pesticides, and organic compounds, making them versatile 
tools for environmental monitoring. These biosensors can be used for on-site iden-
tification of pollutants, allowing rapid evaluation of environmental contamina-
tion levels.

The whole-cell-based biosensor is widely applied in environmental monitoring. 
The application of these biosensors is briefly explained below for the detection of 
toxins, heavy metals, nitrogen compounds, and pesticides.

3.5.1 � Detection of Heavy Metals

Heavy metals are the major cause of environmental pollution hence it’s necessary to 
construct a rapid and sensitive method to monitor these heavy metals in the environ-
ment. The heavy metals such as cadmium, chromium, lead, mercury, and arsenic 
have been criticized for being highly poisonous and for bioaccumulating within the 
food chain. Chemical analysis is not a reliable method for testing crucial parameters 
like toxicity, bioavailability, and genotoxicity but we can assess these parameters by 
using living cells only. A whole-cell biosensor combines the functions of a trans-
ducer and bio-receptor into a single reporter, utilizing the entire cell. By combining 
different reporter genes with metal-responsive regulatory genes (such as merR or 
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Table 3.4  Detection of heavy metals by using microbial cells biosensor

Microorganism used Target heavy metals References

E. coli Cd, Hg, and As Frick et al. (2019), Kim et al. (2019)
Acinetobacter baylyi Cr and Pd Song et al. (2014)
Bacillus megaterium Cd, Zn, and Cu Rathnayake et al. (2021a)
Pseudomonas putida Zn, Cd, and Hg Liu et al. (2012), Wei et al. (2014)
Shewanella oneidensis As Webster et al. (2014)
Synechocystis sp. Ni and Co Peca et al. (2008)

arsR), a number of microbial biosensors have been developed to detect heavy met-
als. The whole-cell-based cadmium biosensor can be constructed to detect the cad-
mium concentration in water, seawater, and soil samples. Under anaerobic 
conditions, the system demonstrated the ability to identify cadmium at concentra-
tions ranging from 25 nM in water to 5 μM in contaminated soil samples. Various 
studies reported the use of whole-cell-based biosensors for detecting heavy metals. 
Various microorganisms were used to construct the whole-cell-based biosensor for 
the detection of heavy metals from water and soil samples which are listed in 
Table 3.4.

3.5.2 � Detection of Pesticides and Herbicides

Whole-cell-based biosensors play a crucial role in the monitoring of pesticides. 
Whole-cell biosensors offer rapid, sensitive, and stable detection methods for pesti-
cide. They can detect toxic organic compounds like polychlorinated biphenyls 
(PCBs) in the environment. Polychlorinated biphenyls (PCBs) are non-biodegradable 
chemical insecticides and herbicides used for pest and weed control; these com-
pounds accumulate in the soil and are absorbed by crops, causing serious threats to 
human health due to their cancer-causing nature (Dhewa 2015).

Organophosphates are widely used as pesticides like insecticides. These chemi-
cals are utilized to combat various insects that pose a threat to plant growth. 
However, they can also undergo bio magnification in vegetables and grains, result-
ing in adverse impacts on human growth, development, and health. The use of such 
chemicals can lead to environmental changes by damaging soil fertility, thereby 
harming beneficial microbes and insects essential for biodiversity. Biosensors are an 
effective tool for detecting the presence of pesticides in polluted water and soil.

To address this issue, biosensors utilizing piezoelectric transducers have been 
developed. Various transducers and whole microbial cells are used to construct the 
entire cell-based biosensor for identification of pesticides. An optic fiber combined 
with Chlorella vulgaris biosensor has been used for detection of pesticides, herbi-
cide, and chlorophenols (Védrine et al. 2003). Cyanobacteria are employed for the 
construction of biosensor for the detection of herbicide and pesticide.
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3.5.3 � Detection of BOD

Biological oxygen demand (BOD) is known as one of the crucial parameters for the 
detection of amount of biodegradable organic pollutants in the water sample. 
Numerous cell-based BOD biosensors have been developed for the rapid identifica-
tion of organic pollutants. Microbial fuel cells have been widely used in the con-
struction of BOD biosensor because of its higher stability and fast response (Dávila 
et  al. 2011). Recombinant Escherichia coli cells with the Vibrio fisheri gene lux 
AE-based biosensor was created by Nakamura and Karube to measure BOD 
(Dhewa 2015).

3.5.4 � Agriculture Monitoring

The environment includes a complex blend of physical, chemical, and biological 
elements, intricately balanced and interconnected, where alterations in one aspect 
can profoundly impact others. Ensuring the efficient and continuous growth of 
crops is crucial for human well-being, emphasizing the need to closely monitor 
environmental and agricultural influences such as nutrients, trace metals, and 
organic pollutants. A diverse range of molecularly wired cell-based biosensors 
(MWCBs) has been created and utilized for observing environmental and agricul-
tural systems, with many relying on fluorescent, bioluminescent, or electrochemical 
reporter proteins. The application biosensor in environmental and agricultural mon-
itoring primarily focuses on crafting sensors tailored to specific target of interest 
(Moraskie et  al. 2021). Various nitrogen compounds such as nitrates and other 
chemical fertilizers were widely applied for agriculture crops to enhance the yield. 
Overuse of these substances can harm human health, contaminate groundwater and 
surface water, which can subsequently be harmful to aquatic environments. Various 
microbial cells are used to develop biosensor to detect the concentration of these 
nitrogen compounds.

3.6 � Conclusion

Environmental pollution arising from heavy metals, pesticides, aromatic hydrocar-
bons, and pharmaceutical residues poses substantial risks to ecosystems, human 
health, and socio-economic development. The imperative for advanced, rapid, and 
precise detection methods is paramount to mitigate these adverse effects and safe-
guard environmental sustainability. Biosensors have demonstrated immense poten-
tial as sophisticated analytical tools due to their high specificity, sensitivity, and 
adaptability for pollutant detection. Among the various biosensor platforms, cell-
based biosensors have gained prominence for their efficacy in real-time 
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environmental monitoring. By leveraging genetic engineering techniques, reporter 
genes such as lacZ, lux, and gfp have been fused with inducible regulatory elements 
to construct highly selective biosensors responsive to specific environmental con-
taminants. Innovations in recombinant DNA technology have further enhanced the 
versatility and effectiveness of microbial biosensors, enabling their application 
across a broad spectrum of pollutants. In conclusion, cell-based biosensors exem-
plify a cutting-edge approach to environmental diagnostics, offering unparalleled 
precision in the detection and monitoring of pollutants. Their continued develop-
ment and refinement hold significant promise for advancing environmental steward-
ship, enabling timely mitigation measures, and fostering a sustainable future.
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Chapter 4
Lipids: Biomarkers for Detection 
of Environmental Pollutants

Sachin Palekar, Sandhya Menon, Nandini Girish, 
and Shashank Ramakrishnan

Abstract  One of the biggest challenges that the world faces today is pollution. The 
impact of pollution is currently seen around us in the form of damage to the biota. 
These damages are reflected in the biochemical profile of the organisms depending 
on the time and quantity of exposure to such pollutants. Studies have reported that 
both long-term and short-term exposure to pollutants change the internal biochem-
istry of the cells being exposed, with research being done on humans as well as 
other model systems like zebra fish. Interestingly, these studies have reported that 
the effect of pollution causes changes in the lipid profile of these organisms owing 
to the interaction of the lipids with the pollutants. Many of these studies have 
reported using analytical techniques like LC-MS, IR and Raman spectroscopy for 
detecting these changes in the lipid profile in the organisms. These identified mol-
ecules can serve as biomarkers for environmental pollution. The use of such bio-
markers as indicators to pollution is especially beneficial, as it not only determines 
the presence of these pollutants but also detects the effect of these pollutants at the 
molecular, cellular and organism levels.

The present chapter focuses on understanding how lipids serve as biomarkers for 
detection of environmental pollutants and how we can efficiently harness these as 
tools towards quick and efficient indicators of detecting pollution levels.
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4.1 � Introduction

Environmental pollution is a serious hazard that modern society faces today. These 
anthropogenic pollutants could enter land, air or water, creating hazards that could 
affect the biota, leading to short-term or long-term effects. The vehicular emissions, 
power plants, burning garbage, chemical companies and volcanic eruptions releas-
ing sulphur dioxide (SO2), carbon monoxide (CO), nitrogen oxides (NO2), heavy 
metals, biological contaminants, ozone, tobacco smoke, etc. are all released into the 
air that is inhaled. Studies across the globe have indicated that these pollutants ham-
per the normal functioning of the body, causing diseases like cancer, cardiovascular, 
reproductive, prenatal central nervous system, and respiratory health issues. Volatile 
organic compounds (VOCs) have been largely responsible for accelerating various 
adverse health effects including allergies, cancers and other respiratory disorders by 
reacting with other pollutants in air to form secondary air pollutants (Shuai et al. 
2018). Similarly, excessive use of fertilisers, extensive industrialisation and popula-
tion expansion have led to water quality deterioration and water deficiency in many 
parts of the world (Wang et al. 2010). Pollutants like nitrates, phosphorus, pesti-
cides, soil sediments, salts and pathogens contaminate the water bodies. Mateo-
Sagasta et  al. (2017) reported that 80% of municipal wastewater, solvents, toxic 
sludge and other wastes are released into water bodies, leading to the introduction 
of heavy metals thereby polluting these sources of drinking water.

As per the definition by the National Institute of Environmental Health Sciences, 
biological markers are nothing but an objective measurement of the changes occur-
ring at a cellular level in the organism at a given point in time. Molecular markers 
have been described in scientific literature as molecules “whose carbon skeleton can 
be unambiguously linked to that of a known biological precursor compound” (Tyson 
et al. 2005). For a given molecule to qualify as a molecular marker, it must possess 
source specificity and conservative behaviour. Several molecules such as lignin, 
plant pigments like chlorophylls and carotenoids, lipids and carbohydrates have 
been successfully used as biomolecular markers for detection of organic matter 
sources in aquatic environments.

Biomarkers serve as prompt premature signals for the alterations in the condition 
of an organism. For example, early detection of heart disease risk is indicated by 
higher levels of cholesterol in blood. Most biomarkers represent the measured data 
obtained from laboratory tests of blood, urine or tissues. However, sometimes they 
are composed of simple physical measurements such as blood pressure. They play 
a crucial role in connecting biology, environmental exposures and diseases or health 
hazards in living systems.

Normal physiological conditions in aerobes are characterised by a natural bal-
ance between endogenous oxidants and the various antioxidant defences of both 
enzymatic and non-enzymatic nature (Halliwell 1999). During an imbalance event, 
such oxidants promote degradation of biological macromolecules, including DNA, 
proteins and lipids. Oxidative degradation contributes significantly to cancer, aging 
and other degenerative diseases. Scientists can also use these biomarkers to reveal 
unexplored biochemical pathways and for better understanding of fundamental bio-
chemical processes, resulting in diverse health or environmental applications.
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Although biomarkers have several associated advantages as diagnostic markers 
for environmental quality, the key limitation which remains to be addressed is the 
identification of diverse responses in different living organisms. Such a plethora of 
responses makes linking a particular exposure to a specific chemical molecule and 
a subsequent biological response difficult to achieve. This is therefore suggested to 
be overcome through the use of a multi-biomarker approach, where an entire range 
of species, including sentinel species, is studied for better insights into environmen-
tal concerns. Harmonisation of biomarker research with genomics can also yield a 
more holistic understanding of the impacts of environmental toxicants in diverse 
species.

4.2 � Understanding Interaction Between Biotic 
and Abiotic Components

The interaction between the biotic and the abiotic components of the environment is 
extremely important to be elucidated well in order to understand how global phe-
nomena and anthropogenic pollutants affect living systems, especially considering 
the interdependency of the components of the ecosystem on each other. The biotic 
and the abiotic components thus serve as feedback/control mechanisms for each 
other. When the responses are elicited towards a given environmental stressor or 
trigger, within a particular organism as well as in the ecosystem, studies at the 
molecular level become necessary to understand how the two components fare with 
respect to toxicity exposures and adaptation (Koelmel et  al. 2020). Such studies 
yield valuable information with important applicability not only in better characteri-
sation of such interactions between anthropogenic modifiers and the biosphere but 
also in human and environmental protection and care.

Among the various biomolecules that are studied are carbohydrates, proteins and 
lipids, for their potential as molecular biomarkers (Javed and Usmani 2015). 
Carbohydrates and proteins are very dynamic components and are always changing 
in response to internal and external triggers. In contrast, however, are lipid mole-
cules, which have been vastly recognised for their promising role in environmental 
sciences (Koelmel et al. 2020). Lipids are more of storage molecules and therefore 
may serve as dynamic yet stable and conserved indicators of changes in the sur-
rounding environment. Being high in abundance and ubiquity across biological spe-
cies, lipid profiles exhibit dynamism in a way which allows for the conservation of 
important biological functions such as membrane fluidity when subject to abiotic 
stresses such as a change in the chemistry of the environment. Environmental lipi-
domics therefore forms a unique branch of study relying on the extraction and anal-
ysis of lipids from biotic components such as plants, animals and humans and their 
comprehensive study to understand the environment.

Studies involving plants or animal cells exposed to various stress environments 
and their comparison with controlled groups can be one of the mechanisms underly-
ing such studies. For instance, when healthy and diseased fish, Oreochromis moss-
ambicus, commonly called Mozambique tilapia, were analysed for their lipid 
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profiles to understand whether they reflect environmentally induced pansteatitis (fat 
inflammation) severity, it was observed that the responses of the two groups were 
largely different (Koelmel et  al. 2019). Thirteen different lipid classes known to 
play a role in inflammation, apoptosis and oxidative damage were observed to be 
upregulated in pansteatitis-laden adipose tissue. These lipids included ether lipids, 
sphingolipids, acylcarnitines and short-chained triglyceride oxidation products.

In addition to aiding research on feedback mechanisms operative at the biologi-
cal level with respect to phenomena such as accelerated climate change, lipid signa-
tures of historical significance can be used to extrapolate recorded responses due to 
historical chemical changes to those which may possibly be recorded in the future.

4.3 � Lipids as Biomarkers

Lipids are water-insoluble organic macromolecules found within the cells of organ-
isms (Derrien et al. 2017). They have a significant role to play at the cellular and 
organism levels. A primary role of lipids in cells is in the formation of the permea-
bility barrier of cells and subcellular organelles in the form of a lipid bilayer. Lipids 
form an insulating barrier in cell membranes making up to 7% of cellular dry weight 
in microorganisms (Langworthy et al. 1983). They are vital components involved in 
significant functions in cells such as protein stabilisation and nutrient transport 
across the permeable cell membranes (Van Meer et al. 2008).

At the organism level, the lipid composition within a membrane can give rise to 
signalling hubs thereby shaping the membrane properties and allowing cells to 
finely adjust tension, shape, and rigidity, which will ultimately affect the function-
ing of the cell and/or organisms. These lipids could also be sources of storage of 
carbon for the organism and, in certain cases, may also act as molecules that estab-
lish the identity of the cell and/or organisms. The identity and quantity of these 
lipids in the cell have been established for decades now, and it is on this basis that 
many cellular functions of the cell are determined (Levental et al. 2020).

Biotic lipid markers of plant, animal as well as microbial origin can serve as an 
effective means to achieve improved and timely diagnosis and control of parameters 
indicating environmental pollution and deterioration. They can be used to generate 
the quality profile of soil in agriculture to boost productivity as well as sustainabil-
ity. Several such lipid compounds are capable of being utilised as biomarkers owing 
to their diagnostic identification of sources, metabolisms and environmental condi-
tions (Finkel et al. 2023).

Lipid biomarkers, in addition, have since been recognised for their tremendous 
applicability and potential as molecular markers for marine, estuarine systems and 
inland environments. This is ascribable to the fact that such lipid biomarkers exhibit 
extreme structural diversity, ubiquitous distribution and diagenetic and chemical 
stability (Derrien et al. 2017). The most widely studied types of lipid biomarkers 
include n-alkanes, fatty acids and sterols/stanols as illustrated in Figs. 4.1 and 4.2.
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Fig. 4.1  Representative structure of (a) fatty acids, (b) phospholipids, (c) sphingolipids, (d) glyc-
erolipids, and (e) sterol lipids

Fig. 4.2  Structures of cholesterol and some plant sterols
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4.4 � Lipid Biomarkers from Various Biotic Sources

Microorganisms have increasingly become recognised for their biomonitoring 
potential in the past few decades. Several essential biomolecules in microbial cell 
membranes, such as phospholipid fatty acids (PLFAs), chitin and ergosterol, are 
useful as biomarkers for accurate estimations of diverse parameters associated with 
the microbial community.

Phospholipids in microbial cell membranes undergo rapid degradation upon cell 
death and can provide an accurate means of analysis of the viable biomass of a given 
microbial community (White et al. 1979). Most significantly, several PLFAs serve 
as signature biomarkers of different microbial groups. These are terminally branched 
saturated fatty acids (for Gram-positive bacteria), monounsaturated fatty acids (for 
Gram-negative bacteria), mid-branched saturated fatty acids (for Actinomycetes) 
and polyunsaturated fatty acids (PUFAs) (for fungi) (Frostegård and Bååth 1996).

Since PLFAs are present in microbial cell membranes, changes in PLFA content 
are attributable to intracellular as well as extracellular environmental changes and 
deviations. PLFAs are thus beneficial for the diagnosis and analysis of changes in 
the physiology of a living system mediated by functionality. The information which 
is obtained by PLFA analysis is phenotypic in nature and related to the activity level 
of the microbial community under question, as opposed to genotypic or relative 
species-level information derived from other molecular methods. Studies reveal that 
such PLFA-based biomonitoring is more strongly associated with monitoring of soil 
processes and physiological capabilities of soil microbes, rather than the number of 
spacer copies transcribed and quantified with qPCR (Baldrian et al. 2013).

Phospholipid ether lipids are more commonly employed for the characterisation 
of Archaea due to the hydrolytic resistance of archaeal ether lipids using stan-
dardised PLFA protocols. In addition, accurate determination of microbial biomass 
and structure can be achieved through the use of other chemical markers in micro-
bial membranes, namely chitin and ergosterol (Baldrian et  al. 2013). Ergosterol 
analysis has been observed to have a greater ability to differentiate between fungal 
groups as well as between living and dead fungal biomass (Wallander et al. 2013). 
Chitin and ergosterol markers are solely employed for fungal characteristics, 
whereas PLFA analysis has wider applicability in the characterisation of both bac-
teria and fungi (Frostegård et al. 2011).

A major limitation which has been widely recognised is the considerable diffi-
culty involved in soil microbial study, referred to as the soil microbial “black box”. 
Improved understanding of soil microbiology can be promisingly achieved through 
amalgamation of lipid biomarker analysis with other analytical tools. One such 
technique is isotopic labelling, involving use of an isotope such as 13-CO2 as a label 
to achieve 13-C PLFA analysis or PLFA-stable isotope probing (SIP). 13-C PLFA 
analysis confers significant benefits in biomonitoring by revealing crucial links 
between metabolically active microbial groups and their specific biogeochemical 
cycling processes and outlining those microbial communities involved in actively 
assimilating plant-based carbon (Yao et  al. 2014). Moreover, it helps in better 
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understanding of how microbial communities utilise mineralisation products of soil 
organic content, distinguishing microbial groups involved in the biodegradation of 
environmental contaminants and determining seasonal variability across such com-
munities (Willers et al. 2015). Although PLFA-SIP does not provide any informa-
tion on the phylogenetic resolution or species composition, it can provide a valuable 
insight into the structure and functionality of soil microflora when used in conjunc-
tion with DNA/RNA-SIP techniques.

Among lipid molecules which are biosynthesised in the plant kingdom, the most 
abundant are the n-alkanes synthesised by terrestrial plants, aquatic plants and phy-
toplankton alike, though they vary in their chemical structure, enabling their effi-
cient use as signature biomarkers in the plant kingdom. Phytoplankton and 
zooplankton are characterised by n-alkane molecules with an odd number of carbon 
atoms (15, 17 or 19 carbon atoms), whereas submerged or floating aquatic macro-
phytes are predominantly observed to be composed of n-alkanes of medium chain 
length, ranging between 20 and 25 carbon atoms (Derrien et  al. 2017). Odd-
numbered long-chain n-alkanes are strongly associated with terrestrial plants (Tyson 
et al. 2005), with studies reporting C-27 and C-29 n-alkanes being more common 
among shrubs and trees and the longer C-31 and C-33 n-alkanes distributed in herbs 
and grasses (Zech et al. 2013).

Long-chain fatty acids (LCFA) are another class of lipid molecules which are 
abundantly found in leaves, flowers and pollen in vascular plants, as waxy coatings. 
Polyunsaturated fatty acids (PUFAs) are also commonly observed in higher terres-
trial plants and mangroves and can serve as signature markers, as opposed to mono-
unsaturated fatty acids (MUFAs) and branch-chain fatty acids (BrFAs) which are 
commonly used as bacterial biomarkers due to their marked predominance in bacte-
rial communities. Sterols and stanols can also be used as molecular biomarkers for 
identifying both natural organic matter features as well as anthropogenic modifica-
tions, especially in terrestrial higher plants. The predominant sterols which have 
been reported to serve as markers in such plants include campesterol, stigmasterol 
and sitosterol. Studies also indicate that although sitosterol is also observed in 
marine organisms, unambiguous source assignment is achieved through stereo-
chemical differentiation; the R epimer of sitosterol is assigned to the terrestrial 
source, while the S epimer is assigned to the marine source. Brassicasterol is the 
predominant sterol which is associated with marine phytoplankton, while it was 
noted that cholesterol is predominant in invertebrates and marine zooplankton 
(Derrien et al. 2017).

Lipid biomarkers from plants have immense significance with respect to an 
understanding of environmental quality. For instance, short-chain n-alkanes with 
low odd-to-even carbon preference are utilised as signatures of fossil fuel inputs in 
land. The use of specific sterols such as coprostanol was suggested for gauging the 
quality and environmental safety of wastewater discharge impacted by human fae-
cal contamination, although it was soon realised that its use as a signature marker 
was precluded by its presence in other mammals, causing low specificity (Leeming 
et al. 1996). Subsequent researchers have since been focusing on the distribution of 
steroids as a group, rather than individual molecules, to yield what is known as a 
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steroid fingerprint. Such distribution of steroids from anthropogenic sources has 
been observed to be dependent on the animal diet, biosynthesis of sterols in the 
animal system and the anaerobic microflora in such animals, which may be capable 
of biologically hydrogenating sterols into various isomeric stanols (Leeming 
et al. 1996).

Lipidic biomarkers in blood can also be beneficially used to gauge how human 
health is impacted by environmental parameters, which is derived through a study 
of the alterations in the internal conditions of exposed organisms (Wallace et al. 
2016). The principal lipid biomarkers which have been recognised in humans for 
such studies include serum triglycerides (serum TGs) and trichain cationic lipids 
(TC lipids) such as cholesterol. Such lipids undergo either upregulation or down-
regulation when the liver is affected by damage or metabolic disorders. Serum lipid 
biomarkers are now known at a preliminary level to reflect changes in hepatic 
metabolism profiles due to exposure to pollutants such as volatile organic com-
pounds (VOCs) in indoor environments. These responses towards such external 
parameters should thus be taken into account by healthcare as well as fundamental 
researchers to understand the tolerance capacity of the human beings towards vari-
ous xenobiotics.

4.5 � Extraction of Lipid Biomarkers

A wide range of analytical techniques have been developed for examining microbial 
lipids. Given the vast diversity in microbial lipids with respect to chain length, 
branching patterns, saturation and functionalisation, no single tool is capable of 
comprehensively analysing such a multitude of microbial lipids (Härtig 2008). As 
with any analytical method, the principal focus of microbial lipid analysis from 
environmental samples remains high throughput with maximum automation of the 
processes involved, namely extraction, fractionation, derivatisation and 
quantification.

In order to extract these lipids from any cell, their structural and chemical com-
position should be taken into consideration so as to employ a suitable extraction 
agent for their removal. Lipids are characterised by a lipophilic tail often connected 
to a glycerol backbone through ester and/or ether linkages and a hydrophilic, polar 
head functional group, typically phosphate-based in nature, though other groups 
like glycosidic-, amino- and sulphate-based groups are also observed (Hölzl and 
Dörmann 2007). Lipids are thus defined by their insolubility in water and solubility 
in non-polar solvents, with non-polar organic solvents such as n-hexane being most 
suitable for their extraction.

Of the four aforementioned steps in lipid extraction from microorganisms, 
extraction is usually the most crucial but cumbersome step involving organic sol-
vent addition and filtration, followed by gravitation or centrifugation to separate the 
extract phase containing the extracted lipids (organic layer) from the raffinate phase. 
The principal factors governing the efficiency of extraction include the time allowed 
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for extraction, possible contaminations or losses of target lipids during post-
extractive collection and the extracting solvent chosen (Cescut et  al. 2011). The 
most commonly used extraction techniques employed for microbial lipid profiling 
are Folch method (Folch et al. 1957), Bligh and Dyer method (Bligh and Dyer 1959) 
and Soxhlet extraction (Soxhlet 1879). Recent studies have also realised the poten-
tial of methyl-tert-butyl ether (MTBE) (Matyash et al. 2008), automated acceler-
ated-solvent extraction (ASE) and supercritical fluid extraction (SFE) for optimal 
lipid extraction. The advantages and disadvantages of these methods have been 
summarised in Table 4.1.

The Folch method (Folch et al. 1957) was originally developed for lipid extrac-
tion from animal tissues such as brain matter, liver and muscle and has since been 
used to extract lipids for subsequent microbial lipid profiling. The tissues were 
homogenised using a solvent mixture of chloroform: methanol (2:1) (v/v) and 
washed with water or a salt buffer, causing residence of lipids in the organic phase. 
A single washing procedure with water was observed to ensure a minimal lipid loss 
of 0.3–0.6%, with salt buffers playing a significant role in curbing the loss of acidic 
lipids into the raffinate phase. The principal advantages of this method are its high 
extraction efficiency and low interference from non-lipid compounds (Matyash 
et al. 2008; Sheng et al. 2011). A schematic representation of lipid extraction from 
microalgae biomass using Folch method has been depicted in Fig. 4.3.

The limitations of the Folch method, namely the need for high volumes of 
extracting solvents and intermediate washing steps, have in subsequent years served 
as focal points for method optimisation. Reduction in solvent volumes has been 

Table 4.1  Comparative overview of advantages and limitations of different extraction techniques 
for microbial lipid extraction

Method of 
extraction Advantages Disadvantages

Folch method High efficiency of extraction; less 
or no interference from non-lipid 
components

Extraction volumes are higher; 
laborious method and safety issues

Bligh & Dyer 
method

Good extraction efficiency; low 
volumes of solvent and samples 
required

Safety issues; longer extraction time

Matyash (MTBE) 
method

Stable and safer method of 
extraction; faster and more precise

Expensive due to higher cost of 
solvent; interference of polar 
compounds during extraction

Soxhlet extraction Best compatibility with maximum 
of samples; choice of solvents 
available

Higher extraction volumes; laborious 
method with restricted automation; 
prolonged time for extraction

Accelerated 
solvent extraction 
(ASE)

Excellent extraction efficiency in 
less time; automated, green and 
less laborious

Higher temperatures for extraction; 
expensive due to use of sophisticated 
instrumentation

Supercritical fluid 
extraction (SCFE)

High speed; greener method of 
extraction; recycling of solvent 
possible; no residual solvents

Expensive; operation at high 
temperature; restricted solubility of 
solvent; operation with high pressure
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Fig. 4.3  Schematic representation of lipid extraction from microalgae biomass using Folch method

observed to pose no significant impact on recovery of lipids from bacterial cultures 
(Matyash et al. 2008); use of a modified Folch method without washing processes 
for soil, manure and compost-based PLFA analysis similarly exhibited no impact on 
the lipid yield (Gómez-Brandón et al. 2010). More significantly, the modified Folch 
method yielded the highest recovery of PLFA and specific lipid biomarkers com-
pared to a modified Bligh and Dyer method (White et al. 1979) and microwave-
assisted extraction (Lopez-Avila et  al. 1994). The longer incubation and larger 
solvent volumes in the Folch method could have influenced the findings. Although 
reduction in the extraction time could improve processing time and analysis speed 
by Folch method, studies indicate that the original exposure time chosen (24  h) 
yields the highest concentrations of lipids from the subjected samples and is thus the 
most favourable for extraction.

The Bligh and Dyer method (Bligh and Dyer 1959), similar to the unmodified 
Folch method, was originally optimised for extraction of phospholipids from fish 
muscles. An initial solvent composition of chloroform: methanol: water (1:2:0.8) 
(v/v/v) was used, which was observed to yield an excellent extraction efficiency of 
greater than 95% for the total polar lipids. This method offers significant advantages 
in the form of smaller sample and solvent volumes compared to the Folch method 
and has since been modified for microbial lipid extraction from a vast variety of 
matrices. The most widely used modification with significant applicability is the 
replacement of water in the extraction mixture with phosphate buffer (White et al. 
1979) or citrate buffer (Frostegård et al. 1991) for PLFA analysis. Inclusion of a 
buffer in the extracting solvent reduces loss of ionisable phospholipids into the 
aqueous phase and thus improves yield of extraction. Such buffered solvent systems 
have since been utilised for microbial lipid extraction from macroalgae (Kumari 
et al. 2011); soil (Gómez-Brandón et al. 2010); activated sludge (Hanif et al. 2012); 
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estuarine sediments (Guckert et al. 1985); biofilms (Liu et al. 2012) and pure micro-
bial cultures (Macnaughton et al. 1997). Archaeal lipids have also been successfully 
extracted from microbial matrices using 1% trichloroacetic acid instead of water 
(Allen et  al. 2010). The principal limitations of this method include the hazards 
associated with chloroform use, prolonged exposure time and risk of target lipid 
contamination during post-extractive collection (Sheng et al. 2011).

The use of MTBE (methyl tert-butyl ether) in lieu of chloroform in the extracting 
solvent used, with a renewed composition of MTBE: MeOH (1.5:5) (v/v) (Matyash 
et al. 2008) has provided a suitable means to overcome limitations associated with 
the use of chloroform, such as its hazardous nature and risk of formation of toxic 
byproducts such as phosgene upon its decomposition causing chemical modifica-
tion of the extracted lipids. MTBE offers several significant advantages for extrac-
tion—it is stable, much less toxic, does not chemically react with lipids and forms 
the upper layer in solvent extraction, thus providing ease of collection of the extract 
phase. In addition, the method offers faster and more precise lipid extraction in 
comparison to the conventional Bligh and Dyer method, with a yield range between 
90% and 98%. The MTBE method yielded an extraction yield of 93% for cyanobac-
terial lipid extraction, with the same solvent composition mentioned above (Sheng 
et al. 2011).

Another widely adopted extraction methodology is Soxhlet extraction, first 
developed in 1879 by Frans von Soxhlet. Soxhlet extraction offers a convenient 
means of extraction of target analytes, including lipids, from a wide variety of sam-
ple matrices; the success of extraction is however largely dependent upon the choice 
of the extracting solvent. For lipid extraction, it is desirable to choose solvents 
which are non-polar in nature, for instance, dichloromethane, hexane-acetone or 
isopropyl alcohol. These solvents were observed to provide good extraction effi-
ciencies for lipids from green algae, cyanobacteria (Sheng et al. 2011) and yeast 
(Cescut et al. 2011). Recent scientific advancements have largely focused on the 
modification of conventional Soxhlet extraction, with a view to improve efficiency, 
reduce solvent consumption, prevent degradation of analytes and increase through-
put through automation. These advancements include focused microwave-assisted 
Soxhlet extraction (FMASE) and automated Soxtec® Systems (Luque-García and 
De Castro 2004). The Soxhlet apparatus is illustrated in Fig. 4.4.

Accelerated solvent extraction (ASE), also called pressurised liquid extraction, 
was commercialised by Dionex Incorporated, California, as an automated system 
equipped with ovens as a heating source. The extraction technique employs a com-
bination of high temperature and pressure to ensure that the extracting solvent 
remains in the liquid state at elevated pressures (>200 bar) and well above its boil-
ing point. Microbial lipid extraction has been achieved through ASE using pure 
bacterial cultures as well as water and air samples (Macnaughton et al. 1997) and 
soil (Peterse et  al. 2009). ASE inherently possesses several advantages such as 
reduced time, complete automation, reduced solvent requirements and elimination 
of the need for filtration. ASE has been demonstrated to improve the speed of extrac-
tion by five times and reduce the solvent volumes by twenty times during yeast lipid 
extraction, compared to Bligh and Dyer method and Soxhlet extraction (Cescut 
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Fig. 4.4  Illustration of a 
Soxhlet extraction 
apparatus

et al. 2011); it exhibited greater efficiency in extracting PLFAs and neutral lipids 
from soil samples compared to the conventional Bligh and Dyer method (White 
et al. 2009).

Supercritical fluid extraction (SFE) is yet another sophisticated extraction tech-
nique which can be employed for lipid extraction from samples. It has been realised 
as a rapid and safe method for extraction of microbial lipids, making use of one of 
several supercritical fluids as extracting solvents, such as ammonia, chlorofluoro-
carbons and carbon dioxide, with carbon dioxide being most effective as an SFE 
extractant (Cescut et  al. 2011). Supercritical fluids possess solubility properties 
similar to those of liquids but viscosity and diffusivity properties similar to those of 
gases (Hawthorne et al. 1992). Carbon dioxide is preferred as an extractant due to 
its non-toxicity, low critical value range and relative eco-friendliness. When SFE 
was employed for extraction of microbial respiratory quinones, PLFAs and phos-
pholipid ether lipids from sludge which had been digested anaerobically, the need 
for addition of a modifier such as 10% methanol was realised to improve extractant 
strength, thus demanding optimisation of experimental parameters (Hanif et  al. 
2012). Bacterial cultures and archaeal cultures have also been subjected to SFE for 
lipid extraction.

Figure 4.5a, b depict the sophisticated techniques of supercritical fluid extraction 
and accelerated solvent extraction schematically, respectively.

For extraction of lipid biomarkers from human serum samples, similar approaches 
are used. In a multi-omics study conducted to understand how liver and serum lipid 
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Fig. 4.5  Schematic representation of (a) supercritical fluid extraction and (b) accelerated solvent 
extraction

biomarkers reflect the changes in hepatic metabolism caused by indoor volatile 
organic content (VOC) exposure, the liver tissue and serum samples were subject to 
homogenisation and vortexing using a solvent mixture of chloroform: methanol 
(2:1) (v/v) at −20  °C, respectively. Post extraction, mixing of the extracts with 
deionised water and centrifugation were performed and the lower layer fluid was 
collected into a fresh tube. This was followed by vacuum drying of the tubes for 
solvent evaporation, reconstitution using isopropanol and filtration for subsequent 
analysis by liquid chromatography-mass spectrometry (LC-MS) (Miao et al. 2023). 
Similar extraction techniques are employed for other animal samples, such as those 
from fish. For instance, lipids were extracted from the adipose tissue and plasma of 
Oreochromis mossambicus (Mozambique tilapia) and characterised using LC-MS 
to understand their role as biomarkers in pansteatitis, a disorder recognised by envi-
ronmentally derived fat inflammation in marine life (Koelmel et  al. 2019). The 
results of the study yielded significant insights into the upregulation of the inflam-
matory pathways through the lipid biomarkers.

4.6 � Analysis of Lipid Biomarkers

Extraction of lipids from a variety of different biological matrices using methods 
described previously for subsequent analysis serves as a crucial step within the 
stage of sample preparation. The principal purpose of such an extraction method is 
not only to break down complex biological matrices into simpler ones devoid of any 
nonlipid components but also to enrich the target analyte in the sample, providing 
improved signal-to-noise ratios. It is imperative that a thorough knowledge of the 
composition of the biological matrix be acquired and the choice of the extraction 
method be made wisely for the detection and analysis of biomarkers from a sample 
of biological origin. This is because both these factors also affect the level of 

4  Lipids: Biomarkers for Detection of Environmental Pollutants



84

contamination in the analytical instrument under consideration, impacting its down-
time due to the time involved in maintenance and cleaning (Züllig et al. 2020).

Sample collection and sample preparation strategies vary significantly depend-
ing upon the nature of the sample and the biological matrix. Conventional, well-
known techniques which are adopted for plant samples include maceration. 
Maceration involves soaking the sample using an appropriate extractant which has 
been optimised based on the nature of the target analyte for maximal extraction. For 
instance, polar lipids from plant samples can be extracted through simple macera-
tion in the presence of an appropriate non-polar solvent such as diethyl ether or 
hexane (Traversier et al. 2018). For animal samples, homogenisation is a crucial 
step for ensuring uniform accessibility of lipids to extractants from all different 
parts of the tissue sample being processed. The most commonly used homogenisa-
tion methods are the shear-force-based grinding of tissue in a solvent or the crush-
ing of liquid-nitrogen-frozen tissue by a mortar and pestle (Jurowski et al. 2017).

Sample storage is also a crucial factor which governs the integrity of the sample. 
It is ideal to use samples which are freshly collected and processed with minimum 
time lapse to preserve the integrity of lipids, as prolonged storage may result in the 
metabolism of sample lipids due to enzymatic or chemical activity (Züllig et  al. 
2020). Studies have shown that concentrations of lysophosphatidylcholine (LPC) 
and lysophosphatidic acid (LPA) increase significantly in plasma samples which 
have been stored for prolonged periods at room temperature (Scherer et al. 2009). 
Samples which cannot be processed immediately should be preserved in ultra-
freezing facilities at −80 °C, and even at such low temperatures, the storage should 
be limited to as short a time period as possible to prevent oxidative or hydrolytic 
degradation of lipids.

With lipidomes in biological systems being thus characterised by complex struc-
tural features, diverse categorisations and variations with respect to physicochemi-
cal properties, it becomes important to use appropriate analytical tools for 
comprehensive analysis of lipids for biomarker discovery. The most commonly 
used analytical tools today for such applications are powerful chromatographic 
separation techniques used in tandem with mass spectrometric detection tools (Xu 
et al. 2020), such as LC-MS and LC-MS/MS. The schematic diagram of LC-MS is 
depicted in Fig. 4.6. Such techniques offer unparalleled accuracy, precision, sensi-
tivity and resolution, which are of paramount importance in the detection and quan-
titation of minute changes which may have occurred in the lipid profile of a 
biological system owing to environmental or anthropogenic factors as an instance. 
In addition to chromatographic separation and mass spectrometry, it is equally 
essential to recognise the contributions of biostatistics and bioinformatics in the 
handling, processing and interpretation of large amounts of data during lipidomics 
analysis (Hornemann 2022). Chromatography, mass spectrometry and bioinformat-
ics can therefore be termed as components of the “golden triangle” for lipid analysis.

Technological advancements in both chromatography and mass spectrometry 
have proven instrumental in contributing to the growth of the field of lipidomics and 
its branches. The advent of ultra high-performance liquid chromatography (UPLC) 
has enabled direct separation of a wide variety of lipid classes, including 
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Fig. 4.6  Schematic representation of an LC-MS system

glycerophospholipids, glycerolipids, sphingolipids, sterols and fatty acids (Wenk 
2005). In addition, advancements in MS such as ionisation methods have acceler-
ated the rate at which lipids are being analysed from complex matrices. The most 
widely used ionisation techniques are electrospray ionisation (ESI), atmospheric 
pressure chemical ionisation (APCI) and atmospheric pressure photoionisation 
(APPI) (Hornemann 2022).

Some recent applications of LC-MS in the field of environmental lipidomics are 
illustrated in Table 4.2.

The potential of gas chromatography coupled with mass spectrometry (GC-MS) 
is also being increasingly established for lipid biomarker analysis. Compound-
specific isotopic analysis of lipid biomarkers is achievable using GC-MS post pre-
chromatographic derivatisation. Such derivatisation is useful for the introduction of 
an isotopic label for differential quantitation of the substrate (Züllig et al. 2020). 
Since autotrophic organisms fix atmospheric inorganic carbon preferentially in its 
lighter, more abundant isotopic form (12C) opposed to the heavier one (13C), the 
proportion of the heavier isotope to the lighter isotope can be quantified in the spe-
cific compound. Growth will thus be accompanied by a 13C-depleted biomass com-
pared to the substrate, which leads to its interpretation as a signature of one metabolic 
route of carbon fixation over another (van der Meer et al. 2003). Such stable carbon 
isotope studies performed on substrates followed by their molecular analysis offer 
an extremely accurate means for marker identification and their subsequent alloca-
tion to a biogenic or an abiogenic origin. A schematic diagram of GC-MS instru-
mentation is illustrated in Fig. 4.7.

The processing, analysis and interpretation of complex lipidomics data is greatly 
enhanced by the inputs of advanced biostatistical tools (Hornemann 2022). Several 
biostatistical tools such as partial least squares discriminant analysis (PLS-DA) and 
orthogonal projection-potential structure analysis (OPLS-DA) are useful for the 
understanding of comprehensive datasets. In addition, through comprehensive bio-
informatics databases like LIPID MAPS, LipidBank, Lipid Library, SphingoMAP 
and KEGG, as well as software tools for hyphenated technique data processing such 
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Table 4.2  Overview of different studies targeting environmental lipidomics through LC-MS 
analysis

Application Lipid biomarkers identified Stationary phase Mobile phase Reference

Determination 
of impact of 
multiple 
industrial 
pollutants on 
children and 
adolescents, 
such as liver 
dysfunctions 
and chronic 
kidney 
disorders

Lysophosphatidylcholines
Phosphatidylcholines
Sphingomyelins
Phosphatidylinositols

C18 column 
(2.1 × 100 mm, 
1.8 μm, 55 °C), 
flow rate of 
350 μL min−1

Solvent A 
(water/10 mM 
ammonium 
acetate/0.1% 
formic acid) and 
solvent B 
(methanol: 
isopropanol: 
water = 60: 40: 
1/10 mM 
ammonium 
acetate/0.1% 
formic acid), 
gradient elution

Chen et al. 
(2021)

Determination 
of impact of air 
pollution on 
arachidonic 
acid- and 
linoleic 
acid-derived 
hydroxy 
metabolites

12-Hydroxyeicosatetraenoic 
acid (12-HETE)
13-Hydroxyoctadecadienoic 
acid (13-HODE)

C18 column 
(2.1 × 50 mm, 
1.7 μm, 60 °C), 
flow rate of 
0.25 mL min−1

Solvent A 
(100% water 
with 10 mM 
ammonium 
acetate and 0.1% 
formic acid) and 
solvent B (7:3 
acetonitrile: 
2-propanol (v/v) 
with 10 mM 
ammonium 
acetate and 0.1% 
formic acid), 
gradient elution

Zhu et al. 
(2021)

Study of 
mediation and 
aggravation of 
risk of incident 
coronary heart 
disease by 
diabetes and 
ambient air 
pollution 
respectively

Cholesteryl esters
Ceramides
Lysophosphatidylcholines
Phosphatidylcholines
Sphingomyelins

C8 column 
(100 × 2.1 mm), 
flow rate of 
0.5 mL min−1

Phase A 
(acetonitrile / 
ultra-pure water, 
v/v 60/40, 
containing 
10 mmol/L 
ammonium 
formate) and 
phase B 
(isopropanol/
ultra-pure water, 
v/v 90/10, 
containing 
10 mmol/L 
ammonium 
formate), 
gradient elution

Li et al. 
(2024)

(continued)
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Table 4.2  (continued)

Application Lipid biomarkers identified Stationary phase Mobile phase Reference

Study of 
possible lipid 
mediators of 
lung and cortex 
inflammation in 
mice exposed 
to diesel air 
pollution

Arachidonic acid lipids
HETEs
HODEs
Prostaglandin D2
Lipoprotein A

C18 column 
(3 μ, 
2.1 × 150 mm), 
flow rate of 
0.2 mL min−1

Phase A 
(methanol: 
water: 
acetonitrile 
(10:85:5 v/v)) 
and phase B 
(methanol: 
water: 
acetonitrile 
(90:5:5 v/v)), 
both containing 
0.1% 
ammonium 
acetate, gradient 
elution

Massimino 
et al. 
(2022)

Fig. 4.7  Schematic representation of a GC-MS system

as Mzmine 2 and metAlign, the workflow can be greatly streamlined to achieve 
convenient accessibility, handling and processing of data (Hornemann 2022). The 
growing development of artificial intelligence (AI) in recent years is expected to 
revolutionise the outlook towards lipidomics in the near future. More researchers 
and scientists would thus opt for a combinatorial approach involving an amalgama-
tion of inputs from chromatography, mass spectrometry, biostatistics and AI to 
enable robust, precise and insightful lipidomics studies to be carried out. The work-
flow which is usually adopted for such intensive lipidomics studies is depicted in 
Fig. 4.8.
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Fig. 4.8  Workflow involved in discovery of human serum biomarkers by using an LC-MS lipido-
mics analysis and machine learning analysis approach

4.7 � Conclusion

Increasing global pollution and environmental deterioration have resulted in signifi-
cant observable impacts due to pollutants on the internal biochemistry of living 
organisms, including microorganisms, plants, animals and human beings. For better 
understanding of the close-knit interaction between the biosphere and the abiotic 
components such as pollutants of anthropogenic nature, it is essential to identify and 
characterise biomarkers for the same. Such signature biomarkers at the molecular 
level are useful as signallers of environment-mediated biochemical changes. Among 
several biomolecules, lipids are ideal for such studies on account of their dynamism, 
diversity, ubiquity and chemical stability.

Several groups of lipids are characteristic of specific biotic communities, such as 
phospholipids in microbial organisms; n-alkanes, long-chain fatty acids and ste-
roids in the plant kingdom; and serum triglycerides and trichain cationic lipids in 
human beings. The general workflow adopted for any lipidomics study begins with 
sample collection and pre-processing, followed by sample preparation, usually 
employing one of several extraction methods. While conventionally described 
methods such as Folch method, Bligh and Dyer method, Soxhlet extraction and 
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simple maceration retain their utility, recent advancements with greater sophistica-
tion, such as pressurised liquid extraction and supercritical fluid extraction, are 
increasingly being adopted for efficient extraction. Pre-analytical considerations 
such as the need for homogenisation in animal tissue samples and sample storage 
conditions should be thoroughly considered and optimised wherever necessary.

Chromatographic techniques coupled with mass spectrometry, such as LC-MS, 
LC-MS/MS and GC-MS, remain the most popular methods of analysis for lipido-
mics-based studies, owing to their high sensitivity and resolution. In addition, the 
contributions of biostatistics and bioinformatics in the processing and prompt 
retrieval of computationally intense data are now widely recognised. Most lipido-
mics research today uses a combinatorial, converging approach employing the 
power of chromatographic separation, the sensitivity of mass spectrometry and the 
computational benefits of machine learning to yield maximum information out of 
such studies. Inputs of artificial intelligence are expected to boost the productivity, 
precision and value of such lipidomics studies to a greater level in the near future.
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Chapter 5
Chitosan: An Abundant Biopolymer Used 
for Water Treatment

Musiiwa V. Sengane and Nomvano Mketo

Abstract  Water is a basic need used in our daily lives. Having access to clean water 
has been a challenge to most developing countries. Water consists of a wide range 
of contaminants that are detrimental to human health. A need for water treatment is 
compulsory as it assists in identifying these contaminants also being able to develop 
remediation strategies. Scientists are here to bridge the gap in saving the planet and 
keeping everyone alive. There have been a lot of research studies conducted and 
reported by researchers worldwide. The chitosan biopolymer is crosslinked with 
various materials to enhance its extraction efficiency. The chitosan has been used 
for quantitative determination and removal of different contaminants like dyes, 
heavy metals, pharmaceuticals, pesticides, etc. from wastewater. This has led to so 
many countries working on some strategies of recycling/purifying and reusing 
water. Thus, it is achieved by adopting different methods that have been investigated 
and developed by scientist as a way of bringing a solution to the global problems. 
For effective removal of these contaminants, a good flocculant needs to be adopted 
for effective removal of organic pollutants, suspended solids and metal ions that are 
deposited in water through many activities like agricultural activities, deposition 
from mining activities and poor sewage drainage management. Chitosan has been 
favoured because of its higher removal efficiency, it is environmentally friendly, 
biodegradable, biocompatible and it is non-toxic.

Keywords  Chitosan · Contaminants · Purification · Wastewater
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Abbreviations

DD	 Degree of deacetylation
dl/g	 Decilitres per gram
dyn/cm	 Dyne second per square centimetre
EC	 Emerging contaminants
EPA	 Environmental Protection Agency
EU	 European Union
H	 Hydrogen
H+	 Hydrogen cation
HAc	 Acetic acid
MW	 Molecular weight
N	 Nitrogen
USEPA	 United States Environmental Protection Agency
WHO	 World Health Organisation
wt	 Weight
β 	 Beta

5.1 � Introduction

Access to clean, pure water has been a problem for many nations worldwide. 71% 
of the world’s surface is occupied by water. Given that approximately 97% of this 
water is saltwater from the ocean while 3% is freshwater. Therefore, provided that 
already the availability of freshwater is very low this also affects its supply to 
humans versus the population growth all over the world. This then affects the supply 
of clean freshwater to humans. Lack of clean freshwater supply to humans all over 
the world has triggered the health and economy of many countries. Hence, this 
raises a concern and a need for researchers to come up with the solution to over-
come this challenge and improve sustainability. Factors that are impacting a limited 
supply of freshwater include drastic increase in population, industrialisation and 
growing demand (Agronomy 2019). Figure 5.1 shows one of the most appealing 
acts of access to clean water straight from the tap.

Fig. 5.1  Drinking 
freshwater from the tap.
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Fig. 5.2  Illustration of possible activities that contaminate water streams.

For the government to be able to sustain water supply to individuals, they must 
divert into recycling water. This treatment includes treatment of wastewater, indus-
trial wastewater and agro-industrial processes, and municipal waste processing 
facilities (Mashile et al. 2022). Major freshwater bodies include rivers, lakes, reser-
voirs, canals, and rainwater. Contamination of these freshwater bodies has posed 
health problems to humans. Figure  5.2 shows the possible human activities that 
contaminate freshwater bodies. A need to develop methods that will impact water 
purification and enhanced quality has to be reviewed. The main contaminants of 
these water bodies include organic and inorganic contaminants. Wastewater has 
been classified as highly polluted water due to the presence of metals and heavy 
metal ions, bacteria, viruses, garbage, and detergents. Organic pollutants include 
pesticides from agricultural activities, dyes, and pharmaceuticals from healthcare 
centres. However, heavy metals, phosphate, and nitrates are examples of inorganic 
pollutants that are significant contaminants in water. These pollutants are non-
biodegradable, persistent in nature with possible chances to end in food chain 
(Adeola et al. 2022).

In Fig. 5.3, a process for wastewater treatment has been displayed. The first basic 
step during water treatment first includes coagulation. In order to produce complex 
precipitates of metal hydroxides at the appropriate pH during the first phase (coagu-
lation), an inorganic coagulant, such as a metal salt, is first introduced to change the 
physical state of dissolved and suspended particles (Chai et  al. 2021). Secondly, 
flocculation wherein the flocculants are added to increase the rate of sedimentation 
and treatment efficiency by mechanically aggregating micro-flocs into dense, visi-
ble flocs that settle quickly. The filtration step is wherein the solid and liquid phases 
are being filtered under pressure (Mashile et al. 2020).
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Fig. 5.3  Water treatment plant

5.2 � Chitosan: A Biopolymer

To provide people with safe water for drinking, water treatment is a fundamental 
task that needs to be taken into consideration and put into common practice. 
Chitosan has been regarded as the second most abundant biopolymer used for water 
treatment. The chitosan biopolymer and widely developed derivatives are applied 
on the flocculation step of water treatment. Since chitin and chitosan are abundant, 
non-poisonous, and have good biocompatibility, they have a wide range of applica-
tions (Jin et al. 2021). Figure 5.4 shows a brief summary of different applications 
that chitosan has found its way in (Suyambulingam et al. 2023).

Chitin and chitosan, as both byproducts of the global seafood industry and as 
vital parts of many creatures’ exoskeletons, are widely distributed in the biosphere 
(Balakrishnan et al. 2022). The Greek word “chiton,” meaning “mail coat,” is where 
the word “chitin” originated. In 1799, a researcher called Hatchett was the first to 
extract chitin from the shells of prawns, crayfish, and molluscs (crabs and lobsters). 
In fact, it is a naturally occurring polymer made up of acetyl-D-glucosamine mono-
mers. Figure 5.5 shows the structures of chitin and chitosan (Iber et al. 2022).
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Fig. 5.4  Chitosan-based composites for various applications (Suyambulingam et al. 2023)

Fig. 5.5  Chitin and chitosan structures

The biopolymer needs to be deacetylated before chitosan can be produced. The 
deacetylation process has been represented in Fig. 5.6 (Iber et al. 2022). The extrac-
tion can be done following the biological procedure for extracting the chitin using 
microbes. Objectives have not been fulfilled by the production of goods that capital-
ise on the bioactivities of crustaceans, the main economic source of chitin (Omer 
et al. 2022). Research for alternative natural sources of chitin and chitosan has also 
been fuelled by the drawbacks of the current commercial source, including season-
ality and rivalry for other purposes. The molecular weight (MW) and degree of 
deacetylation (DD) of chitosan are the structural parameters that dictate its charac-
teristics, such as its water solubility, conformation, and chain stiffness in solution. 
The cationic polymer chitosan, which is obtained from the deacetylation of chitin, 
is extensively found in the exoskeletons of crustaceans, insects, arthropods, and 
molluscs. It is important to remember that the chemical extraction platform used to 
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Fig. 5.6  Deacetylation of chitin to chitosan (Suyambulingam et al. 2023)

separate chitin undergoes three stages: deproteinisation, demineralisation, and 
decolorisation. Chitosan cannot be created without deacetylating chitin (Iber 
et al. 2022).

Chitosan as a biopolymer used for water treatment possesses the primary benefits 
of which includes its cost-effectiveness, environmentally friendly, relatively accept-
able adsorption properties, less toxic, biodegradable, exceptionally higher thermal 
and chemical stability, and biocompatibility (Ma 2022). These special qualities 
allow chitosan to be used for potential catalytic assistance. The hydroxyl and amine 
groups on the chitosan structure make chitosan significantly insoluble in certain 
solvents, enabling it to be suitable for the redemption of organic pollutant (Martínez-
Huitle and Panizza 2018).

Chitosan, as a byproduct of chitin largely generated through chemical conver-
sion, has a lesser specific weight and acetylation degree than chitin. The product of 
deacetylated chitin are acetate ions and an −NH2 group produced by hydrolysis of 
the acetamide group. The glucosamine to N-acetyl glucosamine ratio is typically 
used to determine chitosan’s degree of deacetylation in chitosan (Chadha et  al. 
2022). Whereas chitosan has a higher proportion of glucosamine than N-acetyl glu-
cosamine, while chitin has a higher proportion of glucosamine. Depending on the 
experimental circumstances, the degree of deacetylation has an impact on chemical 
and biological characteristics like adsorption enhancer, biodegradability, antioxi-
dant, bioavailability, and biocompatibility. The chemical properties of the chitosan 
include tensile strength, viscosity, solubility, porosity, surface area, conductivity, 
and flexibility (Iber et al. 2022).

Due to its solid structure and strong intra- and intermolecular hydrogen bonds, 
chitin is immiscible with water and most organic solvents. On the other hand, chito-
san dissolves readily in acidic solutions (e.g., hydrochloric acid, citric acid, and 
acetic acid) with a pH below 6 (Jiménez-Gómez and Cecilia 2020). Additionally, 
the usage of chitosan as a condensed solution promotes heavy metal adsorption at 
the free amine functions or homogenous modification reactions. However, in chito-
san, the density of accessible primary amine groups which are principally in charge 
of the electrostatic interaction increases with increasing deacetylation (Tiwari et al. 
2022). The increased percentage of amorphous regions in chitosan enhances its 
sorption capacity and availability, and it also makes it a perfect adaptable linker 
between various colloids in the coagulation/flocculation process. In Fig. 5.7, differ-
ent methods of chitin extraction have been highlighted.
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Fig. 5.7  Methods for 
chitin extraction from 
different sources (Iber 
et al. 2022)

5.3 � Physicochemical Properties of Chitosan

5.3.1 � Solubility

The wide range of solutions like water, alkaline solutions, diluted sulfuric and phos-
phoric acid solutions, and majority of organic solvents are unable to dissolve chito-
san. This feature of chitosan’s insolubility in water makes it a very more compatible 
biopolymer for water treatment. However, it was found to be soluble in dilute 
hydrochloric and nitric acid. Factors affecting chitosan’s solubility are the type and 
concentration of solvents, its molecular mass and degree of deacetylation 
(Sangamnere et al. 2023). Literature have reported that diluted nitric acid had impact 
with obtaining 1–5 wt% chitosan solution. Furthermore, alkali breaks down the H 
bonds in chitosan at low temperatures, creating an alkali-chitosan complex and the 
process is known as dissociation (Adeola et al. 2022). Additionally, the urea hydrates 
contain an alkali-chitosan complex as an intermediary, creating an inclusion com-
pound. However, when heated, the solution would gel since it is stable at low tem-
peratures (Wang and Zhuang 2022).

5.3.2 � pH

The polymer chitosan is pH sensitive. Chitosan has a pKa value of about 6.5. The 
pH level has a significant impact to reversibly change chitosan’s solubility. When 
chitosan dissolves in acidic solutions, the amino group’s N atom binds H+ from 
solutions by swapping electrons, creating a positively charged polyelectrolyte. The 
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repulsion of identical charges forces the molecules unfold on the molecular chain 
(Gunatilake 2015). Chitosan becomes soluble when its intra- and intermolecular 
hydrogen bonds are gradually disrupted. This process can be aided by additional 
procedures like heating and stirring, albeit at the expense of some deterioration 
(Haripriyan et al. 2022). Additionally, the β (1 → 4) glycosidic link in chitosan has 
an acid-sensitive hemiacetal structure (No and Meyers 2000). There’s possible deg-
radation of the chitosan solutions after being stored for a long time.

5.3.3 � Deacetylation Degree

Since the degree of deacetylation and the molecular weight of commercial chitosan 
vary depending on the raw materials and production process, the chitosan deacety-
lation degree is typically higher than 55%, which makes it soluble in 1% nitric acid 
solution. As a result, commercial chitosan typically bears different degrees of acety-
lation groups in its structure in addition to the prominent amino and hydroxyl 
groups. The chitosan structure depicted in Figure 5.6 should have a fully deacety-
lation degree, but it was found to be challenging to achieve the ideal structure (Wang 
and Zhuang 2022).

5.3.4 � Viscosity

When the concentration, molecular weight, and degree of deacetylation of the chi-
tosan increase, the viscosity of the chitosan solution falls as the temperature 
increases (Cohen and Poverenov 2022). The solvent has a significant effect on the 
chitosan. It will cause chain breakage, leading to chitosan solutions viscosity to 
drop during extended storage in acidic solutions. Furthermore, the early phases 
exhibit a non-linear and less sensitive time-dependent drop in molecular weight and 
viscosity (Riaz Rajoka et al. 2019). Chitosan’s intrinsic viscosity decreased from 
7.4 dl/g to 2.2 dl/g following 48 h of storage in 0.1 M HAc solution. Surface tension 
increased from 54.6 dyn/cm to 31.5 dyn/cm when the concentration of HAc was 
increased from 10% to 90%, but there was no appreciable change in viscosity (Wang 
and Zhuang 2022).

5.4 � Different Methods for Water Treatment

There are several methods that have been reported for water treatment. The section 
highlights the most reported methods amongst the others along with their advan-
tages and limitations. Moreover, the methods outlined in this section made use of 
chitosan biopolymer along with the chitosan-based functionalised. Some reported 
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methods include adsorption, coagulation and flocculation, membrane filtration, 
chemical precipitation, ion exchange and electrochemical treatment (Zhao 
et al. 2016).

5.4.1 � Flocculation

For method development and optimisation of reaction conditions, the flocculation 
mechanisms and kinetic processes are needed to direct the creation of innovative, 
high-performing flocculants (Sun et al. 2019). The interaction of contaminants and 
flocculants at a broad range via kinetic and flocculation mechanisms has been shown 
in Fig. 5.8. During wastewater treatment, the flocculant is used at its suitable con-
centration under flocculation kinetics using polymeric flocculants. The flocculant 
will be immersed in wastewater as part of the wastewater treatment processes, and 
the macromolecular flocculant will come into contact with the suspended colloids 
via adsorption, electrostatic interactions, hydrogen bonds, van der Waals forces, etc. 
(Lichtfouse et al. 2019).

The different polymeric flocculants, such as chitosan and its derivatives, have 
different flocculation mechanisms that are categorised as charge patching, sweep-
ing, bridging, and simple charge neutralisation. Since the structure of the adsorbed 
polymer changes as a result of the kinetics of flocculation by polymeric flocculants, 
the adsorbed suspended particles accumulate to form sizable flocs that effectively 
settle down (Velasco-Garduño et al. 2020). Firstly, the type of flocculant was used 
in the wastewater along with its ionic, charge, functional, and adsorption qualities 
were, and MW all affect the major flocculation mechanism and secondly, the char-
acteristics of the dissolved solutes and colloidal dispersion, including their func-
tional groups, surface charge density, and hydrophobicity.

Fig. 5.8  The flocculation process (Lichtfouse et al. 2019)
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The study conducted by Kaczmarek et al. in 2022 used chitosan biopolymer for 
eradicating colloidal particles from water by coagulation and flocculation processes 
(Ma 2022). The process showed the highest reduction percentage when using chito-
san as a flocculant compared to other flocculants used in this study, respectively (Ma 
2022). In 2022, another report was published by Hamdon et al. where chitosan was 
used for water purification in Egypt (Hamdon et al. 2022). The study showed a sig-
nificant impact that the chitosan dosage has on adsorption of the microbes during 
water treatment. Furthermore, as the chitosan dosage increases the amount of 
adsorbed and removed pollutants also increases, hence this showed a direct propor-
tionality relationship between the two (Hamdon et al. 2022).

5.4.1.1 � Flocculation-Based Applications of Chitosan Biopolymer

The main characteristics and properties of chitosan as a flocculant include and not 
limited to:

•	 The biopolymer is highly hydrophilic with high reactivity.
•	 Chitosan is environmentally friendly and eco-friendly due to its biodegradability, 

non-toxicity, and biocompatibility.
•	 Chitosan structure has an amino polysaccharide which accounts for high nitro-

gen content.
•	 Compared to metal salts, chitosan is less susceptible to change in pH.
•	 The interactions on a chitosan structure are able to form hydrogen bonds and 

other non-covalent bonds.
•	 It has the ability to possess the adsorption, ion-exchange and chelation properties.
•	 Chitosan can exceptionally remove pollutants like colour and odour.
•	 Microalgae cells are strongly adsorbed due to their negatively charged surface 

(Karimi-Maleh et al. 2021).

There are drawbacks of using chitosan biopolymer as a bio-flocculant during the 
process of water and wastewater treatment including:

•	 It can clog the pores of the filters.
•	 Different technologies that use chitosan are still being developed.
•	 Since chitosan is insoluble in water, a weak acid treatment is employed in order 

to dissolve it.
•	 Its performance depends on its raw type and its activation.
•	 Chitosan is pH sensitive.
•	 Chitosan’s improved performance requires chemical modification in order to 

facilitate its pH sensitivity and improve its potential application (Lichtfouse 
et al. 2019).

Due to high contamination of our freshwater systems, several techniques have 
been employed in order to overcome a challenge of having access to clean and safe 
drinking water.
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5.4.1.2 � Factors Impacting the Flocculation Mechanism

Numerous elements significantly affect the flocculant’s structure and solution char-
acteristics and consequently, the flocculation process and performance. The follow-
ing are the factors that influence the flocculation mechanisms: effects of pH, 
temperature, ionic strength, and flocculant dose (Kanmani et al. 2017).

5.5 � Techniques Adopted for Water Treatment

5.5.1 � Adsorption

As one of the most prevalent methods, adsorption has been the most adopted method 
for removal of contaminants in different matrices. The method has been favoured 
due to its cost-effectiveness. The process of adsorption may be reversible, and an 
appropriate desorption technique can regenerate adsorbents (Peralta et  al. 2019). 
Adsorbents can be renewed through the use of an appropriate desorption technology 
when the adsorption process is occasionally reversible. Adsorbent materials can be 
selected based on the surrounding conditions and the type of metal contamination 
present in the groundwater.

For adsorption process different solid materials can be used like activated car-
bons that have been reported to have high surface area, metal oxides, and biomass 
generated from agricultural waste. Moreover, these methods have three major stages 
which involve: Pollutant diffusion from solution to adsorbent surface. Adsorption of 
the pollutant onto the surface of the adsorbent and adsorption into the adsorbent’s 
structure. In 2021, Omar et al. reported about adsorptive removal of the heavy metal 
ions using a chitosan-based adsorbent in wastewater (Ramírez Calderón et al. 2020). 
The study has reported that the chitosan biopolymer has shown a greater potential 
to influence to a certain degree metal ions removal from wastewater treatment. From 
a review published in 2016 by Yang et al., chitosan was used for flocculation of 
some of the organic pollutants, respectively (Yang et al. 2016).

5.5.2 � Biosorption

Biosorption refers to the ability of biological materials to accumulate contaminants 
from wastewater through metabolically mediated or spontaneous physicochemical 
pathways of uptake, or as a characteristic of specific kinds of non-living, dormant 
microbial biomass that bind and concentrate the pollutants from even extremely 
weak water solutions (Ramírez Calderón et  al. 2020). Cell physiology, physico-
chemical parameters like pH, temperature, contact time, ionic strength, and metal 
concentration, as well as the chemistry of pollutants of interest, all play a role in this 
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intricate process and cell wall composition of microorganisms. In 2017, Holder 
et al. have reported about the use of cross-linked chitosan-graphene oxide mem-
branes for the treatment of municipal wastewater (Holder et al. 2017).

5.5.3 � Ion Exchange

Ion exchange processes, in which heavy metals and their ions are physically 
absorbed, qualify as the first step in the ion exchange process. The reversibility of 
ions serves as the fundamental idea behind this technique (Zhao et al. 2016). The 
development of the counter-ion complex and functional group is the primary factor 
influencing the removal efficiency of this approach. Reversible exchange method 
involving a resin is used to remove ions from an electrolytic solution between the 
two phases of liquid and solid. Additionally, a resin substance is used to remove 
metals from water. There are different factors that affect the effectiveness of remov-
ing various metals and their ions, which are mostly dependent on the chemical prop-
erties of resins, temperature, pH, sorbents, anions, and the duration of contact, as 
well as the initial concentration of the adsorbent (Sarode et al. 2019). Several advan-
tages establish this process apart from other physico-chemical methods, including 
excellent ion removal efficiency, reduced sludge volume, metal recovery, good 
selectivity, and a unique resin structure throughout the entire process. Ion exchange 
drawbacks include cost cost-effectiveness of resin, used exclusively at a small scale, 
and resin rejuvenation causes secondary pollutants (Rafique et al. 2022).

5.6 � Common Wastewater Pollutants

Water pollution is a universal problem. All pollutants found in wastewater come 
from different human activities. These pollutants include organic pollutants, inor-
ganic pollutants, and bacterial suspensions. There have been many reports about 
water treatment. This accounts for different pollutants that contribute to water pol-
lution and contamination. Out of many pollutants reported, the heavy metals were 
found to be more prevalent, hence many studies were reporting about their remedia-
tion strategies (Begum et al. 2021).

5.6.1 � Heavy Metals

Periodic table in Fig.  5.9 consists of 90 naturally occurring elements. However, 
from the list of these 90 elements, there are 21 non-metals, 16 light metals and the 
remaining 53 including arsenic are heavy metals. Heavy metals are usually defined 
as metals with a density that is more than 5 g/cm3. Since they can be needed in our 
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Fig. 5.9  Periodic table of elements (Pt 9 78, no. 262, p. 262)

bodies at trace levels, we have metals that have been regarded as essential such as 
copper, zinc and nickel (Dinu et al. 2021). These metals have been regarded as being 
essential because they are required for normal cellular growth. Furthermore, those 
metals that have no effect on biological growth have been regarded as non-essential 
and these include mercury, lead and cadmium (Vakili et al. 2014). At any concentra-
tion, these kinds of metals are hazardous.

Mostly, transition metals on the periodic table are heavy metals because their d 
orbital is not fully filled. Heavy metal cations can form complex compounds with or 
without redox activity due to the incompletely filled d orbital. Heavy metal trace 
elements are crucial cofactors for metalloproteins and enzymes and play a signifi-
cant part in biological reactions (Sakib et  al. 2021). Depending on the complex 
compounds that the heavy metal ions form, their toxicity is observed when their 
concentration is larger in the cells (Yang et al. 2021). Heavy metals contamination 
comes from various industrial activities such as mining, energy and fuel production 
and use, tanneries, pipelines corroding, municipal waste processing facilities, and 
agro-industrial operations (Wang et al. 2022). Nevertheless, natural processes like 
rock erosion and weathering can also release heavy metals. Heavy metals distribu-
tion to the environment includes dispersion and transport through water bodies.

When humans are exposed to heavy metals in amounts that are adequately mea-
surable and depending on the kind of metal ion, they might result in a variety of 
symptoms such as nausea, diarrhoea, teeth fluorosis, skin allergies, and even cancer 
(Sumaila et al. 2022). Additional health effects of heavy metals include congenital 
conditions such as cerebral palsy, cardiovascular disease, mutations, damage to neu-
rons kidney and liver damage, and effects on a child’s developing brain (Bhatt et al. 
2023). An assortment of rules and laws has been created in light of the negative 
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Table 5.1  Standard acceptable levels of selected heavy metals in drinking water (Ramírez 
Calderón et al. 2020)

Heavy 
metals Anthropogenic sources

WHO 
guideline
(μg/L)

Maximum permissible 
level for drinking water 
(μg/L)
EC USEPA

Copper Corroded interior copper plumbing 
systems

2000 2000 1300

Nickel Stainless steel and nickel alloys 
production

70 20 –

Chromium Steel and pulp mills, tanneries 50 50 100
Selenium Mines and petroleum refineries 40 10 50
Lead Lead-acid batteries, solder, alloys, and 

corroded plumbing systems
10 10 15

Arsenic Glass and electronics production 10 10 10
Mercury Refineries and factories, runoff from 

landfills and agriculture, and electrical 
appliances

6 1 2

Cadmium Batteries and paints, steel and plastic 
industries, metal refineries, corroded 
galvanised pipes

3 5 5

WHO World Health Organisation, EC Emerging contaminants, USEPA United States Environmental 
Protection Agency

effects that heavy metal exposure can have on human health in order to limit expo-
sure to amounts that could cause harm. The prevalent man-made sources and 
advised concentrations of significant heavy metals in drinking water, including the 
World Health Organisation (WHO) recommended levels and legally permitted 
upper limits in the EU (Nasrollahzadeh et  al. 2021). Table 5.1 briefly shows the 
acceptable concentration levels of some heavy metals. As is evident, guidelines 
established by the World Health Organisation serve as the foundation for many laws.

These values, however, are determined for particular metals based on practical 
removal technologies and currently available detection limits determined using the 
practical removal technologies and detection thresholds that are now accessible 
(Keshvardoostchokami et al. 2021). Not only must the release of heavy metals be 
controlled, but these pollutants which are essentially secondary metal resources 
must be extracted and recovered in order to avoid negative impacts on the environ-
ment and public health (Aizat and Aziz 2019). The EPA claims that heavy metals 
may not be effectively eliminated from conventional wastewater treatment facilities 
or may wind up in the sludge. Therefore, if the intent is to extract or recover the 
heavy metals, then further steps and techniques are required.
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5.7 � Conclusion

Water is a basic need that we use in our daily lives. Due to poor access to clean water 
all around the world, water treatment has been an adopted solution to this gigantic 
catastrophe. Implications and employment of different techniques for water purifi-
cation can assist with meeting the supply of high demand of clean and safe water. In 
this chapter, we were looking into chitosan as a biopolymer and its application in 
water treatment. Chitosan, a natural biocompatible and biodegradable polymer, has 
gained interest for water treatment in recent years. Adding to its advantages due to 
its availability naturally, its high charge density, excellent turbidity removal com-
pared to its inorganic coagulants and the reactive amine and hydroxyl groups that 
are present in its structure.

Many studies of its application in water treatment have been reported wherein it 
showed excellent performance in flocculation. Chitosan also shows its strong poten-
tial to be used for water treatment. However, more studies to explain its characteris-
tics and mechanisms still need to be investigated in order to gain knowledge on its 
absorption/coagulation/flocculation ability. Furthermore, with different reported 
methods of water treatment involving the chitosan biopolymer, there’s a need to 
investigate the developed methods and employ improved strategies in developing 
the most cost-effective, more environmentally friendly, and less toxic method and 
chitosan-based nanocomposites. The crosslinking of the chitosan with different 
composites to fit the flocculation of the type of pollutants for a certain purification 
study has also shown significantly good and acceptable performance. Different 
characteristics and parameters such as pH, chitosan-based nanocomposite dosage, 
molecular weight, degree of diacylation, and settling time also need to be part of the 
figures to be investigated when improving the developed methods applied for water 
treatment.
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Chapter 6
Alginate-Based Biosorbents 
for Environmental Remediation

Lama Sirkhot, Pragati Prakash Sabale, and Jaya Lakkakula

Abstract  Biosorbents are materials with capability to adsorb pollutants from 
wastewater solutions offering a promising solution for environmental remediation. 
Among these materials, sodium alginate (SA) is a naturally occurring biodegrad-
able polysaccharide derived from brown seaweed. SA has gained significant atten-
tion due to its hydrophilic ability, cost-effectivity as well as versatility. With the 
evolution in industries an ever-increasing concern regarding the wastewater treat-
ment of industrial effluents, which contain combination of contaminants like heavy 
metals, oils, and dyes, raises an urgent need for effective and sustainable water 
treatment methods. Despite the utility, the conventional methods are limited in their 
efficacy and scalability highlighting the critical demand for innovative approaches. 
This chapter focuses on the development and application of alginate-based biosor-
bents specifically designed to address the limitations of traditional water treatment 
methods through modifying sodium alginate through techniques like cross-linking 
with nanoparticles and combining with biopolymers to form bio-composites—these 
novel biosorbents exhibit enhanced adsorption capacity and stability along with 
antibacterial properties. The chapter delves into various formulations and their 
effectiveness in eliminating a wide range of contaminants from aqueous solutions 
by showcasing structural and functional advantages of alginate-based solutions 
focusing on both a viable alternative for effective wastewater treatment along with 
its emphasis on environmental and economical benefits associated with utilizing 
biodegradable materials addressing the growing challenge of water pollution.
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6.1 � Introduction

In the last decade, a pronounced increase in oil spills as well as areas with industrial 
wastewater discharge has led to severe water contamination, posing a substantial 
threat to aquatic ecosystems and human health. Traditional methods, such as air 
flotation, absorption of oil, centrifugation in addition to membrane separation, have 
been utilized for oil-water separation. Hydrophilic membranes, particularly inspired 
by antifouling properties in marine organisms, have developed as a new promising 
technique owing to its simplicity, efficacy, and cost-effectiveness. However, these 
membranes often excel at addressing singular pollutants, making them less effective 
in handling the complex composition of real-world wastewater. To address this 
challenge, researchers have sought inspiration from antifouling properties observed 
in marine organisms to create innovative hydrophilic membranes that resist oil con-
tamination. Simultaneously, addressing bacterial interference, which compromises 
separation efficiency, involves exploring antibacterial agents like ZnO nanoparti-
cles, Ag nanoparticles, graphene, and metal-organic frameworks. Quaternary 
ammonium compounds, known for their broad-spectrum effectiveness, are consid-
ered promising. Additionally, prevalent water pollutants such as dyes can be effec-
tively removed through a combined adsorption-filtration methodology (Li 
et al. 2023a).

Sodium alginate (SA), an intrinsic hydrophilic biopolymer, stands out for its 
degradable nature, cost-effectiveness, and versatility. Modifying SA to fabricate a 
calcium alginate (CA) aerogel membrane enhances its proficiency in oil-water sepa-
ration and facilitates heavy metal ion adsorption. In the context of this study, the 
integration of SA, tetrabutylammonium hydroxide (TBA), and waterborne polyure-
thane (WPU) has resulted in the development of a sustainable and environmentally 
benign CTW membrane. This membrane, characterized by super-hydrophilicity and 
subaquatic super-oleophobicity, demonstrates efficacy in the partition of oil-water 
emulsions, microorganism filtration, and dye adsorption from water. A comprehen-
sive investigation into the structural, compositional, wettability, and performance 
aspects of the CTW membrane has been undertaken (Shen et al. 2023)

Concerns have arisen regarding water contamination due to cultural and indus-
trial progress, with industrial effluents containing diverse pollutants like dyes, heavy 
metals, plastic materials, pesticides, as well as oils. The prevalent use of plastics has 
further compounded the environmental predicament, introducing micro-plastics and 
even smaller nano-plastics, posing intricate challenges due to their diminutive size 
and intricate composition. Existing methodologies, including filtration, encounter 
difficulties with particles below 20 μm, while alternative techniques exhibit limita-
tions. Notably, membrane separation technology, employing selectively permeable 
membranes, stands out for its user-friendliness and low energy consumption. 
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Graphene oxide (GO), despite inherent drawbacks in its pure form, emerges as a 
promising material for membranes. Addressing this, composite membrane of a 
three-layer SA/GO/CS was developed through the modification of GO with sodium 
alginate (SA) and chitosan (CS), representing negatively and positively charged 
polymers, respectively. This biomimetic membrane leverages the positive charges 
as well as negative charges on both sides, mimicking natural magnetic principles, 
thereby enhancing its capacity to repel or attract nanoparticles and charged dyes 
(Zahakifar et al. 2021).

The composite membrane demonstrated notable permeability and selectivity in 
the efficient purification of wastewater containing emulsified oil, dyes, and nano-
plastics. The study rigorously evaluated long-term performance, reusability, and 
structural stability of the eco-friendly membrane, with the overarching goal of 
addressing various pollutants in wastewater removal. The widespread utilization of 
organic dyes across diverse sectors has resulted in the contamination of water bod-
ies, potentially engendering adverse consequences for human health and ecosystem. 
The wastewaters comprising these dyes present risks such as skin sensitization, irri-
tation, and carcinogenic effects. Existing methods for dye removal often exhibit 
limitations, necessitating the exploration of environmentally benign alternatives 
(Zahakifar et al. 2021; Garg and Sabouni 2023).

Within this framework, the investigation is directed toward the formulation of an 
efficacious and environment loving adsorbent tailored for the elimination of hazard-
ous dyes, exemplified by Brilliant Green (BG) and Methylene Blue (MB) from 
wastewater. This study introduces a pioneering composite material denoted as 
Alginate/AgNPs modified with mica (Alg-AgNPs/MC), which manifests promising 
adsorption capabilities. This composite is engineered by amalgamating silver 
nanoparticles (AgNPs) and mica with sodium alginate, a biocompatible and biode-
gradable polysaccharide. Leveraging the distinctive chemical and physical attri-
butes of silver nanoparticles, the composite material significantly enhances 
adsorption capacity. The engineered Alg- AgNPs/MC bio-nanocomposite is 
designed with ecological considerations and economic viability, aiming to mitigate 
secondary water pollution. This study assesses its efficacy in removing the Brilliant 
Green (BG) and Methylene Blue from aqueous solutions. The material undergoes 
comprehensive characterization using various techniques, including BET, EDX, 
XRD, TGA, FTIR, SEM, and TEM. Operational parameters, such as pH, dose, con-
centration, and duration, are systematically adjusted to optimize adsorption effi-
ciency. The investigation utilizes isotherm and kinetic models to validate 
experimental data, offering a thorough comprehension of the adsorption process. 
Thermodynamic analysis is employed to elucidate the nature and spontaneity of the 
adsorption. Furthermore, regeneration and desorption studies are directed to 
enhance the affordability as well as practicality of the adsorption process. 
Collectively, the findings highlight the Alg-AgNPs/MC bio-nanocomposite as a 
potentially promising, sustainable approach for the secure elimination of deleteri-
ous dyes from wastewater. This, in turn, contributes to resource sustainability and 
environmental safeguarding (Garg and Sabouni 2023).
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Uranium, a crucial raw material for advancing the nuclear industry, plays a dual 
role as both essential and potentially environmentally hazardous. It is vital to extract 
uranium effectively from wastewater to mitigate radioactive contamination and pro-
tect the environment. China, facing a shortage of terrestrial uranium resources, is 
witnessing a rising demand for natural uranium owing to the quick growth of the 
nuclear business. Various techniques, including membrane treatment, precipitation, 
extraction, and adsorption, are employed for uranium enrichment and separation. 
From mentioned, adsorption is notable for its vast removal efficiency, stability, cost-
effectiveness, and recyclability. However, conventional adsorption materials made 
with uranium have limitations like slow adsorption rates, weak selectivity, and sta-
bility. To address these challenges, there is a need for the development of adsorbent 
materials with enhanced efficiency. Ferricyanide ions, known for their ability to 
form potent complexes with U(VI), have been explored for uranium adsorption. 
Significant progress has been made by modifying substances like potassium manga-
nese ferrocyanide and hydrated titanium dioxide, resulting in remarkable adsorption 
capabilities. Recent research indicates that the crosslinked variant of sodium algi-
nate, specifically calcium alginate, exhibits promising capabilities for adsorbing 
uranyl ions. In this study, the investigation of KMnFC/CNT@SA, as a novel adsorp-
tion material for its ability in removing U(VI) from aqueous solutions, was per-
formed. Adsorption kinetics and isotherms were analyzed using diverse models. 
Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron spectros-
copy investigations were conducted to gain insights into the structural changes of 
the adsorbent before and after the process of adsorption.

This study contributes to the ongoing efforts to develop efficient uranium adsor-
bent materials, crucial for mitigating the risks associated with uranium pollution 
and safeguarding human health and the environment. Adsorption technology, recog-
nized for its simplicity, efficiency, and cost-effectiveness, relies on the advancement 
of high-performing adsorbents. Despite the promise of biochar due to its wide avail-
ability and low cost, unmodified biochar exhibits suboptimal cadmium removal 
capabilities. Attempts to enhance biochar adsorption using NaOH or H3PO4 have 
led to facility corrosion. Alginate, characterized by its egg-box structured gel sphere, 
demonstrates ion exchange capabilities but lacks mechanical strength (Wang et al. 
2023; Li et al. 2023b; Wen et al. 2023; Sánchez-Castro et al. 2021).

A novel approach is presented by combining alginate, gelatin, and biochar in a 
ternary composite (SA/GE@BC). This synthesized composite addresses the short-
comings of raw biochar, improving cadmium removal efficiency while mitigating 
corrosion damage and the risk of secondary metal ion pollution. The adsorption 
process was systematically adjusted through experimentation with parameters like 
the dosage curve, pH, time, humic acid, starting cadmium level, and coexisting ions. 
This work contributes both technological and theoretical insights into the potential 
applications of ternary composites in the removal of cadmium from contaminated 
water (Zong et al. 2023; Sami Abboud et al. 2023; Sadoun et al. 2023).
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6.2 � Alginate-Based Biosorbents for Remediation

6.2.1 � Alginate-Based Biosorbents for the Removal of Dyes

Zhao et al. investigated a novel hydrogel bead system, denoted as Ag-DE@CAH, 
engineered by incorporating nano-silver/diatomite and calcium alginate aiding in 
the removal of MB from water. Throughout a 30-day release experiment, the 
AgDE@CAH beads consistently released Ag+ ions within the World Health 
Organization (WHO) standards. Structural analysis via scanning electron micros-
copy (SEM) unveiled diverse pore structures distributed across the diatomite sur-
face following acid pickling. High-resolution transmission electron microscopy 
(TEM) of Ag-DE beads disclosed the presence of silver nanoparticles (Ag NPs) 
distributed within the diatomite’s pore structures and surface, with silver particles 
measuring less than 100 nm. FTIR indicated that the absorption peaks in Ag-DE and 
Ag-DECAH were accredited to the antisymmetric stretching vibration of Si-O-Si at 
1080 cm−1, affirming the effective embedding of Ag-DE into CAH. X-ray diffrac-
tion (XRD) patterns of DE, Ag-DE, and Ag-DECAH materials offered insights into 
their structural properties, including the presence of specific crystal phases and their 
arrangement. BET analysis determined the total pore volume (Vtotal) at PP0 0.99. 
The disinfection effectiveness of Ag-DE@CAH beads increased over time, achiev-
ing a sterilization rate for Escherichia coli that rose from 54.0% to 98.7% and for 
Staphylococcus aureus from 26.5% to 68.5% after 15 to 60 min of incubation, while 
the released silver ion concentration remained below the WHO limit of 100 ppb, 
measured at 41.27 ppb after 30 days (Fig. 6.1). Hydrogel beads of Ag-DE@CAH 
demonstrated the highest MB adsorption ability of 128.21 mg/g. At adsorption equi-
librium concentration (C_e), the capacity of adsorption of Ag-DECAH beads out-
performed other materials in methylene blue adsorption tests and exhibited 
reusability. The incorporation of diatomite (DE) as a cost-effective and naturally 
occurring matrix improved the synthesis of Ag-DECAH beads, enhancing their 
water purification capacity. In conclusion, the study suggests that these dual-
functional hydrogel beads effectively contribute to both adsorption and disinfection 
processes, showcasing potential applications in water purification (Zhao et al. 2021).

In a research endeavor led by Verma et al., porous hybrid hydrogel of novelty 
was engineered by employing sodium alginate (SA) and graphite, with the primary 
aim of serving as a highly effective source of adsorbent for elimination of malachite 
green (MG) from aqueous solutions. The synthesis process involved graft polymer-
ization of acrylic acid onto SA to improve capacity to adsorb. Subsequently, graph-
ite powder was incorporated into the modified sodium alginate to create the hydrogel 
composite. A varied range of analytical techniques, including SEM, thermogravi-
metric analysis, Raman spectroscopy, infrared spectroscopy, x-ray photoelectron 
spectroscopy, and XRD, were meticulously incorporated to comprehensively exam-
ine structural and chemical characteristics of hydrogel composite. To assess the 
adsorption performance, batch adsorption studies were conducted. Remarkably, the 
hydrogel composite exhibited robust adsorption efficiency, maintaining a high level 
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Fig. 6.1  (a) Photographs of the colonies of the E. coli and S. aureus under different incubation 
time for Ag-DE@CAH beads. (b) The death rate of E. coli and S. aureus different incubation time 
for Ag-DE@CAH beads. (c) Release profiles of Ag+ from Ag-DE and Ag-DE@CAH beads over 
time. (Reproduced with permission from Zhao et al. (2021))

of adsorption (91%) even with three succeeding cycles of dye adsorption-desorption. 
The overarching objective of the project was successfully realized by developing a 
hydrogel composite built on SA and graphite, showcasing promising potential for 
the effective elimination of MG dye from environments. This innovative approach 
holds significant promise for addressing water pollution challenges associated with 
MG dye contamination (Verma et al. 2020).

You et al. conducted a study centered on creating effective adsorbing materials 
for elimination of dye from polluted aqueous bodies, focusing on sodium alginate 
as a template hydroxyapatite/calcium silicate composite. Conventional sodium 
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alginate (SA) composite microspheres are prone to instability and damage in solu-
tion due to their high water-absorbing capacity and low mechanical strength. To 
overcome this drawback, hydroxyapatite (HA) and calcium silicate (CS) were com-
bined to enhance the mechanistic robustness of HA compound adsorbent. While 
maximum HA-CS materials which are porous are typically used as formed powder, 
posing challenges in separation, reusing after recycling. The exchange of ions 
among the SA and Ca2+ led to the formation of SA templated hydroxyapatite/cal-
cium silicate composite (SCHG), which was subsequently freeze-dried and calcined 
at 800 °C for 1 h. The morphological characteristics and adsorption capabilities of 
the composite adsorbent (SCHG) were comprehensively examined. Evaluation of 
its adsorption performance was carried out through EBBR tests, demonstrating the 
effective elimination of dyes in the contaminated water. The outcomes indicate that 
the synthesized composite adsorbent shows promise for applications in water treat-
ment, highlighting its potential effectiveness in addressing dye contamination issues 
in aqueous environments (You et al. 2019; Zhang et al. 2023)

Khapre et  al. conducted a study outlining a synthesis approach for a micro-
porous composite comprising chitosan and alginate cross-linked with glutaralde-
hyde. The key target of this research is to identify the efficacy of this composite as 
an adsorbent material for removing three distinct dyes: Patent Blue V, Methyl 
Orange, and Brilliant Green. The process of adsorption was evaluated using 
Freundlich adsorption isotherm and pseudo-second-order kinetics. Chitosan along 
with alginate, recognized biopolymers with favorable adsorption properties, under-
went pretreatment before being combined in predetermined ratios. The synthesis of 
the composite remained achieved through modifying chitosan with analine along 
with utilizing glutaraldehyde as a cross-linking agent, which enhanced the binding 
of modified chitosan with alginate. Spectral methods were employed for a compre-
hensive characterization of the resulting composite. Batch and column adsorption 
studies on three different dyes were performed. The highest monolayer adsorption 
capacity for each dye was determined at different pH levels, with the composite’s 
point of zero charge (PZC) identified as 7.5. The overarching objective of this proj-
ect is to address the extraction of organic dyes from aqueous solutions through 
synthesizing and characterizing the chitosan-alginate composite cross-linked with 
glutaraldehyde. The study highlights valuable aspects of the adsorption efficiency 
of the synthetic composite and its possible application in remediating water systems 
contaminated with dyes (Khapre et al. 2021).

Dubey et  al. conducted research detailing the synthesis of hematite/alginate 
nanocomposites and their effectiveness in eliminating organic dyes, specifically 
methylene blue (MB). The nanocomposites underwent comprehensive examination 
using UV-visible, SEM, FTIR, and XRD methods. To eliminate MB dye, hematite/
alginate beads with a diameter of 2-3  mm were employed. A room temperature 
adsorption process, utilizing 1 g/L hematite/alginate beads nanocomposite, achieved 
100% elimination of MB dye (25 ppm) in 40 min under pH 9 conditions, with the 
adsorption parameters investigated using a first-order process with linear fitting. 
The study emphasizes the development of hematite/alginate nanocomposites and 
their potential application in environmental remediation. Hematite nanoparticles 
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possess hydrophilicity, magnetism, non-toxicity, excellent chemical stability, and 
compatibility with biological systems. In addressing the removal of certain organic 
dyes like MB, hematite/alginate nanocomposites offer a promising solution. An 
improved hydrothermal process using urea as the sole precursor was employed for 
hematite nanoparticle synthesis, and XRD and SEM methods were used for nano-
composite characterization. Room temperature adsorption test was executed to 
identify the kinetic behavior of MB adsorption on hematite/alginate beads. The 
nanocomposite exhibited effective adsorption and removal of MB dye, achieving 
nearly 100% elimination with 1 g/L of the nanocomposite. Significantly, MB 
adsorption was most effective at pH 9, indicating enhanced adsorption performance 
under basic conditions. The nanocomposite demonstrates promise for cost-effective 
water cleanup in dye industries, with the adsorption process exhibiting remarkable 
efficiency (Dubey et al. 2020).

Bayat et  al. performed a detailed study on the effective elimination of water-
soluble methylene blue dye. This was achieved through the fabrication of a bio-
nanocomposite comprising zeolite, nickel ferrite, and sodium alginate, using a 
co-precipitation approach. The synthesis was carried out via the process of co-
precipitation. Surface characteristics and morphology regarding the modified zeo-
lite/nickel ferrite nanocomposite were evaluated using SEM images. The process of 
adsorption was systematically investigated by both pseudo-first-order and pseudo-
second-order models. The findings revealed that the synthesized bio-nanocomposite 
demonstrated effective removal capabilities for water-soluble MB dye. The utiliza-
tion of various models provided a complete understanding of adsorption kinetics 
and mechanisms, highlighting along with the efficacy of bio-nanocomposite as a 
potential adsorbent for water treatment applications, particularly in eradicating the 
MB dye (Bayat et al. 2018).

In the research conducted by Belhouchat et al., a cross-linked composite of acti-
vated organo-bentonite (AOBent) and sodium alginate (SA) was developed to effec-
tively extract both anionic and cationic dyes from aqueous solutions. The key 
objective was to synthesize a cost-effective material for the same from water. The 
composite, characterized through FTIR, TGA, and XRD analyses, displayed sig-
nificant potential in removal of anionic and cationic pigments from wastewater. 
Beyond offering an economical solution, the developed composite aligns with envi-
ronmentally friendly approaches to dye removal. The study suggests the application 
of this composite in sustainable and eco-friendly wastewater treatment practices 
(Belhouchat et al. 2017).

In the study led by Mallakpour et al., the research focused on assessing the effec-
tiveness of kinetic models and both linear and non-linear isotherms to evaluate and 
compare the adsorption behavior of various materials. The specific aim was to 
investigate MB adsorption properties of alginate enhanced by activated carbon 
black (ACB) derived using old compact discs (CDs). This utilization of polymer-
based materials has been on the rise, but concerns about their non-biodegradability 
have raised environmental issues. Repurposing polymeric waste, such as old CDs, 
was considered as a sustainable solution to address this environmental concern. The 
researchers developed a cost-effective and eco-friendly adsorbent by extracting 
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ACB from used CDs. This ACB was then encapsulated in alginate, a biocompatible 
and inexpensive polymer, to create a composite adsorbent. Upon incorporating ACB 
into the alginate matrix, the mean diameter decreased to around 2 nm, indicating 
reduced particle aggregation and uniform dispersion. The ability of film to diffuse 
was recognized as the governing apparatus regulating the methylene blue adsorp-
tion process, while pore diffusion-imposed constraints. The study emphasizes the 
successful removal of MB using a composite adsorbent composed of alginate and 
ACB derived from waste CDs. Film diffusion governs the adsorption process, and 
pore diffusion sets limitations. The research advocates for the use of waste products, 
especially polymeric wastes, as alternative adsorbents in water remediation endeav-
ors (Mallakpour and Behranvand 2021).

6.2.2 � Alginate-Based Biosorbents for Removal of Cadmium

Research led by Ayouch et al. concentrated on enhancing cadmium ion retention 
using alginate beads, investigating their effectiveness in removing cadmium ions 
from aqueous solutions. Air-drying and freeze-drying were compared to evaluate 
their impact on the mechanistic properties of beads. The result showed that the 
freeze-dried beads (AL-FD) had an even and smooth surface and maintained their 
original size, while air-dried beads (AL-AD) exhibited structural changes. The spe-
cific surface area of AL-FD was significantly higher (56.83  m2/g) compared to 
AL-AD (0.039  m2/g), contributing to its enhanced adsorption performance. The 
kinetic sorption process was described the best by Avrami fractional-order model, 
and the adsorption capacity of AL-FD surpassed AL-AD, underlining its superior 
performance. Overall, freeze-dried alginate beads demonstrated improved adsorp-
tion capacity and surface properties compared to air-dried beads, emphasizing their 
potential for cadmium ion elimination from water (Ayouch et al. 2020a).

Sidgel et al. examined the effectiveness of alginate beads impregnated with pow-
dered activated carbon (ABPAC) for eliminating benzene and cadmium. ABPAC 
exhibited a significant sorption capacity of 89.60 mg g−1 for benzene and 149.32 mg 
g−1 for cadmium representing a chemisorption mechanism. The ABPAC beads were 
synthesized by incorporating powdered activated carbon and sodium alginate into a 
calcium chloride solution, followed by a cleaning and drying process before use. 
The study highlights the significance of addressing heavy metal ions and volatile 
compounds and their damaging effects on environment and human well-being. 
Notably, ABPAC proved effective in the simultaneous removal of these pollutants, 
as no competition effects were observed in the binary-contaminant system. These 
findings position ABPAC as a promising sorbent for water purification applications 
(Sigdel et al. 2017).

In a study led by Ayouch et al., an economically viable method for removing 
Cadmium (Cd) from aqueous solutions was achieved using composite beads incor-
porating bentonite (BE) and phosphate washing sludge (PS). The combined adsorp-
tion capabilities of these beads surpassed those of individual BE and PS components. 
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New adsorbents, for example, Moroccan clay and alginate, were synthesized for the 
removal of low concentrations of cadmium. Phosphate washing sludge, a by-product 
of phosphate enrichment, consists of carbonates, clays, quartz, and fluorapatite. 
Alginate, sourced from sea algae, offers gelling and adsorption qualities. To address 
the issue of adsorbent separation, a solvent mixing method was employed to encap-
sulate the composite materials within alginate beads, enabling their application in 
water treatment procedures. The beads underwent drying and lyophilization pro-
cesses, and their structural, textural, morphological, thermal, chemical composition, 
and size distribution characteristics were comprehensively characterized. SEM 
analysis revealed a distinct sponge-like structure formed through lyophilization 
(Fig. 6.2). Batch studies were conducted to evaluate the composite beads’ ability to 

Fig. 6.2  SEM images at low and high magnification of (a, b) BE@AL-AD, (c, d) BE@AL-FD, 
(e, f) PS@AL-AD, and (g, h) PS@AL-FD composite beads
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adsorb Cd ions, considering factors such as adsorbent dosage, equilibrium time, 
temperature, starting pH, and Cd content. XRD analysis revealed that the phosphate 
sludge contained fluorapatite, quartz, dolomite, and calcite, while the primary com-
ponent of the raw clay, according to XRD analysis, was montmorillonite. Alginate’s 
structure was identified as amorphous. The Langmuir isotherm models showed 
applicability during the adsorbing process, with equilibrium attained in under 
180 min suggesting temperature was a crucial factor influencing cadmium recovery. 
The synergistic combination of Moroccan clay in addition to phosphate washing 
sludge, and alginate within composite beads demonstrated considerable prospect as 
a cheaper alternative material for the elimination of cadmium (Ayouch et al. 2020b).

A study led by Thakur et  al. focused on developing sustainable materials for 
elimination of metals, specifically targeting cadmium (Cd), chromium (Cr), and 
lead (Pb) in wastewater. Three different beads—Zero Valent Iron (ZVI), Activated 
Carbon (AC), and ZVI-AC—combinations were tried with ZVI-AC-Na alginate 
beads emerging with maximum efficacy, achieving a removal efficiency hierarchy 
of Pb (96%) > Cr (59%) > Cd (39%). The adsorption of these metals is linked to the 
existence of functional groups, specifically carboxyl (–COO) and hydroxyl (–OH). 
With metal contamination from agricultural and industrial sources posing a signifi-
cant environmental concern, alginate beads have gained attention for their metal-
removal potential. The study utilized materials such as calcium chloride dihydrate, 
sodium borohydride, sodium alginate, and ferric chloride hexahydrate with ZVI 
synthesized via NaBH4 reduction. Pb exhibited the highest adsorption rate, followed 
by Cr and Cd with ZVI-AC-Na alginate beads highlighting the superior adsorption 
capabilities of synthesized beads and emphasizing their potential as an eco-friendly 
and effective material in the elimination of metals from site contamination (Thakur 
and Kumar 2021).

Shasha Wu et al. directed research focusing on the development of a modified 
sodium alginate aerogel for purpose of eliminating lead (Pb) and cadmium (Cd) 
ions. The SA-DMSA adsorbent was formulated using sodium alginate (SA) modi-
fied with dimercaptosuccinic acid (DMSA), followed by examining the morphol-
ogy and surface area using SEM. The resulting indicated a rough and porous surface, 
providing increased binding sites for metal ions. The average pore width was mea-
sured at 9.1726 nm, and was determined to be 0.0034 cm3/g. The BET surface area 
of SA-DMSA was calculated to be 2.3890 m2/g, indicating a favorable structural 
configuration for enhanced adsorption capabilities. The modified sodium alginate 
aerogel, SA-DMSA, demonstrated promising results in adsorbing lead and cad-
mium ions from wastewater. The rough and porous surface of SA-DMSA contrib-
uted to an augmented adsorption capacity along with increasing contact area for 
effective elimination of heavy metals (Wang et al. 2020).

Castro et al. devised an effective remediation strategy for effluents with uranium 
generated by the nuclear energy sector, aiming to prevent their release into the envi-
ronment. The research focused on employing microbial-based approaches, specifi-
cally utilizing the Stenotrophomonas sp. Br8. The experimental procedure involved 
refining the immobilization of Br8 biomass within alginate beads to safeguard the 
cells and enhance the feasibility of large-scale implementation. Remarkable results 
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were achieved, with uranium immobilization rates reaching approximately 98% 
after a single 72-h cycle using Br8-doped alginate beads. The approach combines 
slow active biomineralization and passive sorption onto the bead and/or cell sur-
faces by immunized cells, showcasing the effectiveness of microbial-based tech-
niques in uranium removal. The study addresses the challenges of upscaling such 
approaches, particularly in exposing cells to adverse environmental conditions. The 
immobilized biomaterials underwent analysis using techniques such as FTIR with 
Attenuated Total Reflectance, Environmental Scanning Electron Microscopy 
(ESEM). The application of biocompatible alginate beads for Br8 cell immobiliza-
tion demonstrated high uranium immobilization rates, offering a practical method 
for extraction of uranium from mining waters. The findings contribute valuable 
insights into the biological and physico-chemical aspects of an effective uranium 
bioremediation method utilizing immobilized bacterial cells, with implications for 
the development of microbial-based remediation techniques in the nuclear energy 
sector (Sánchez-Castro et al. 2021).

Liu et al. (2020) focused on removing cadmium (Cd(II)) from wastewater utiliz-
ing water hyacinth biochar alginate beads. Water hyacinth-derived biochar has pre-
viously exhibited efficacy in managing invasive species and eliminating heavy 
metals. The objective of the research is to investigate the extraction of Cd(II) from 
aqueous solutions using water hyacinth biochar encapsulated in alginate. The sorp-
tion process was evaluated at varying temperatures, with maximal sorption of Cd(II) 
observed at 37 °C and pH 6. The Freundlich and Langmuir equations were employed 
to model sorption equilibria, with the Langmuir isotherms exhibiting a superior fit. 
Pseudo-first-order kinetics governed the sorption of Cd(II), demonstrating increased 
effectiveness at temperatures above 500 °C. The encapsulated water hyacinth bio-
char alginate beads exhibited efficient removal of Cd(II) from wastewaters. The 
research utilized water hyacinth biochar processed with ferric/ferrous sulfate and 
encapsulated with alginate. Measurements of surface area, pore size, and pH were 
performed on biochar as well as modified biochar. Magnetically modified biochar 
treatments demonstrated distinct surface morphological characteristics, including 
iron distribution. The study emphasizes the potential applications of water hyacinth 
biochar for wastewater treatment, particularly in the efficient removal of Cd(II). The 
sorption dynamics were influenced by Cd concentration, pH, and solution tempera-
ture, with higher temperature-generated biochar demonstrating more effective 
Cd(II) elimination. The encapsulated water hyacinth biochar alginate beads hold 
promise for practical use in wastewater treatment applications (Liu et al. 2020).

Shim et  al. aimed to develop an economical wastewater treatment system to 
remove heavy metal ions, specifically arsenic (As) and cadmium (Cd). The study 
introduced a novel composite, alginate beads impregnated with MnO2 (CABs- MO), 
and assessed its adsorption capacity for As and Cd. The investigation included an 
analysis of adsorption isotherms, removal kinetics, and the effectiveness of various 
regeneration agents for the adsorbent. The creation of CABs-MO involved encapsu-
lating nanocrystalline MnO2 in calcium alginate microcapsules. The study also 
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assessed the performance of different regeneration agents, such as distilled water 
and 10 mM HCl. Physicochemical characteristics and surface texture of the adsor-
bents were evaluated using BET, Langmuir, SEM-EDS, and XRD techniques. In 
terms of regeneration, the agent 10 mM HCl was more effective than pure water for 
removing As. The study underscores the potential of synthesizing sustainable and 
cost-effective techniques for treatment of wastewater. However, the research 
acknowledges the need for further investigation to understand its efficacy in remov-
ing emerging contaminants. The innovative composite beads with diverse physico-
chemical characteristics demonstrate potential for decontaminating wastewater 
economically and environmentally (Shim et al. 2019).

Oulguidoum et al. (2019) synthesized sulfonate-functionalized hydroxyapatite 
(wBDS-HAp)  by incorporating benzoenedisulfonate molecules into natural phos-
phate. The objective was to enhance the ability of adsorption of hydroxyapatite for 
eliminating cadmium (Cd) from water, addressing environmental and occupational 
concerns associated with this heavy metal. Successful integration of sulfonate 
groups, specifically −SO3 acid groups, into the hydroxyapatite matrix made the 
modified apatites adaptable adsorbents for Cd(II) cations. The hybrid apatites dem-
onstrated promising results in cadmium removal, exhibiting the highest capacity for 
adsorption of 457 mg/g. The experiments were directed to analyze the effectiveness 
of wBDS-HAp for cadmium removal, comparing its kinetics with those of pure 
hydroxyapatite (HAp) and natural phosphate (NP). The experimental data for chem-
ical adsorption aligned with the Ho-second-order kinetic model. Various character-
ization techniques, including nitrogen adsorption-desorption, XRD, and thermal 
gravimetry (TG), were employed to analyze the modified apatites. The addition of 
benzoenedisulfonate molecules and the resulting sulfonate functionalization aimed 
to create new active sites on the hydroxyapatite surface, enhancing its interaction 
with hazardous cadmium species in water. The study suggests that the Cd(II) 
removal kinetics of wBDS-HAp are superior to those of pure HAp and NP. The 
findings underwrite to the development of effective and versatile adsorbents for 
heavy metal cleanup, addressing concerns in the scientific community regarding 
water and soil remediation methods (Oulguidoum et al. 2019).

Wang et al. fabricated phosphate-embedded calcium alginate beads for the effec-
tive sorption and immobilization of Pb(II) and Cd(II) in solutions. The optimum pH 
range for Pb(II) and Cd(II) sorption was determined to be 4.0 and 5.5, respectively. 
The sorption mechanism involved the penetration of heavy metal ions into the 
beads, followed by precipitation with phosphate radicals. The sorption demon-
strated capacities of 263.16 mg/g and 82.64 mg/g, respectively, following the 
Langmuir isotherm model. Overall, the research highlights the critical importance 
of developing efficient sorbents for various environmental applications, addressing 
the pressing issue of heavy metal contamination (Wang et al. 2016).
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6.2.3 � Alginate-Based Biosorbents for Removal of Uranium

Saha et al. conducted research with the aim of developing an effective sorbent for 
the deletion of uranium, resulting in the creation of a novel sorbent named HAP-
AC-Alginate. This sorbent involved coating nano-hydroxyapatite onto activated 
carbon, followed by immobilization within the alginate matrix. The study focused 
on assessing the sorbent’s efficacy in eliminating uranium from portable water, with 
demonstrated efficiency exceeding 92%. The HAP-AC-Alginate hydrogel bead 
exhibited a maximum sorption capacity of 18.66 mg g(−1). The study also investi-
gated the sorbent’s performance in the presence of interfering ions (Na+, Ca2+, and 
Fe3+), demonstrating the continued effectiveness of the synthesized beads. In con-
clusion, the HAP-AC-Alginate beads proved to be a promising extraction sorbent 
for eliminating uranium from water, showcasing high efficiency and potential appli-
cability in water purification processes (Saha et al. 2020).

Zahakifar et al. delved into fabrication of hybrid nanostructure adsorbent crafted 
using a casting approach, incorporating sodium alginate (SA), polyvinyl alcohol 
(PVA), polyethylene oxide (PEO), and ZSM-5 zeolite. The chief objective of the 
research was to assess the efficiency of this nanohybrid adsorbent in sequestering 
uranium (VI) ions from aqueous solutions. The nanohybrid adsorbent, designated as 
SAPVAPEOZSM-5, was synthesized through the casting procedure, and its charac-
teristics were assessed through BET and SEM. The highest adsorption capacity for 
uranium ions was identified to be 92.76 mg g−1 under conditions of 45 °C and pH 
5.0. Furthermore, the nanohybrid adsorbent exhibited promising regeneration capa-
bilities, with the adsorption capability changing by <20% after about five adsorption-
desorption cycles. The findings deliver valuable understandings into the development 
of effective nanohybrid adsorbents for the elimination of uranium (Zahakifar 
et al. 2021).

In this study, Akhtar et al. observed that the efficiency of Ca-alginate immobi-
lized Trichoderma harzianum in the extracting as well as recovering uranium was 
investigated. Experimental results showcased the effectiveness of packed bed col-
umn operations under varying conditions, including flow rates, bed heights, and 
initial uranium concentrations. Breakthrough curves indicated that a 1.5 g of immo-
bilized material in column can effectively purify 8.5 L of bacterial leach liquor with 
the early uranium concentration of 58 mg/L before saturation occurred, achieving a 
total purification of 25 L under optimum conditions. The study illustrated that ura-
nium removal was maximized at a flow rate of 5 ml/min and a bed height of 25 cm, 
with the immobilized biomass achieving removal rates of up to 97.3%, compared to 
75.3% for the free biomass at 100 mg/L uranium concentration. The bio-regeneration 
of the biosorbent was effectively performed using 0.1 N HCl, resulting in elution 
efficiency of 98.1–99.3%. The research concludes that using Ca-alginate as a sup-
port matrix not only enhances biosorption performance but also contributes to envi-
ronmental remediation efforts by providing an efficient method for uranium 
extraction from wastewater streams (Akhtar et al. 2009).
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In a study led by Jing Yu and collaborators, the efficacy of calcium alginate gel 
beads in removing uranium from water solution was investigated. The presence of 
uranium in the environment positions a substantial risk to human health and eco-
logical systems, prompting the exploration of various techniques, including adsorp-
tion, for uranium extraction. Alginate, recognized as a biopolymer with exceptional 
selectivity and effectiveness as an adsorbent, has been extensively researched in this 
context. The study identified that maximum adsorption was observed at 237.15 mg 
U/g. Furthermore, the consequence of varying temperature on U(VI) adsorption 
was examined. The findings suggest that calcium alginate gel beads exhibit promise 
as an effective means for removing uranium from aqueous solutions, providing 
insights into their potential application in addressing environmental uranium pollu-
tion (Yu et al. 2017).

Li and colleagues conducted a study focusing on immobilizing uranium (VI) 
from aqueous solutions, utilizing a novel adsorbent termed GO/FeS. This adsorbent 
was developed by attaching graphene oxide onto nanoscale iron sulfide (FeS). XPS 
was employed to explore the mechanistics of immobilizing U(VI) onto GO/FeS. The 
significance of immobilizing uranium, a hazardous radioactive element prevalent in 
nuclear technology, is underscored by its extreme toxicity and mobility, necessitat-
ing the use of suitable materials for environmental and public health protection. The 
experimental setup involved the use of substances such as uranyl nitrate, iron sulfate 
heptahydrate, and sodium sulfide nonahydrate. The modified Hummers technique 
was employed in the preparation of graphene oxide (GO), while the coprecipitation 
process using iron sulfate hexahydrate and sodium sulfide nonahydrate facilitated 
the creation of GO/FeS nanocomposites. The integration of FeS nanoparticles onto 
the GO surface generated more reactive sites in comparison to pure FeS or GO. The 
SEM-EDS results for the said composite sample treated with U(VI) solutions at 
acidic conditions revealed contents of 37.46% carbon, 21.01% oxygen, 14.59% sul-
fur, 6.47% uranium, and 20.48% iron (Fig. 6.3). The study demonstrated a notable 
adsorption ability of 347.2 mg/g for U(VI) by GO/FeS. The primary mechanism 
identified for U(VI) immobilization on GO/FeS was a synergistic interplay in the 
surface adsorption and reduction/precipitation processes. This discovery positions 
GO/FeS as a possible material in the remediation of contaminated water with U(VI), 
showcasing its ability for application in effectively treating uranium-containing 
effluents (Li et al. 2021).

Wei Lu and colleagues conducted a study focusing on the development of a com-
posite hydrogel, referred to as PCG, designed for adsorbing uranium (VI) from 
aqueous solutions. Structural analysis using FTIR revealed distinctive peaks indica-
tive of functional groups present in the composite hydrogel. Furthermore, equilib-
rium outcomes were effectively explained by the Langmuir model, suggesting 
monolayer adsorption on PCG.  An important feature of PCG highlighted in the 
study is its outstanding regeneration capabilities, coupled with the ease of isolation 
from aqueous solutions. These characteristics, combined with the high adsorption 
capability and selective adsorption of U(VI), position PCG as a promising and valu-
able material for the absorption of uranium from wastewaters. The composite 
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Fig. 6.3  SEM-EDS results of GO/FeS reacted with U(VI) at acidic condition. (Reproduced with 
permission from Li et al. (2021))

hydrogel offers potential applications in addressing environmental concerns related 
to uranium contamination (Lu et al. 2020).

Yan-Rong et  al. focused on the preparation and evaluation of melamine-
formaldehyde alginate (MF-A) aerogel for the adsorption with huge size and pores 
were instrumental in facilitating a comprehensive understanding of the U(VI) 
adsorption process. Porous organic polymers (POPs) have expanded attention for 
U(VI) elimination due to their chemical stability and three-dimensional network 
structure. The highest adsorption capacity of MF-A aerogel for U(VI) was observed 
at pH 4.0, reaching 211.22 mg g(−1). The alginate content in MF-A aerogel played a 
significant role in determining its U(VI) removal efficiency. The pH of the solution 
emerged as a critical factor affecting the adsorption capacity, with optimal removal 
efficiency observed in the pH range of 2.0–5.5. Beyond pH 5.5, a decline in U(VI) 
removal efficiency was noted. The study highlighted the promising performance of 
MF-A aerogel in U(VI) adsorption, facilitated by its larger size and network struc-
ture with pores. Alginate proved to be a crucial component in the U(VI) adsorption 
process. The findings contribute a novel approach to the development of U(VI) 
adsorbents, emphasizing the potential of MF-A aerogel for effective elimination of 
uranium from the aqueous solutions (He et al. 2019).

El-Maghrabi et al. conducted a study focused on the synthesis and characteriza-
tion of magnetically modified hydroxyapatite nanoparticles (MNHA) designed for 
the extraction and eradication of uranium (VI) ions from wastewater. The research 
aimed to optimize MNHA’s adsorption capacity and investigate its efficiency, mech-
anisms, and reusability in treating uranium-contaminated water. MNHA nanoparti-
cles were efficiently synthesized using a microwave-assisted method. The adsorption 
efficacy of MNHA was evaluated by shaking the adsorbent with solutions contain-
ing uranyl ions at different concentrations and ionic strengths. The XRD patterns 
confirmed the presence of a well-crystallized single-phase hydroxyapatite and 
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α-Fe2O3 phase after magnetic modification. Equilibrium was achieved after 
120 min of contact time at 25 °C, with a maximum adsorption capacity of 310 mg/g. 
The Langmuir adsorption isotherm model effectively explained the experimental 
data, and the pseudo-second-order model accurately represented the kinetics of the 
adsorption process. The study also delved into the recovery and reusability of 
MNHA beads, providing valuable insights into the practical application of the syn-
thesized nanoparticles for uranium removal from wastewater. Overall, the success-
ful development and characterization of MNHA nanoparticles demonstrated high 
adsorption capacity and efficiency, making them promising candidates for address-
ing uranium contamination in water treatment processes (El-Maghrabi et al. 2019).

Jie Meng et al. led a study focusing on the production and characterization of a 
gelatin/PVA composite nanofiber band coated with bayberry tannin (GPNB-BT) for 
the eradication of uranium from simulated seawater. The synthesized composite 
exhibited a nano-network topology with a fiber diameter ranging from 200 to 400 
nm, contributing to its enhanced uranium adsorption capability. Decreasing fiber 
diameter during the curing process led to an increase in both tannin content and 
uranium adsorption capacity. The synthesis of GPNB-BT involved dissolving bay-
berry tannin (BT) in water, combining it with gelatin/PVA, adding glutaraldehyde, 
and subsequently forming the resulting material. The highest capacity of GPNB-BT 
to adsorb uranium was determined to be 170 mg/g under certain conditions, includ-
ing an initial uranium concentration of 80 mg/L and a pH of 5.5. Notably, GPNB-BT 
exhibited remarkable adsorption capacity even at extremely low initial uranium 
concentrations, such as 3 μg/L in simulated seawater. The unique nano-network 
structure and strong uranium adsorption ability of GPNB-BT make it an ideal mate-
rial for applications in the enrichment and separation of uranium in radioactive 
wastes and saltwater (Xiao et al. 2023).

6.2.4 � Alginate-Based Biosorbents for Eradication 
of Chromium

The research by Daradmare et  al. is centered on the utilization of metal-organic 
frameworks (MOFs) combined with alginate beads (MOFs@ABs). The study dem-
onstrates a notable Cr(VI) removal efficiency of about 98% at the initial pH. Two 
different MOFs, UiO-66 and ZIF-8, were incorporated into alginate beads (UiO-66@
ABs and ZIF-8@ABs, respectively), and their Cr(VI) adsorption capabilities were 
compared. The observations revealed that UiO-66@ABs exhibited superior Cr(VI) 
adsorption compared to ZIF-8@ABs. The study also explored the desorption pro-
cess using 2 M HCl, suggesting that UiO-66@ABs could potentially be regenerated 
after adsorption. Optimization experiments were conducted with UiO-66@ABs, 
varying the loading volumes of UiO-66, and the results were analyzed using the 
DPC method to determine Cr(VI) concentrations. The adsorption ability and the 
extraction percentage were optimized using UiO-66@ABs with specific loading 
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volumes, with the maximum equilibrium adsorption capacity reaching 2.181 mg 
g(–1) and a removal percentage of 76%. Increased loading volumes of UiO-66 further 
improved the adsorption ability and removal efficiency, highlighting the potential of 
MOFs/alginate composite beads, particularly UiO-66@ABs, as effective adsor-
bents in the elimination of Cr(VI) (Liu et al. 2023; Cheng et al. 2023).

In the research conducted by Khan et  al., a biobased amphoteric aerogel was 
developed using amine-modified clay-enriched chitosan/alginate for the purpose of 
adsorbing organic dyes and chromium (VI) ions from aqueous solutions. The aero-
gel exhibited notable features like high thermal stability and an organized, fishing 
net-like microstructure with interconnected holes, facilitating effective adsorption. 
The adsorption capabilities of the aerogel were assessed for MB, acid black, and 
hexavalent chromium ions. The study aimed to address the challenge of finding 
effective amphoteric adsorbents for the treatment of complex wastewater using nat-
urally occurring, renewable macromolecular polysaccharides. The aerogel was pre-
pared through a process involving post-ionic crosslinking and freeze-drying. The 
aerogel demonstrated excellent thermal stability and a unique microstructure suit-
able for efficient adsorption. The adsorption capacities for MB, acid black, and 
hexavalent chromium ions were reported as 73.1 mg/g, 71.5 mg/g, and 62.4 mg/g, 
respectively. The combination of great performance, affordability, and recyclability 
positions the biobased aerogel as a potential alternative in the treatment of industrial 
wastewater (Guan et al. 2022; Wu et al. 2023).

In the study by Venkatrajan Gopalakannan et al., a sustainable bio-composite, 
termed alumina/alginate (AlAlg) composite, was synthesized for effective removal 
of chromium(VI). The synthesis involved the even dispersion of alumina particles 
within the alginate polymeric material, ensuring an environmentally friendly pro-
cess. The composite was characterized using FTIR, SEM, and EDAX analyses to 
elucidate its structural and elemental properties. The SEM micrographs of the bio-
composite before and after Cr(VI) sorption illustrate a distinct disparity, indicating 
that sorption occurred onto the biocomposite (Fig.  6.4). The AlAlg composite 
exhibited a superior maximum sorption capacity (17.45 mg/g) compared to the 
CaAlg composite. Thermodynamic parameters were calculated to understand the 
nature of chromium sorption, with electrostatic adsorption identified as the primary 
mechanism governing the sorption process. The AlAlg composite proved to be an 
inexpensive, environmentally benign, non-toxic as well as biocompatible and bio-
degradable material suitable in the selective removal of chromium(VI). The research 
underscores the development of sustainable and efficient methods for chromium 
remediation (Gopalakannan et al. 2016).

This study focuses on the development of hydrothermally aided magnetic nano-
hydroxyapatite entrapped alginate beads for efficient Cr(VI) absorption from water. 
The highest recorded sorption capacity within 40 min was 29.14 mg/g, showcasing 
the efficacy of the adsorption process in removal of chromium. The adsorbents were 
characterized using an FTIR spectrometer, revealing the presence of crucial func-
tional groups. SEM analysis provided insights into the surface morphology of both 
the artificial magnetic hybrid beads and the magnetic hybrid beads after sorption 
with Cr(VI). Positive changes in entropy (ΔS°) values indicated a favorable affinity 
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Fig. 6.4  SEM images of (a) AlAlg composite and (b) Cr(VI) sorbed AlAlg composite, EDAX 
spectra of (c) AlAlg composite and (d) Cr(VI) sorbed AlAlg composite. (Reproduced with permis-
sion from Gopalakannan et al. (2016))

of the produced adsorbents for binding chromium ions. For the formation of beads, 
the components utilized were calcium chloride dihydrate and sodium alginate. The 
adaptability of these beads in field circumstances was examined using field water 
contaminated with Cr(VI). Overall, the developed magnetic nano-hydroxyapatite 
encapsulated alginate beads, with hydrothermal assistance, demonstrated effective 
and promising uptake of Cr(VI) from water, showcasing potential applications in 
field settings for the removal of chromium contamination (Periyasamy et al. 2018).

The study investigated the potential of Turbinaria turbinata, a brown alga preva-
lent in tropical regions, as a sorbent in the elimination of hexavalent chromium from 
aqueous media. The sorbent utilized was biomass derived from Turbinaria turbi-
nata, and multiple techniques were used to modify its structure and surface, aiming 
to enhance its adsorption capabilities. Notably, surface modification through acid 
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treatment and structural modification involving activated carbon preparation were 
performed (Yacou et al. 2018).

The research by Lv et  al. focuses on the synthesis of Fe0 NPs embedded in 
reduced graphene oxide-alginate beads (Fe@GA beads) for the efficient removal of 
chromium (VI) from aqueous solutions. The study addresses challenges associated 
with technologies utilizing zero- valent iron nanoparticles (Fe0 NPs) where the 
manufacturing process involves trapping Fe0 NPs within an alginate gel modified 
with graphene oxide, creating Fe@GA beads reduction via in-situ. The efficacy of 
Fe@GA beads in Cr(VI) removal was assessed by considering various parameters 
such as initial Fe and alginate concentrations, temperature, solution pH, and ionic 
strength. The beads exhibited remarkable mechanical strength and efficiency in 
removing Cr(VI). The rate-limiting step in the procedure was identified as the 
adsorption of Cr(VI) onto the bead surface, highlighting the role of Fe0 NPs in sub-
sequent reduction. The study concludes that Fe@GA beads, enhanced with reduced 
graphene oxide and pre-reduction treatment, effectively eradicate Cr(VI) from 
aqueous solutions. The combination of adsorption and reduction processes contrib-
utes to the beads’ ability to address chromium pollution in water bodies. The results 
pinpoint the potential of Fe@GA beads as an upcoming solution for pollutant 
removal in environmental remediation (Lv et al. 2017).

The study directed by Gokila et al. investigates the efficacy of chitosan and algi-
nate nanocomposites for the elimination of chromium (VI) from wastewater. 
Nanocomposites, composed of two or more constituent materials at the nanoscale, 
were created by combining chitosan and alginate in appropriate proportions. The 
nanocomposites were subjected to physicochemical characterization methods, 
where SEM analysis revealed that the surface morphology of chitosan-alginate 
nanocomposites was rough and porous. The addition of glutaraldehyde for cross-
linking altered the nanocomposites’ shape and enhanced their adsorption capacity. 
The nanocomposites exhibited high sorption capacity, and the adsorption equilib-
rium data fitting well with the Freundlich isotherm indicated multilayer adsorption. 
The kinetics of chromium (VI) elimination was perfectly described by the second-
order reaction kinetics model, whereas the glutaraldehyde-infused CS-AL nano-
composites displayed a single glass transition (Tg), indicating good miscibility of 
components. Overall, the study concludes that chitosan and alginate nanocompos-
ites are superior biosorbents for removing chromium (VI) from wastewater. The 
demonstrated high sorption capacity, multilayer adsorption behavior, and good 
component miscibility suggest potential applications in heavy metal removal and 
wastewater treatment (Gokila et al. 2017).

In the research conducted by Mishra et al., the focus was on synthesizing hollow 
carbon nanofibers (CNFs) grafted with triethanolamine and supported on carbon 
beads using a template technique for the extraction of hexavalent chromium (Cr(VI)) 
ions from water. The hollow CNF was cultured on carbon beads through a templat-
ing process with in situ integrated Cr nanoparticles serving as catalysts. Subsequent 
removal of nanoparticles from the CNF tips resulted in the formation of hollow 
CNFs. The synthesis involved chemical vapor deposition of CNFs on carbon beads 
with in situ integrated Cr nanoparticles, followed by ultrasonication to remove the 
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nanoparticles and create hollow CNFs. The triethanolamine-grafted hollow carbon 
nanofibers supported on carbon beads exhibited a significant Cr(VI)-adsorption 
capacity of approximately 51 mg/g at an initial concentration of 125 ppm and a 
solution pH of 4.5. Importantly, the material demonstrated insignificant interference 
toward the coexisting metal ions already present in water, highlighting its selectivity 
for Cr(VI) adsorption. The templating method utilized in this research holds prom-
ise for creating patterns for the eradication of other metals from wastewater, sug-
gesting potential applications and further developments in the future (Mishra and 
Verma 2016; Šillerová et al. 2015).

In the study conducted by Hana Sillerová et al., Brewer’s draff and grape waste, 
both serving as biosorbents, were encapsulated within calcium alginate beads to 
assess their effectiveness in removing Cr(VI) from aqueous solutions. The investi-
gation revealed that the type and proportion of waste significantly influenced both 
the diameter of the beads and the efficiency of Cr(VI) removal. Particularly, beads 
containing 4% (w/w) of grape waste exhibited the highest performance in removing 
Cr(VI). The sorption efficiencies of the encapsulated wastes were notably higher 
compared to using the wastes in their original states. The study aimed to evaluate 
the impact of encapsulation factors on bead diameter and Cr(VI) sorption kinetics. 
Brewer’s draff and grape waste were incorporated into calcium alginate beads, 
resulting in twenty-one distinct types of beads with variations in waste type, propor-
tion, and CaCl2 curing period. Statistical analysis using SPSS software was 
employed for data interpretation. The study observed that the diameter of the beads 
increased with a higher amount of contained biomaterial, with grape waste-
containing beads being larger than brewer’s draff-containing beads. Notably, beads 
with 4% (w/w) of grape waste exhibited optimal Cr(VI) removal efficiency. 
Additionally, the Cr(VI) sorption kinetics in grape waste beads did not exhibit sig-
nificant variations concerning curing time. The findings highlighted the substantial 
influence of waste type and proportion on bead diameter and Cr(VI) removal effi-
ciency. Encapsulated biosorbents, particularly those containing grape waste, dem-
onstrated enhanced sorption efficiency compared to their native waste counterparts 
(da Costa et al. 2022; Li et al. 2019).

6.3 � Conclusion

Alginate-based biosorbents emerge as a transformative solution to address the 
pressing issues of water pollution due to heavy metals and dye-based contaminants 
due to their biocompatibility, and cost-effectivity along with enhanced adsorption 
capacity. The chapter highlights the unique advantages of sodium alginate over the 
traditional treatment methods, particularly by modifying to create composites and 
nanoparticles leveraging the advancements in material sciences. The incorporation 
of nanoparticles with biopolymers demonstrates superior performance in removing 
a wide array of pollutants demonstrating superiority. The sustainable 
alginate-derived products mitigate the environmental pollution along with aligning 
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with growing demand for eco-friendly remediation strategies. A refine an optimized 
biosorbents will hold a significant potential for future applications in water purifica-
tion, paving the way for more sustainable and effective solutions to global water 
quality challenges.
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Chapter 7
Use of Pectin for Degradation 
of Environmental Pollutants

Dipika Panmand, Shankar Khade, Debashis Dutta, and Jyoti Srivastava

Abstract  Environmental pollution poses a growing threat to the planet’s ecosys-
tems and human health. Various manufacturing industrial chemicals released into 
the water include dyes, phenolic derivatives, heavy metals, and other industrial 
waste materials that can act as hazardous pollutants affecting the animals nearby. 
The pectin-based nanocomposites such as pectin-graphene oxide, pectin-thorium 
tungsto-molybdate, pectin-cadmium sulfide, pectin-graphene oxide-magnesium 
ferrite-zinc oxide, etc. have been effective in adsorption or photocatalytic bioreme-
diation pollutants. The dual-responsive pectin-graphene oxide nanocomposites are 
efficient in the adsorption of heavy metal Cr (III) ions and act as photocatalyst to 
degrade organic dyes in the water. In this context, using naturally occurring com-
pounds to combat pollutants has gotten a lot of attention. A natural polymer pectin 
can potentially help to reduce this global issue by assisting the degradation of envi-
ronmental pollutants. Pectin comes from fruits like citrus and apples. It’s been rec-
ognized as a good way to fight against pollutants because it’s biodegradable and not 
toxic. The chemical structure of it is both effective as a catalyst and adsorbent for 
various types of contamination like heavy metals, organic dyes, and industrial waste.

There are three ways that pectin breaks down pollutants: adsorption, coagulation, 
and precipitation. All these ways eventually separate the pollutant from its water 
sources. Pectin also has certain functional groups that form complexes with con-
taminants that assist in removing the pollutants. The nanocomposites made with 
pectin or modified pectin derivatives help to remove and degrade the pollutants.
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7.1 � Introduction

Pectin is a soluble fiber found in fruits and vegetables. Galactose is the source of 
galacturonic acid, the main chemical component of pectin (Gawkowska et al. 2018). 
Commercially produced citrus fruits are used to make pectin, which is a white to 
light brown powder (Twinomuhwezi et al. 2020). It is utilized as an edible gelling 
ingredient, especially in jams and jellies, dessert fillings, medications, and confec-
tions, as well as a food stabilizer in fruit juices and milk drinks. It is also a source of 
nutritional fiber (Bagal-Kestwal et al. 2019).

Pectin Sources:
Pears, apples, guavas, quince, plums, gooseberries, oranges, and other citrus 

fruits contain high quantities of pectin; soft fruits such as cherries, grapes, and 
strawberries include trace amounts of the fruit (May 1990; Srivastava and Malviya 
2011). Dried citrus peels and apple pomace, both byproducts of juice production, 
are the primary raw materials used in the manufacturing of pectin (Güzel and 
Akpınar 2019). A tiny amount of sugar beet pomace is also utilized (Table 7.1).

7.2 � Applications of Pectin

7.2.1 � Food Industry

In the food business, pectin is typically utilized as an emulsifying, thickening, sta-
bilizing, and gelling ingredient (Brejnholt 2009; Vanitha and Khan 2019). Pectin is 
frequently utilized in wet and viscous meals because it helps produce hydrogels. 
Because pectin is widely used in desserts, fruit juices, jams, jellies, and dairy goods, 
its gelling qualities are well known (May 1990; Christensen 2020).

7.2.2 � Biomedical Formulations

Pectin, a polysaccharide with promising health effects, is being investigated as an 
innovative biomaterials technology for various applications such as drug delivery, 
gene delivery, wound healing, cholesterol reduction, tissue engineering, membrane 

Table 7.1  Typical levels of 
pectin in various natural 
sources (Srivastava and 
Malviya 2011)

Apples 1–1.5%
Apricots 1–1.5%
Cherries 0.4%
Oranges 0.5–3.5%
Carrots 1.4%
Citrus peels 30%
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fabrication for contact lens development, artificial corneas, catheters, anticancer 
activities, and mucosal and gastrointestinal drug delivery (Kedir et  al. 2022; 
Prasathkumar et al. 2023; Abualsoud et al. 2025).

7.2.3 � Degradation of Environmental Pollutants

7.2.3.1 � Heavy Metal Removal

Pectin’s ability to chelate heavy metals like lead, cadmium, and mercury makes it 
effective in removing these contaminants from wastewater and soil (Zhexenbay 
et al. 2020). Pectin-based biofilters and adsorbents can immobilize heavy metals, 
preventing their release into the environment.

7.2.3.2 � Organic and Inorganic Pollutant Degradation

Pectin’s adsorption capacity allows it to capture organic pollutants, including pesti-
cides, herbicides, and dyes from wastewater. Paulino et al investigated the signifi-
cant role of pectin hydrogels modified with montmorillonite in the removal of 
synthetic dye methylene blue and herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) 
from the wastewater (Fernandes Filho et  al. 2023). In addition, the pectin plays 
pivotal in the removal of heavy metals. Dandan et  al formulated a pectin and 
β-cyclodextrin composite and successfully used in removing the Zn2+ and Cu2+ by 
adsorption (Fu et al. 2024). Similarly, Wang et al. developed the hydrogel beads of 
pectin with carboxy methyl cellulose (CMC) using chitosan as crosslinker and effi-
ciently removed the Cd2+, Pb2+, and Cu2+ from the water (Zhang et al. 2025).

7.2.3.3 � Microplastic Degradation

Microorganisms produced by pectin can develop enzymes which degrade micro-
plastics in smaller molecules. Han et al investigated the polyethylene and polypro-
pylene plastics degradation using the fungal consortia Aspergillus niger, 
Cunninghamella elegans along with pectin-biochar beads which enhanced the deg-
radations (Arshad et al. 2025).

7.3 � Structure of Pectin

Pectin has a complicated structure that changes based on where it comes from. All 
pectins, however, have a-D-galacturonate residues as their common backbone. 
1,4-Glycosidic linkages bind these residues together. It’s possible that the 
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galacturonate residues are methyl esterified, in which case the carboxyl group (–
COOH) is joined to a methyl group (–CH3). Methyl esterification (DM) can range 
from 0% to 100% in degree (Ropartz and Ralet 2020).

In addition to its galacturonate backbone, pectin can also include side chains of 
neutral sugars such as arabinose, galactose, and rhamnose. These side chains come 
in different lengths and compositions, and they can be either branched or unbranched. 
Pectin’s structure is what gives it its special qualities. The gelling ability of pectin is 
attributed to its galacturonate backbone, with its solubility and viscosity being influ-
enced by its side chains. The characteristics of pectin are likewise impacted by 
DM. For instance, compared to pectin with a low DM, pectin with a high DM is 
more soluble and has a poorer gelling ability (Gawkowska et al. 2018).

Pectin is a substance with several uses in the food business due to its versatility. 
It functions as an emulsifier, stabilizer, thickening, and gelling agent. Certain 
medicinal and cosmetic items also include pectin.

7.4 � Properties of Pectin

Gelling ability  When calcium ions are present, pectin can gel. Pectin produces 
strong, transparent gels that are heat stable (Said et al. 2023).

Thickening ability  Pectin can thicken liquids, increasing their viscosity. This 
property is useful in sauces, jams, and jellies (Ebrahim et al. 2023).

Stabilizing ability  Pectin can stabilize emulsions, preventing them from separat-
ing. This property is useful in dairy products, such as yogurt and ice cream (Leroux 
et al. 2003).

Emulsifying ability  Pectin can help to emulsify two immiscible liquids, such as 
oil and water. This property is useful in salad dressings and mayonnaise (Yang et al. 
2018). Dapeng et al. investigated that the pectin extracted from the persimmon peel 
exhibited a significant natural emulsifying property that can be used in the food 
industries (Jiang et al. 2020).

7.5 � Pectin Extraction

Pectin is primarily produced from citrus peels (85%), apple pomace (14%), and 
beetroot (1%), on an industrial scale (Pereira et al. 2016). However, new studies 
suggest that pectin can be extracted from a range of food industry by-products, 
enabling the assessment of agro-industrial waste. Some of the by-products that have 
recently been studied include the peels of passion fruit, mango, grape marc, jack-
fruit, kiwi, potato pulp, melon peels, watermelon peels, coffee pulp, cocoa shells, 
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banana peels, pomegranate peels, durian peels, okra pods, pumpkin peels, and 
papaya peels (Oliveira et al. 2016; Dao et al. 2021). On a large scale, pectin is usu-
ally produced by alcoholic precipitation and acid extraction, despite the significant 
energy and solvent costs. This can be explained by the process’s simplicity of opera-
tion. The process of acid extraction typically involves the high-temperature hydro-
lysis of protopectin. Several studies have examined the effects of different acid 
solvents and extraction parameters (such as pH, temperature, duration, and solid: 
liquid ratio) on the extraction yield, structure, and physicochemical properties of 
pectin. Most frequently, high temperatures (60–90  °C) were used for prolonged 
periods of time (1–6 hours), with the use of sulfuric, hydrochloric, and citric acids, 
followed by alcoholic precipitation (Abbaszadeh 2008; Shaha et al. 2013).

7.6 � Types of Environmental Pollutants

Environmental pollutants are substances or mixtures of substances that are intro-
duced into the environment and cause harm to human health or the natural environ-
ment. The chemical characteristics, origins, and effects allow for their classification 
into multiple categories.

7.6.1 � Organic Pollutants

Organic pollutants are substances that contain carbon and are derived from living 
organisms or their byproducts. They include a wide range of chemicals, such as:

•	 Pesticides: These are chemicals used to kill pests, such as insects, rodents, and 
weeds. Some pesticides, such as DDT and PCBs, are persistent and can accumu-
late in the environment and harm wildlife (Sánchez-Bayo 2011; Boudh and 
Singh 2018).

•	 Herbicides: These are chemicals used to kill weeds. Some herbicides, such as 
glyphosate, are controversial because they may be harmful to human health and 
the environment (Valavanidis 2018; Caiati et al. 2020).

7.6.2 � Heavy Metals

Naturally occurring elements with a high density are called heavy metals. They are 
present in the air, water, and soil. Lead, mercury, and cadmium are among the heavy 
metals that are harmful to humans and can result in a number of health issues, such 
as renal disease, cancer, and damage to the nervous system (Balali-Mood et  al. 
2021; Jomova et al. 2025).
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7.7 � Use of Pectin-Based Materials for Pollutant Removal

Heavy metals can now be extracted from wastewater using a variety of techniques, 
such as membrane filtration, ion exchange, chemical precipitation, electrodeposi-
tion, and biosorption. Of them, biosorption appears to be the most adaptable due to 
its appealing adsorption efficiency, environment friendliness, ease of use, afford-
ability, and accessibility. We explored various agrarian squander such as marine 
green growth, olive padmese, shelled nut shells, sunfiber stems, citrus shells, and 
hazelnut shells to extricate overwhelming metals from fluid arrangements. Gri bone 
squander such as ocean growth, olive swelling, shelled nut trunks, sunfiber stems, 
citrus shells, and hazelnut shells were inspected to extricate overwhelming metals 
from the watery arrangement. Adsorption is advanced by biopolymers such as cel-
lulose, chitosan, alginate, and pectin. They may have high adsorption capabilities, 
biocompatibility, and new adaptability.

Pectin is a complex polymer that is common in plant cell walls and is naturally 
non-toxic. It can be derived from various natural sources, including apple pomace 
and citrus peels. Pectin and pectin-rich wastes are promising candidates for biosor-
bents because of their significant affinity for metal ions, as demonstrated by numer-
ous studies. Nevertheless, there is currently no review article covering the most 
recent advancements, benefits and drawbacks, guidelines and procedures for using 
Pectin and its byproducts as absorbents for heavy metals. Because of this, the poten-
tial to use pectin and its derivatives as heavy metal adsorbents has not yet been fully 
realized.

In arrange to help the improvement and application of pectin as an overwhelming 
metal adsorbent, this considers the current state, impact and impacting components 
of critical variables, current challenges, and future advancement patterns of pectin-
based adsorbents. In expansion, the intelligent between pectin and light metal par-
ticles, such as Fe2+, Mg2+, and Ca2+, were compiled for comparison and a more 
profound comprehension of the overwhelming metal adsorption prepared by pectin 
and its subsidiaries (Zhang et al. 2020; Ahmad et al. 2023) (Fig. 7.1).

7.7.1 � Pectin-Based Composites and Nanoparticles

Pectin-based composites and nanoparticles are a promising class of materials with 
a wide range of potential applications. Pectin is a natural polysaccharide that is 
found in fruits and vegetables. It is a non-toxic, biodegradable, and biocompatible 
material that can be used to form films, hydrogels, and other structures. Nanoparticles 
are particles that are less than 100 nanometers in size. Their distinct characteristics 
render them advantageous in numerous applications, including medication adminis-
tration, food packaging, and sensing.

Pectin-based composites can be formed by incorporating nanoparticles into a 
pectin matrix. This can be done by physical or chemical methods. Physical 
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Fig. 7.1  Pectin used for heavy metal degradation

methods, such as mixing or blending, are often used to incorporate nanoparticles 
into pectin solutions. Chemical methods, such as in situ synthesis, can be used to 
form nanoparticles directly within the pectin matrix. Pectin-based composites have 
a number of advantages over traditional materials. They are often stronger, more 
flexible, and more barrier to gases and liquids. They can also be tailored to have 
specific properties, such as antibacterial or antioxidant activity. Pectin-based 
nanoparticles can be used to deliver drugs, target cancer cells, and enhance the prop-
erties of foods and packaging materials. They can also be used to develop sensors 
for detecting environmental contaminants and other substances (Lara-Espinoza 
et al. 2018).

Here are some specific examples of pectin-based composites and nanoparticles 
and their applications:

•	 Pectin-silver nanoparticle composites have been shown to have antibacterial 
activity. They can be used to develop food packaging materials that prevent the 
growth of bacteria on food.
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•	 Pectin-zinc oxide nanoparticle composites have been shown to have UV-blocking 
properties. They can be used to develop sunscreen lotions and protective coatings 
for materials.

•	 Pectin-iron nanoparticle composites have been shown to have magnetic proper-
ties. They can be used to develop magnetic resonance imaging (MRI) con-
trast agents.

•	 Pectin-gold nanoparticle composites have been shown to have catalytic proper-
ties. They can be used to develop catalysts for a variety of chemical reactions.

Pectin-based composites and nanoparticles are a promising area of research with 
a wide range of potential applications.

Removal of Pectin-Bound Heavy Material from Water
There are a number of methods for removing pectin-bound heavy material from 
water. Some of the most common methods include:

Precipitation  This method involves adding a chemical agent to the water to cause 
the pectin-bound heavy material to precipitate out of solution. Common precipitat-
ing agents include aluminum sulfate, iron sulfate, and lime.

Coagulation  This method is similar to precipitation, but it involves adding a coag-
ulant aid to help the pectin-bound heavy material form larger particles. Common 
coagulant aids include alum, polyaluminum chloride, and ferric chloride.

Adsorption  This method involves using an adsorbent material to bind to the 
pectin-bound heavy material and remove it from the water. Common adsorbent 
materials include activated carbon, zeolites, and biochar.

Membrane filtration  This method involves passing the water through a mem-
brane that will filter out the pectin-bound heavy material. Common types of mem-
brane filtration include microfiltration, ultrafiltration, and reverse osmosis.

The choice of method will depend on the specific type of pectin-bound heavy 
material that is present in the water, as well as the desired level of removal 
(Table 7.2).

A variety of other cutting-edge technologies are being developed in addition to 
the foregoing techniques for the extraction of heavy materials bound to pectin from 
water. These technologies include:

	1.	 Electrochemical methods: These methods use electricity to remove heavy metals 
from water.

	2.	 Photocatalytic methods: These methods use light to decompose heavy metals 
into harmless compounds.

	3.	 Bioremediation: This method uses bacteria or other microorganisms to remove 
heavy metals from water.

	4.	 Although these new technologies are still in their infancy, they could end up 
being more economical and efficient than conventional approaches.
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Table 7.2  Summary of the advantages and disadvantages of pollutant removal methods

Method Advantages Disadvantages

Precipitation Simple, inexpensive May generate large amounts of 
sludge

Coagulation Effective for removing a wide range of 
heavy metals

Requires the use of coagulant aids

Adsorption Highly effective for removing specific 
heavy metals

May require regeneration of the 
adsorbent

Membrane 
filtration

Produces high-quality water Can be expensive

7.7.2 � Pectin as a Chelating Agent to Prevent the Toxicity 
of Heavy Metals

Pectin is a naturally occurring, non-toxic complex polysaccharide found in the cell 
walls of plants, fruits, and vegetables. Pectin may be found in fruit peels of papaya, 
bananas, grapefruits, oranges, and pomace from apples, kiwis, and sugar beets. 
Apple pomace, citrus peels, and sugar beet pulp are the most widely used industrial 
sources of pectin because they are readily available, inexpensive, and have high 
pectin contents (15–25% in dried apple pulp, 30–35% in dry citrus peel, and up to 
23% in sugar beet). Thus, countries in the European Union produce around half of 
the world’s sugar beet, resulting in an annual waste output of 111.6 million tons. 
Approximately 15–106 tons of industrial citrus trash are produced per year world-
wide. Utilizing fruit and vegetables, we might thereby address the issue of waste 
accumulation. The functionality of pectin and its potential for use in the food and 
pharmaceutical sectors are largely determined by its structure. Pectin is mostly 
made up of D-galacturonic acid units connected by (1  +  4) glycosidic linkages, 
specifically, homogalacturonan (HG), rhamnogalacturonan-1 (RG-I), and rhamno-
galacturonan-II (RG-II). Throughout the whole molecule, there are alternating 
“smooth” and “hairy” areas. Homogalacturonanas (HGs) are the representative for 
smooth parts, whereas rhamnogalacturonans are the representative for hairy regions. 
Pectin can have three different degrees of esterification (DE): high methoxy pectin 
(DE is greater than 50); low methoxy pectin (DE is below 50); and pectic acid (DE 
is below 10), depending on the percentage of carboxylic groups esterified by a mol-
ecule of methanol (Yu et al. 2022). Pectin can range in molecular weight from 50 to 
150 kDa. Pectins have been utilized for years in the food business for gelling, thick-
ening, and stability. These days, their applications include the delivery of drugs to 
specific colons, the transport of microbes, the delivery of genes, tissue engineering, 
and the creation of edible films and coatings for food packaging. Pectins have sev-
eral advantageous qualities that are crucial for preserving human health, including 
the capacity to detoxify heavy metals and radioactive elements, reduce cholesterol 
and serum glucose, have an anti-ulcer, prebiotic, and anti-cancer effect, among oth-
ers. Pectins have been shown in a number of studies to be effective biosorbents for 
removing metals from wastewater. However, there are certain limitations because of 
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instability and issues with pectin extraction from aqueous solution. From a practical 
standpoint, using hydrogels based on pectate and chemically modified pectins may 
be a reasonable option. The oligosaccharides that are produced when pectin is fer-
mented in the gut are essential for cancer treatment, intestinal disease prevention, 
and immunological defense. Low esterification levels of pectins have been shown to 
reduce metastasis, induce apoptosis, limit tumor growth, and alter immune 
responses. Pectin is a prebiotic that is still in its infancy, but it has the potential to 
improve the gut microbiota by stimulating the growth of probiotics like Lactobacillus 
acidophilus and Bifidobacterium longum and preventing the growth of Clostridium 
perfringens, pathogenic E. coli and Helicobacter pylori. Pectins improve the func-
tion of the gastrointestinal barrier, protecting the kidneys and liver from the translo-
cation of pro-inflammatory microorganisms and their byproducts. Scientific 
Zhexenbay & Associates/Procedia Studies on humans and animals have demon-
strated pectin’s ability to reduce the amount of toxins in the body and pectin’s mech-
anisms for binding heavy metals. One of pectin’s important functions is its ability to 
bind divalent cations, which is particularly relevant given the state of the environ-
ment today. The sorption process is dependent on the metal ions attached to non-
esterified carboxyl groups or other binding sites. The strength of the sorption 
processes and the binding capacity are determined by the amount of free carboxyl 
groups in the pectin structure. It relates to the formation of junction zones between 
the free carboxyl groups of pectin and heavy metals, as per the “egg-box” paradigm. 
This indicates that pockets are created when fiber chains are piled together and 
allowing metals to compound with fibers. The procedure has to do with how esteri-
fied something is. The binding mechanism is based on the formation of hydrogen 
bonds between metal atoms and non-esterified carboxyl groups as well as ionic 
interactions between metal and oxygen atoms. Pectin travels through the stomach 
and small intestine without breaking down, and it undergoes significant fermenta-
tion in the colon. Low-ester pectins break down more quickly than high-ester pec-
tins. Pectins are employed to carry medications to the colon with low degradation 
because of this feature. After being absorbed, pectin pieces are transported, changed, 
surrounded by toxicants, and, by forming insoluble pectinates within the organism, 
they are expelled through the urine and feces. Maxwell et al. (2012) state that the 
absorption method of pectin fragments involves both passive absorption and aggres-
sive cell capture activities (Maxwell et al. 2012). Additionally, uptake by lymphoid 
tissue linked with the gastrointestinal tract may occur. The degree of esterification 
and the molecular charge of pectin are important factors for passive absorption. It 
was demonstrated that positively charged, acidic Pectin fragments were unable to 
penetrate monolayers of Caco- cells. Therefore, only neutral pectin segments are 
effective. Lower atomic weight pectin (52 kDa) can be effortlessly ingested into the 
circulatory system amid absorption. Unmodified pectin may be a non-digestible 
polysaccharide in long polymers of cross-linked chains with a tall molecular 
weight(Mw). Shorter chain atoms and a moo atomic weight can be produced 
through adjustment, which incorporates pH and enzymatic adjustment. A number of 
writers claim that the bloodstream absorbed modified citrus pectin (MCP) with a 
decreased molecular weight, reduced side-chain structure, and shorter chain 
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molecules very quickly. The pectin source, extraction techniques, cation type, struc-
tural variation, esterification degree, pH, and molecular weight all affect how well 
pectin is absorbed. The ability of pectin to attach to its targets improves as the 
degree of esterification decreases. Studies have demonstrated that less esterified 
pectins enter colonic epithelial crypts more deeply than highly esterified ones. The 
ability to bind heavy metal ions was enhanced by 10% rhamnogalacturonan II and 
a low degree of esterification, but not by necessary minerals. When the degree of 
methylation is decreased, Celus et al. observed similar outcomes, which included a 
larger amount of bound and stronger interactions between the cation and Pectin. 
According to Liang et  al. (2020), ethylenediamine-modified pectins with a high 
degree of amination have a considerable Pb2+ removal efficiency (≥94%) by chela-
tion with amino and acylamino groups and carboxylic group ion exchange (Liang 
et al. 2020). The majority of the research that is currently available indicates that 
pectins do not cause the body to release vital minerals. Contrarily, some research 
findings indicate that pectins may upset the mineral balance and reduce the bioavail-
ability of important elements because of cation exchange, depending on the type of 
pectin administered and its degree of esterification. Using pectin as a heavy metal 
detoxifying agent to lower health risks and environmental contamination 557 pectin 
interactions in the small intestine. Low esterified apple pectin was found in several 
studies to have a detrimental influence on the calcic minerals’ bioavailability. 
However, sugar beet pectin that is more branched and heavily acetylated can 
increase the bioaccessibility of minerals. However, during colon microflora’s pectin 
fermentation, bounded minerals may be released, boosting the rate at which miner-
als are absorbed. However, given that the small intestine is the primary location of 
nutrient absorption, it is possible that the colon will not absorb free minerals. 
Furthermore, minerals may be used by the microflora in the colon, making them 
unavailable to the human body. By using pectins, such as sugar beet pectin, and 
managing the structure of products containing pectin, this problem could be resolved 
in a way that benefits the body. Birthing of necessary minerals reduces their bioac-
cessibility in the small intestine. The pH level is one of the key elements that influ-
ences the sorption process. Different pH values are appropriate depending on the 
kind and structure of pectin. When pH drops below 2, pectins precipitate, which 
reduces sorption capacity. Pectins become unstable at pH values greater than 8. 
Accordingly, at pH 2.3 the unmodified pectin removed heavy metals at a rate of 
60%, and at pH 4.0 that rate rose to 90%. The optimal pH range for the lead-binding 
properties of low-esterified pectin was found to be 4–8. A very acidic 15–3.5 in the 
stomach, 6 in the duodenum and small intestine. 7.4 in the terminal ileum, 5.7 in the 
caecum, and 6.7 in the rectum is the pH range of the gastrointestinal system, a typi-
cal blood pH falls between 7.35 and 7.45. This means that scientific research on 
humans and animals has confirmed the possibility of heavy metal binding by pectins 
in the gastrointestinal tract and blood conditions. The cation affects the propensity 
of pectin to bind heavy metals. The cation’s ionic size and degree of electronegativ-
ity are significant factors. The most noteworthy liking for divalent cation sorts, 
especially Cu2+ and Pb2+, is shown by the pectins. Based on a bunch try in a watery 
arrangement for settling overwhelming metals by orange peel adjusted with sodium 
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hydroxide and calcium chloride, the sequence of selectivity was taken after: Cu2+ > 
Zn2+ > Pb2+. The comparative selectivity was found by Kartel et al. in a simulant 
watery arrangement, where Pb2+ > Cu2+ > Co2+ > Zn2+ > Ni2+ > Cd2+ and sugar beet 
pectin appeared a solid liking for Pb. These findings demonstrate the modified pec-
tin’s strong lead-binding affinity. According to the authors, within the first 10 min-
utes, the sorption process moves quite quickly (Feng and Guo 2012). The metal 
absorption time was 20 minutes, according to Khotimchenko et al. In an in vivo 
investigation, children with elevated blood lead levels responded well to PectaSol, a 
modified citrus pectin containing 3.8% degree of esterification and roughly 10% 
rhamnogalacturonan II based on the presence of 2-keto-3-deoxy-octatonic acid. The 
children’s blood lead levels dropped (161% average change) and rose (132%) in the 
urine (132%) after taking 15 g of pectin every day for 24 hours, but no vital minerals 
were released. The same pectin supplement, PectaSol, was used in a second trial to 
find out how pectin affected healthy subjects’ excretion of toxicants through their 
urine. Urine arsenic levels dramatically rose (130%, p < 0.05) 24 hours after 5 g/
daily of pectin was administered. On the sixth day, there was a substantial increase 
in the excretion of cadmium (150%, p < 0.05) and lead (560%, p < 0.08) in the 
urine. These findings might be explained by the essence of rhamnogalacturonan II, 
which chelates metals. These comes about were plained by the end of the medium-
pectin complex by pee and the coordinate chelation of molecular weight pectin 
containing rhamnogalacturonan II within the blood. A few clinical inquiries about 
found that 4 g per day was adequate to produce perceptible comes about within the 
treatment of overwhelming metals in 3–6 months. Since different dairy items are a 
noteworthy portion of the human count calories on an everyday premise, devouring 
dairy items containing pectin makes it simple to ingest the previously mentioned 
amounts of pectin. Consequently, pectin can be taken as a supplement or added to 
dietary items like dairy products to serve as a safe and effective chelating agent, 
particularly for young children who are more susceptible. It would be simple to 
consume such pectin-containing items and be an innovative preventive measure 
against heavy metals toxicity for ongoing use.

7.8 � Conclusion

By controlling gut flora, pectin effectively lowers obesity brought on by environ-
mental pollutants and provides a possible course of treatment for illnesses brought 
on only by exposure to pollution. Investigating logical writing on pectin authorita-
tive capability shows that it is or of the most secure and successful characteristic 
chelators. Pectin’s frame influences how successful it is as a potential nutraceutical 
or bioactive dietary polysaccharide. The degree of esterification, homogalacturonan 
and rhamnogalacturonan II structure, and sum of free carboxyl bunches in pectin 
are imperative for overwhelming metal chelation. Hence, sugar beet pectin may be 
utilized in dairy acid products to improve technological product attributes due to its 
high affinity for binding lead. It can also be used consistently as a pleasant and mild 

D. Panmand et al.



149

chelating agent. Due to the growing use of pectin worldwide, dairy products were 
chosen as the pectin matrix. Because of the vast array of advantageous pectin quali-
ties and the mineral- and vitamin-rich composition of milk products, these products 
may be beneficial to human health and the environment. Using pectin, which has the 
technological qualities needed for dairy production, is successful at excreting heavy 
metals from the body without upsetting the mineral balance of the organism and 
opens up new possibilities for the development of radically new safe food products 
with distinct functional qualities. These items’ numerous health-promoting pectin 
qualities would also help avoid or even completely eradicate other severe human 
ailments.
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Chapter 8
Biosurfactant as a Potential Strategy 
for Remediation

W. G. Madusha Lakmali, A. D. Sarangi N. P. Athukorala, 
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Abstract  Several toxic substances have been introduced by humans and are of 
global concern now. These compounds are hazardous to the environment and human 
health. With the concern of problems associated with conventional methods to 
degrade, reduce, or remove these substances, interest in alternative approaches 
increased in the recent past. Among them, microorganisms and their secreting 
chemicals have proven a unique role in the degradation and detoxification of pollut-
ants in soil, air, and water. Biosurfactants are surface-active mediators produced by 
biological systems, mainly by microorganisms. In the sense of bioremediation, they 
integrate biological processes to degrade, remove, or transform these compounds to 
less harmful forms of contaminants. Microorganisms contain both hydrophilic and 
hydrophobic fractions in the composite. According to the type of microorganism, a 
composite of bioemulsifiers varies. The diversity of biosurfactants makes them an 
attractive group and has important key roles in biotechnological applications in the 
way of pharmaceuticals, biodegradation of pollutants, and enhanced oil recovery. 
Industrial application and eco-friendly use of microbial surfactants have been shown 
promising mainly due to their biodegradation efficacy, resulting in compounds with 
low toxicity and high solubility. However, the associated behavior and mode of 
action of biosurfactants in the bioremediation process have to be further investi-
gated. The current chapter is to entitle the potential applications of biosurfactants as 
a strategy for remediation.
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8.1 � Background

Pollution has significantly altered human perception of life on Earth and their rela-
tionship with the environment. Human activities have profoundly impacted the 
planet, influencing geochemical, biochemical, physiological, population, and com-
munity characteristics. Industrial and agricultural sectors extensively utilize numer-
ous harmful chemical substances, which, when released into the environment, 
become contaminants, leading to pollution (Bhatt et  al. 2021). Urbanization and 
industrialization have exacerbated environmental contamination, introducing pol-
lutants into air, soil, and water, which negatively affect human health, flora, and 
fauna. Pollution is now a global concern, as ecosystems worldwide, from coastal 
regions to inland areas, face moderate to severe contamination (Ukaogo et al. 2020). 
Containing and preventing further pollution remains a major technical challenge.

Pollution originates from various sources, including organic aqueous waste such 
as pesticides, organic solvents from dry-cleaning, oils from lubricants, automotive 
fluids, and tars from dye production. Many pollutants result from accidental spills, 
excessive pesticide use in agriculture, and improper waste disposal, including 
household and industrial waste. Petroleum hydrocarbons, a major contaminant, 
arise from crude oil and natural gas leaks, impacting soil properties by altering 
nitrogen fixation and increasing water retention capacity, leading to soil degradation 
(Bustamante et al. 2012). Agrochemicals, including pesticides and fertilizers, pose 
serious environmental risks when improperly stored or overused, causing contami-
nation of soil and groundwater and harming beneficial microorganisms (Qadir et al. 
2017). Similarly, polycyclic aromatic hydrocarbons (PAHs), which result from 
incomplete combustion of organic materials, are persistent carcinogenic pollutants 
that affect soil structure and microbial diversity (Samanta et al. 2002). Solvents used 
in various industries contribute to soil and water contamination, leading to reduced 
soil fertility and groundwater pollution. Heavy metals, such as lead, arsenic, and 
cadmium, accumulate in the environment through industrial activities, mining, and 
fertilizers, posing significant health risks and reducing land productivity (Liyanage 
et al. 2020). Metals do not deteriorate chemically or microbially like organic mol-
ecules do. Its accumulation causes health risks to humans and animals through 
direct contact, ingestion, or its entry into the food chain. They also affect the fertility 
and productivity of the contaminated land (Lakmali et al. 2022).

The impact of pollution is severe and continues to evolve over time. Toxic chemi-
cals in the environment contribute to health hazards, including cardiovascular dis-
eases, cancer, and respiratory conditions. Pollution-related deaths account for 
millions globally, with heavy metals and organic compounds contaminating food 
crops and water sources. Soil degradation caused by pollution reduces agricultural 
productivity (Münzel et  al. 2023), while deforestation and soil erosion release 
sequestered pollutants, further exacerbating environmental damage (Emenike et al. 
2018). Most of the pollutants are persistent and can cause their effect even at very 
low concentrations (Rastogi and Kumar 2020). Recognizing these threats, global 
initiatives, such as the European Commission’s Action Plan for 2050, aim to reduce 
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pollution to levels that do not harm human or ecosystem health (Ayilara and 
Babalola 2023).

Remediation of polluted areas is critical for environmental restoration. Advances 
in detection technologies enable precise identification of contaminants, facilitating 
effective remediation strategies. Conventional approaches, including excavation, 
incineration, and chemical treatments, are widely used but often generate secondary 
pollutants and are costly (Ayilara and Babalola 2023). Alternative methods, such as 
soil washing, aeration, oxidation, and filtration, are also employed to remove pollut-
ants. However, these techniques may be inefficient or economically unfeasible for 
large-scale applications. Bioremediation, a sustainable and cost-effective alterna-
tive, involves using microorganisms to degrade contaminants in soil and water. This 
process relies on stimulating microbial activity to break down harmful substances 
into non-toxic compounds. Bioremediation can be conducted in situ, directly at the 
contaminated site, or ex situ, where contaminated material is treated elsewhere. 
Although bioremediation is an effective solution, its success depends on factors 
such as microbial availability, nutrient levels, temperature, and soil conditions. 
There is a growing demand for green and non-toxic dispersants for pollutant 
removal. It is widely recognized as an eco-friendly alternative to conventional reme-
diation methods.

Bioremediation employs the use of living organisms, like microbes or bacteria, 
in the removal of contaminants, pollutants, and toxins from soil, water, and other 
environments. Bioremediation techniques include biostimulation, bioaugmentation, 
and intrinsic bioremediation. In biostimulation, chemicals or nutrients are intro-
duced to activate native microbial populations. Bioaugmentation involves adding 
specific bacterial strains to accelerate the degradation of contaminants. Intrinsic 
bioremediation utilizes existing microbial communities to convert toxic substances 
into harmless compounds. This method has gained global attention due to its effi-
ciency, minimal environmental disruption, and cost-effectiveness. The United States 
Environmental Protection Agency (EPA) has implemented bioremediation at over 
1500 contaminated sites, highlighting its growing importance. As environmental 
pollution continues to pose significant challenges, adopting sustainable remediation 
methods like bioremediation will be crucial in ensuring a cleaner and healthier 
planet for future generations.

8.2 � Biological Remediation

Several microbial applications are implemented for removal of contaminants from 
the environment. These microorganisms and their products are used for removal of 
contaminants from the environment (Ayilara and Babalola 2023). Table 8.1 depicts 
the different microorganisms used for remediation of various pollutants.
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Table 8.1  Different microorganisms used for removal of pollutants

Species Pollutant remediated References

Bacteria

Aerococcus sp., and 
Rhodopseudomonas palustris

Cadmium, lead, and chromium Sravya and 
Sangeetha (2022)

Bacillus licheniformis Dyes Mousavi et al. 
(2021)

Bacillus licheniformis JUG GS2 
(MK106145) and Bacillus 
sonorensis

Naphthalene Rabani et al. (2022)

Bacillus sp. and Staphylococcus 
sp.

Endosulfans Li et al. (2020)

Bacillus sp., Rhodopirellula sp., 
Rhodovibrio sp., Formosa sp. 
Pseudoalteromonas sp., and 
Agarivorans sp.

Hydrocarbon Machado et al. 
(2019), Dell’Anno 
et al. (2021)

Bacillus subtilis and Pseudomonas 
fluorescence

Iron and zinc Siric et al.

Burkholderia sp. and 
Myceliophthora thermophila

N,N-dimethylpphenylenediamine and 
polycyclic aromatic hydrocarbons

Mohapatra and 
Phale (2021)

Chlorella sp. and Spirulina sp. Lead, nickel, and dichromate Geetha et al. (2021)
Cladosporium sp., Paecilomyces 
sp., A. fumigatus, Paecilomyces 
sp., and Terichoderma sp

Cadmium Unuofin et al. 
(2021)

Dehalococcoides sp. Chloroethenes Dutta et al. (2022)
E. coli Hexavalent chromium Mohamed et al. 

(2020)
Fusarium sp., Corynebacterium 
propinquum, P. aeruginosa, and 
Alcaligenes odorans

Oils Pande et al. (2020)

K. oxytoca, B. firmus, B. 
macerans, and Staphylococcus 
aureus

Vat dyes Sangkharak et al. 
(2020)

Lysinibacillus sphaericus CBAM5 Lead, cobalt, copper crude oil, and 
chromium

Kharangate-Lad and 
D’Souza (2021)

Microbacterium sp., Micrococcus 
sp., Bacillus sp., and Shigella sp.

Uranium and arsenic Bhakat et al. (2019)

Oscillatoria laete-virens, 
Arthrospira platensis, 
Pseudochlorococcum typicum, and 
Spirogyra insignis

Lead Song et al. (2019)

P. cepacia, B. coagulans, B. 
cereus, and Serratia ficaria

Diesel oil Miri et al. (2022)

Pseudomonas aeruginosa Crude oil Mukjang et al. 
(2022)

Ralstonia sp., Microbacterium sp., 
Pseudomonas sp., and 
Acinetobacter sp.

Aromatic hydrocarbons Basu et al. (2018)

(continued)
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Table 8.1  (continued)

Species Pollutant remediated References

Saccharomyces cerevisiae and 
Cunninghamella elegans

Heavy metals and mercury Duc et al. (2021)

Fungi

Aspergillus sp. and Penicillium sp. Aliphatic hydrocarbons, polycyclic 
aromatic hydrocarbons, and 
chlorophenols

Liu et al. (2018), Li 
et al. (2020)

Phanerochaete chrysosporium N-heterocyclic explosives, benzene, 
xylene, ethylbenzene, toluene, and 
organochlorines

Singh et al. (2020)

Phanerochaete chrysosporium 4,4-Dibromodiphenyl ether Sen et al. (2019)
Saccharomyces cerevisiae, 
Aspergillus sp.

Arsenic Verma and Kuila 
(2019), Mohd et al. 
(2019)

Trichoderma sp., Penicillium sp., 
and Aspergillus sp.

Cobalt and copper Dusengemungu 
et al. (2020)

Algae

Microcystis aeruginosa, 
Chlamydomonas reinhardtii, and 
S. almeriensis

Arsenic Saavedra et al. 
(2018), Wang et al. 
(2018)

Fucus vesiculosus Zinc Brinza et al. (2020)
Chlorococcum humicola Iron Chugh et al. (2022)
Chlorella sp., Isochrysis galbana, 
and Phaeodactylum tricornutum

Phenol Wu et al. (2022)

F. vesiculosus Chromium, nickel, cadmium, and 
lead

Moreira et al. 
(2019)

Cystoseria indicant Nickel and cadmium Moreira et al. 
(2019)

Chlamydomonas reinhardtii Chromium and cadmium Nowicka et al. 
(2020)

Chlorococcum humicola Cobalt Chugh et al. (2022)

8.3 � What Is a Surfactant?

Surfactants are mixtures of water and oil that form foam at the water-oil interface, 
providing foaming, emulsifying, detergency, and dispersing properties (Saenz-
Marta et al. 2015). While surfactants can exist as simple monomers, they can also 
form more complex polymers. These compounds are capable of reducing the sur-
face tension of liquids or the interfaces between different liquids (Rebello et  al. 
2014). Typically, surfactant molecules have two distinct regions: a hydrophilic head 
and a hydrophobic tail, as shown in Fig. 8.1. Based on the nature of the head group, 
surfactants are classified as anionic, cationic, nonionic, or zwitterionic (containing 
both cationic and anionic groups). The hydrophilic head is water-soluble and can 
include carbohydrate, amino acid, cyclic protein peptide, phosphate, or alcohol 
groups. The hydrophobic tail, on the other hand, consists of hydrocarbons, which 
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Hydrophilic head

Hydrophobic tail

Fig. 8.1  Micelle formation of biosurfactant

may be long-chain fatty acids, α-alkyl-β-hydroxy fatty acids, or hydroxyl fatty 
acids. These tails typically range from C8 to C22 alkyl chains or alkyl aryls (Rahman 
and Gakpe 2008).

8.4 � Structures and Role of Biosurfactant

Biosurfactants or natural surfactants, a term derived from the biological surface-
active agents, can be produced extracellularly by a wide range of microorganisms 
including bacteria, fungi, and yeast. Microbial compounds, which exhibit particu-
larly high surface activity and emulsifying activity, are classified as biosurfactants 
(Cameotra and Makkar 2010). Basically, the microbial surfactants are considered as 
complex molecules with a diverse range of chemical structures (Georgiou et  al. 
1992). Unlike chemically synthesized surfactants, which are categorized based on 
their polar group, biosurfactants are primarily classified by their chemical contents/
composition and microbial origin such as fatty acids, antibiotics, peptides, glycolip-
ids, phospholipids, and lipopeptides. Biosurfactants are versatile amphiphilic com-
pounds containing both lipophilic and hydrophilic groups, enabling them to reduce 
surface and interfacial tension in water-hydrocarbon mixtures (Cameotra and 
Makkar 2010). It is also made up of a hydrophobic and hydrophilic component. The 
polar hydrophilic part of biosurfactant can be an amino acid, peptides, anions, cat-
ions, mono-, di-, or polysaccharides, and/or a phosphate group. Nonpolar hydro-
phobic portion may comprise a long chain unsaturated and saturated fatty acid 
constituents (Jahan et al. 2020). It preferentially partitions at the interface between 
fluid phases having different degrees of polarity and hydrogen bonding as oil and 
water or air and water interface. This property enables them to locate at the cell 
envelop and make non-soluble substrates bioavailable to the cells. Thus, they have 
a strong influence over interfacial rheological behavior and mass transfer (Zahed 
et al. 2022).

Microbial biosurfactants fall into two primary categories as high molecular 
weight (HMW) polymeric compounds, including polysaccharides, proteins, lipo-
proteins, and lipopolysaccharides, and low molecular weight (LMW) compounds 
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like lipopeptides and glycolipids (Patel et al. 2021). HMW biosurfactants excel at 
adhering firmly to surfaces and acting as bioemulsifiers. LMW biosurfactants, such 
as rhamnolipids and sophorolipids, are disaccharides combined with long-chain 
acetylated fatty acids or hydroxyl fatty acids, effectively reducing surface and inter-
facial tension (McClements and Gumus 2016). However, according to a classifica-
tion proposed by Neu (1996), the term biosurfactant denotes low molecular weight 
microbial surfactant while high molecular weight polymers can be defined as bio-
emulsifiers. These bioemulsifiers do not lower the surface tension to a great extent 
as biosurfactant due to the presence of amphiphilic and polyphilic polymers are 
more effective in stabilizing oil in water emulsion (Neu 1996).

8.5 � Different Types of Biosurfactants

Numerous types of biosurfactants have been studied for their potential in remedia-
tion, particularly in enhancing the degradation and removal of pollutants. Unlike 
synthetic surfactants, microbial biosurfactants are classified based on their chemical 
composition and the microorganisms that produce them (Sachdev and Cameotra 
2013). The major groups of microbial biosurfactants include glycolipids, lipopep-
tides, neutral lipids, phospholipids, fatty acids, polymeric biosurfactants, and par-
ticulate surfactants. These biosurfactants, which are generally low in molecular 
weight, increase the surface area of hydrophobic, water-insoluble substrates. 
Additionally, they reduce pollutant toxicity by forming complexes with pollutants, 
facilitating their interaction with the cell surface and altering pollutant uptake 
(Cameotra and Makkar 2010). In most cases, microbial biosurfactants are derived 
from diverse sources and exist as either anionic or neutral compounds (Fig. 8.2).

8.5.1 � Glycolipid Biosurfactants

The primary category of biosurfactants includes glycolipids which are composed of 
sugars linked to long-chain aliphatic or hydroxyaliphatic acids, connected through 
ether or ester bonds. Glycolipids, which are conjugates of carbohydrates and fatty 
acids linked by either ether or ester groups, are among the most well-known biosur-
factants (Mnif et  al. 2018). Glycolipids are further divided into three categories 
based on the attachment of carbohydrate group as rhamnolipids, sophorolipids, and 
trehalolipids. These glycolipids are produced by various microorganisms and 
exhibit distinct properties and applications in different industries (Ayilara and 
Babalola 2023). These compounds help in mobilization of microorganism by reduc-
ing the interfacial tension of environment while providing better location for the 
growth, reproduction, and colonization of the microorganisms.

One of the most researched biosurfactants is rhamnolipid which is characterized 
by one or two molecules of rhamnose linked to one or two molecules of 
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Fig. 8.2  Classification chart of microbial biosurfactants based on their chemical composition and 
the producing microorganisms

hydroxydecanoic acid. These compounds consist of sugar groups, typically one or 
two rhamnose molecules, linked to one or two fatty acid chains composed mainly of 
10–14 carbon atoms. This molecular arrangement results in the formation of mono 
or di-rhamnolipid molecules (Gautam and Tyagi 2006). Numerous bacteria, includ-
ing Pseudomonas aeruginosa, generate them. They are extensively studied and are 
the principal glycolipids primarily produced by the bacterium Pseudomonas aeru-
ginosa and they hold significant promise for a range of environmental, industrial, 
and bioremediation applications (Costa and Ferrão 2010). Rhamnolipids have been 
utilized to improve the bioremediation of hydrocarbon-contaminated soils because 
they are efficient in solubilizing hydrophobic molecules (Nguyen et  al. 2008). 
Rhamnolipids are particularly noteworthy among biosurfactants due to their exten-
sive research and application (Müller et al. 2012).

Sophorolipids consist of a dimeric carbohydrate called sophorose linked to a 
long-chain hydroxyl fatty acid through a glycosidic bond. These glycolipids pro-
duced by yeasts such as Candida bombicola, Torulopsis bombicola, T. petrophilum, 
and T. apicola are the primary producers of sophorolipids (Shekhar et al. 2015). 
These biosurfactants have applications in oil bioremediation (Elshafie et al. 2015). 
While purified sophorolipids are highly surface-active and less water-soluble, they 
exhibit strong cytotoxic effects. However, they are not efficient emulsifying agents. 
They have shown promise in enhancing the bioremediation of petroleum hydrocar-
bons and heavy metals in contaminated soils (Van Bogaert et al. 2007).

Trehalolipids are a class of glycolipids characterized by the presence of disac-
charide trehalose linked to long-chain aliphatic or hydroxyaliphatic acids through 
an ester group. These compounds are produced by various species of fungi, yeasts, 
and bacteria, including Mycobacterium, Nocardia, and Corynebacterium. The spe-
cific properties of trehalolipids can vary among different organisms, primarily in 
terms of the size and structure of the mycolic acid component, the number of carbon 
atoms present, and the degree of unsaturation (Banat et  al. 2010). For instance, 
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Fig. 8.3  Chemical structure of (a) monorhamnolipids, (b) dirhamnolipd, (c) sophorolipids, (d) 
trehalolipids

Rhodococcus erythropolis is known to produce trehalose dimycolate, and this par-
ticular trehalolipid has been studied for its ability to reduce surface and interfacial 
tension in culture broths (Kuyukina and Ivshina 2019). They have been studied for 
their potential to enhance the biodegradation of hydrocarbons in contaminated soils 
(Kuyukina et al. 2015).

Mannosylerythritols are glycolipids containing mannose, erythritol, and two 
fatty acid chains. They center around the disaccharide mannosylerythritol, with 
fatty acids linked to mannose through ester bonds (Sajadi Bami et al. 2022).

Xylolipids are glycolipid biosurfactants with a xylose head and fatty acid tails. 
They are primarily produced by lactic acid bacteria, although some yeast species, 
Pichia caribbica can synthesize them (Jameel and Haider 2021). Xylolipids can 
reduce surface tension effectively (Joshi-Navare et al. 2014).

Cellobioselipids are glycolipid biosurfactants produced by microbes, 
Cryptococcus humicola JCM 1461. They are usually a mixture of different acylated 
low molecular weight D-glucolipids, linked to hydroxyl palmitic acid via ω-hydroxyl 
groups (Sajadi Bami et al. 2022) (Fig. 8.3).

8.5.2 � Lipopeptide Biosurfactants

Lipopeptides and lipoproteins are compounds consisting of lipids attached to poly-
peptide chains and have demonstrated antimicrobial properties against various 
microorganisms, including bacteria, algae, fungi, and viruses (Vijayakumar and 
Saravanan 2015). These diverse biosurfactants play critical roles in various applica-
tions, including bioremediation and antimicrobial activities. These molecules often 
have lower critical micelle concentration (CMC) values compared to synthetic 
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surfactants, enhancing their effectiveness in various applications (Johnson 
et al. 2021).

Viscosin is a lipopeptide which has a peptide moiety consisting of nine amino 
acids. Amphisin is a group that harbors 11 amino acids in the peptide moiety. 
Tolassin is a group of lipopeptides that has a length of 15–25 amino acids containing 
unusual 2,3-dehydro-2-aminobutyric acid and homoserine consisting of the lipid 
tail of 3-hydroxydecanoic acid or 3-hydroxyctanoic acid (Raaijmakers et al. 2006).

In the category of lipopeptides, Arthrofactin is produced by Arthrobacter, 
Actinomyces, and Streptomyces (Mnif and Ghribi 2015). It is notable for its ability 
to reduce the surface tension of water significantly and has applications in biofilm 
control and various industries (Banat et al. 2000).

Syringomycin is a group of lipopetide that has nine amino acids containing 
2,4-diaminobutyric acid and a C-terminal chlorinated thereonine residue with the 
3-hydroxydecanoic acid tail. Pseudomonas aeruginosa has been studied for syrin-
gomycin production (Chauhan et al. 2023).

Iturin is a lipopetide family that consists of six variants as iturin A and C, bacil-
lomycin D, F, L, and mycosubtilin. The structural linkage consists of a heptapeptide 
attached to an amino fatty acid chain. These iturin, produced by Bacillus subtilis, 
exhibits both antifungal and antibacterial properties, remaining active under various 
conditions (Wan et al. 2022).

Surfactin is an effective biosurfactant with low toxicity, which is produced by 
Bacillus subtilis (De França et al. 2015). Its amphiphilic nature allows it to function 
in both hydrophobic and hydrophilic environments. They found that the surfactins 
are able to reduce the surface tension and interfacial tension of water. The inactiva-
tion of herpes and retrovirus was also observed with surfactin, which has been 
investigated for its ability to enhance the bioremediation of hydrocarbon-
contaminated soils. It has strong emulsification properties and can enhance micro-
bial degradation of pollutants (Seydlová and Svobodová 2008). A remarkable 
number of cyclic lipopetides, including decapeptide anti-toxins (gramicidins) and 
lipopeptide anti-toxins (polymyxins), are delivered. These molecules consist of a 
lipid linked to a polypeptide chain.

Fengycin, another cyclic lipopeptide, consists of decapeptides attached to a lin-
ear chain of β-fatty acid (Mantil et al. 2019). It interacts readily with lipid bilayers 
and has antimicrobial effects (González-Jaramillo et al. 2017). It is primarily pro-
duced by Bacillus species and closely related to it is plipastatin, which differs in the 
Tyr position (Cortés-Camargo et al. 2021).

Lichenysin is also a biosurfactant produced by Bacillus licheniformis, is known 
for its synergistic, and exhibits excellent stability under extreme conditions, includ-
ing temperature, pH, and salt levels. It reduces both surface and interfacial tension 
of water and holds promise for various applications (McInerney et al. 1990). They 
have high structural and physicochemical similarities with surfactin. The difference 
is the presence of a glutaminyl residue in position 1 of the peptide sequence in place 
of glutamic acid in surfactin. Lichenysin is a better chelating agent having high 
association constants with Ca2+ and Mg2+ increased by a factor of 4 and 16 respec-
tively. Lichenysin has a role in medical applications that Acinetobacter spp. 1-N, 
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phosphatidyl ethanolamine-rich vesicles are produced, forming optically clear 
microemulsions of alkanes in water. These vesicles are capable of forming optically 
clear micro-emulsions of alkanes in water (McInerney et al. 1990).

8.5.3 � Fatty Acids, Phospholipid, and Neutral 
Lipids Biosurfactants

Microorganisms produce large quantities of fatty acid and phospholipid biosurfac-
tants when grown in media rich in n-alkanes. The length of the hydrocarbon chain 
in their structures correlates with proportion of hydrophilic and lipophilic moieties 
of the surfactants (Satpute et al. 2010). Phosphatidyl ethanolamine-containing ves-
icles are secreted by Acinetobacter sp. which forms optically clear micro-emulsions 
of alkane-water. In addition, phosphatidyl ethanolamine produced by Rhodococcus 
erythropolis grown on alkane lowers the interfacial tension of mixture of hexadec-
ane and water. Some of the most popular biosurfactants fall into phospholipid cat-
egory. Corynebacterium lepus produces phospholipid biosurfactants (Rajkumari 
et  al. 2017). Gautam and Tyagi reported that the deficiency of the phospholipid 
protein complex is a major cause of respiratory failure in prematurely born children. 
They also suggested that isolating and cloning the responsible genes could be used 
for their fermentative production (Gautam and Tyagi 2006).

8.5.4 � Polymeric Biosurfactants

Within the polymeric biosurfactants subcategory, compounds such as emulsan, 
liposan, alasan, lipomanan, and other polysaccharide protein complexes have been 
extensively studied.

Emulsan is recognized as a highly effective bioemulsifier for stabilizing 
hydrocarbon-water mixtures, demonstrating efficiency even at extremely low con-
centrations ranging from 0.001% to 0.01% (Hatha et al. 2007). It plays multifaceted 
roles in various microbial environments, including biofilms, flocs, and biological 
sludge, resulting in both adverse and advantageous outcomes. In the accumulation 
of microorganisms, plants, algae, or small animals where it is not wanted on sur-
faces, these polymeric substances including emulsan contribute to increased friction 
resistance and alterations in surface properties such as hydrophobicity, roughness, 
and color (Qi and Christopher 2019). Emulsan and biodispersan produced by 
Acinetobacter calcoaceticus consist of a heteropolysaccharide moiety covalently 
linked to fatty acids (Sekhon et al. 2012).

Liposan is another polymeric biosurfactant, an extracellular water-soluble emul-
sifier produced by Candida lipolytica. It comprises 83% carbohydrates and 17% 
protein (Rahman and Gakpe 2008). Liposan finds applications in various industries. 
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Emulsan and liposan exhibit diverse and influential roles in microbial environments, 
influencing factors such as biofouling, metal biocorrosion, bioweathering, and pol-
lutant sorption.

A similar glycoprotein complex is also synthesized by Yarrowia lipolytica. Other 
examples include mannan-lipid protein from Candida tropicalis and protein PA 
from Pseudomonas aeruginosa. Saccharomyces cerevisiae produces mannopro-
teins, which consist of 44% mannose and 17% protein (Shekhar et al. 2015).

8.5.5 � Particulate Biosurfactants

The particulate biosurfactants such as extracellular membrane vesicles partition oil–
water mixture and form micro-emulsion (at the interface), which facilitates uptake 
of alkane by microorganisms (Rocha e Silva et  al. 2019). These substances are 
involved in microbial processes where hydrocarbons are taken up by microbial 
cells. They create extracellular membrane vesicles that partition to form microemul-
sions. These microemulsions play a crucial role in the uptake of alkane compounds 
by microbial cells. A classic example includes vesicles produced by Acinetobacter 
sp. strain HO1-N. These vesicles typically have a diameter ranging from 20 to 50 
nanometers and a buoyant density of approximately 1.158 cubic grams per cubic 
centimeter. They consist of lipopolysaccharides, protein, and phospholipids 
(Vijayakumar and Saravanan 2015).

Some researchers have explored using mixtures of different biosurfactants to 
improve their overall effectiveness. Combining different types of biosurfactants can 
provide a broader range of pollutant solubilization capabilities (Cameotra and 
Makkar 2010).

8.6 � Microbial Surfactant Production

Microbial surfactants are produced intracellularly or extracellularly by microorgan-
isms in the presence of water-soluble and/or water-insoluble substrates via de novo 
pathway and/or assembly from other substrates with consequent variations in struc-
ture (Satpute et al. 2010). The production of these biomolecules is dependent on 
proper selection of microbial strains, substrate type, and fermentation technology 
(Yaraguppi et al. 2020).

The biosurfactant production affected by several bioprocess parameters includ-
ing carbon and nitrogen sources, temperature, pH, metal ions, agitation speed, etc. 
influenced the growth of microorganisms and surfactants production. Each of those 
parameters interacts with each other and affects the kinetics of microbial surfactant 
production (Yaraguppi et  al. 2020). The various nutritional and physicochemical 
parameters influence the yield of microbial surfactants.
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The carbon sources are incorporated in fermentation media for microbial surfac-
tant production. These carbon sources can be carbohydrates, fats & oils and hydro-
carbon groups which are classified as water-soluble (e.g., glucose, sucrose, glycerol) 
and water insoluble (such as crude oils, vegetable oils) (Prabhu and Phale 2003). 
Microorganisms primarily utilize glucose due to its efficient metabolism through 
the glycolytic pathway, which facilitates the production of desired metabolites 
(Nurfarahin et al. 2018). These carbon sources serve as essential building blocks for 
synthesizing the hydrophilic and hydrophobic components of biosurfactants. 
Vegetable oil and coconut oil were reported as promising substrates for biosurfac-
tant production (Adetunji and Olaniran 2019).

Nitrogen sources form another most essential nutrient for microbial growth and 
production of biosurfactants (De Almeida et  al. 2016). Various nitrogen sources 
such as NaNO3, (NH4)2SO4, and CH4, N2O are employed for biosurfactant produc-
tion (Abdel-Mawgoud et al. 2010). Pseudomonas aeruginosa has been investigated 
and resulted NaNO3 was more effective when compared to other nitrogen sources, 
resulting in higher rhamnolipid production (Santa Anna et  al. 2002). Enhanced 
secretion of sophorose lipids by Torulopsis bombicola and Candida bombicola has 
been observed when yeast extract and urea are used as nitrogen sources. Furthermore, 
addition of amino acids (such as aspartic acid, asparagine, glycine, and glutamic 
acid) in growth media enhances microbial biosurfactant production (Rodríguez-
López et al. 2020).

Physicochemical parameters such as temperature, pH, metal ions, oxygen 
requirements, and agitation speed play a crucial role in influencing the growth and/
or metabolic activity of microorganisms for biosurfactant production. Notably, 
maximum rhamnolipid production by Pseudomonas sp. has been recorded at an 
optimal pH range of 6.0–6.5. Additionally, the ideal incubation temperature for bio-
surfactant secretion varies depending on the physiological characteristics of the 
microorganism. As a result, microorganisms are cultivated at different temperatures 
to achieve high biosurfactant yields. Furthermore, oxygen supply and agitation 
speed play a crucial role in influencing the kinetics of biosurfactant production by 
Acinetobacter calcoaceticus RAG-1. Moreover, metal ions act as a key cofactor for 
the enzyme-catalyzed biosynthetic pathways of biosurfactant production (Abdel-
Aziz et al. 2017). However, an excessive concentration of these metal ions can be 
harmful to microorganisms. Furthermore, incubation period plays a crucial role in 
microbial surfactant production since the biomolecules are produced at different 
time intervals (Rodríguez-López et al. 2020).
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8.7 � Mechanisms Involving the Remediation 
Using Biosurfactants

Biosurfactants play a crucial role in enhancing the microbial degradation process, 
particularly when it comes to pollutants that are not readily available to degrading 
bacteria due to their low solubility. Particulate biosurfactants play a significant role 
in microbial processes, particularly in the uptake of hydrocarbons by microbial 
cells. They form extracellular membrane vesicles that partition to create microemul-
sions (Vijayakumar and Saravanan 2015). These molecules improve the bioavail-
ability of hydrophobic contaminants to microbes by increasing their solubility. This 
enhancement of the biodegradation process is primarily achieved through two 
mechanisms: including the micelle formation and increasing the availability of pol-
lutant by emulsification and dispersion.

Biosurfactants interact with the phase boundary between two phases in a hetero-
geneous system due to their amphipathic nature, which allows molecules with both 
hydrophilic and hydrophobic components to preferentially accumulate at interfaces 
between fluid phases with varying polarity and hydrogen bonding, such as oil-water 
or air-water interfaces. The most effective biosurfactants can reduce both surface 
tension and interfacial tension. Through micelle formation, biosurfactants lower 
surface and interfacial tension, enhancing the solubility and bioavailability of 
hydrophobic organic compounds. Micelles are stable structures where the hydro-
phobic portions of surfactants orient themselves toward the hydrophobic environ-
ment, while the hydrophilic portions interact with the aqueous phase. This structure 
disperses and solubilizes hydrophobic contaminants in the aqueous solvent, enhanc-
ing their availability for microbial consumption. Micelles can also aid in the absorp-
tion of substances by microbial cells. Biosurfactant activity is influenced by the 
concentration of surface-active compounds until the critical micelle concentration 
(CMC) is reached. The CMC is commonly used as an indicator of surfactant effi-
ciency. At concentrations above the CMC, biosurfactant molecules associate to 
form micelles biosurfactants form micelles, bilayers, and vesicles in the hydrophilic 
environment (Fig. 8.4). Efficient biosurfactants have a low CMC, which means that 
less biosurfactant is required to decrease the surface tension (Jahan et al. 2020).

Air

Water

Hydrophobic moiety

Hydrophilic moiety

Fig. 8.4  Biosurfactant in water and air interface
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Biosurfactants act as emulsifiers for hydrophobic compounds, making them 
more soluble and accessible to microbial attack. Pollutant remediation using biosur-
factants can occur below and above the critical micelle concentration (CMC). Below 
CMC, biosurfactants alter the system’s affinity for water, promoting pollutant 
release. Above CMC, contaminants are incorporated into micelles, facilitating their 
partition into the aqueous phase (Ali et al. 2016).

Micelle formation plays a crucial role in the formation of microemulsions which 
are clear and stable liquid mixtures of water and oil domains separated by mono-
layer or aggregates of biosurfactants (Jahan et al. 2020). The critical micelle con-
centration (CMC) of biosurfactants, which indicates their efficiency, ranges from 1 
to 2000 mg/L. Their interfacial tension (oil/water) and surface tension are typically 
around 1 mN/m and 30 mN/m, respectively. In principle, a lower CMC denotes 
greater efficacy of the surfactant and, from the economic standpoint, favors its use 
in industrial processes (Abdel-Aziz et al. 2017).

Regarding heavy metal remediation, anionic biosurfactants exhibit a strong 
affinity for cationic heavy metals like Zinc, Lead, Chromium, and Copper. They 
form complexes with these metals, and these biosurfactant-metal complexes can 
then detach from soil surfaces and form micelles. This property makes biosurfac-
tants useful for the remediation of heavy metal pollution. Smaller micelles are espe-
cially advantageous as they diffuse more effectively in soil, increasing the contact 
area with heavy metals and thus improving the efficiency of bioremediation. 
Biosurfactants enhance biodegradation by improving solubility and facilitating the 
transfer of hydrophobic contaminants through micelle formation. Biosurfactants 
form complexes with these metals and increasing their mobility in the soil, ulti-
mately aiding in their removal (Fig. 8.5).

Biodegradation of 
Intermediate Products

Biosurfactant 
attachement

Microorganism 
produced biosurfactant

Oil

Petrophilic Bacteria

Low substrate solubility Make it more readily for 
microbial attachment

Increase solubility

Fig. 8.5  Mechanisms of microbial degradation of the hydrophobic compound with the aid of 
biosurfactants
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The extent of microbial adhesion to hydrocarbons is directly related to the ability 
of these microorganisms to thrive in environments where hydrocarbons or other 
hydrophobic substrates are present. Biosurfactants, when bound to microbial cell 
walls, render the cell surface more hydrophobic. Microorganisms can use biosurfac-
tants to regulate their cell-surface properties, allowing them to attach to or detach 
from surfaces as needed.

The permeability of microbial cell membranes can be changed by biosurfactants. 
This can improve nutrient intake and make it easier for metabolic waste products to 
be excreted, both of which are critical for the overall microbial activity and break-
down of pollutants. Large droplets of hydrophobic contaminants can be broken 
down into smaller, easier-to-manage droplets by biosurfactants. This accelerates the 
deterioration process and expands the surface area open to microbial attack. In some 
cases, biosurfactants can reduce the toxicity of pollutants by promoting their trans-
formation into less harmful compounds through microbial metabolism. This is par-
ticularly important for pollutants that are initially toxic to microorganisms (Pitocchi 
et al. 2020). There are two common mechanisms that reduce the harmful effects by 
dry or fresh biomass adsorption or absorption.

Synergistic effects may arise from mixing microorganisms that produce biosur-
factants with those that break down pollutants. By enhancing pollutant accessibility, 
the biosurfactants created by one particular group of microbes might be advanta-
geous to the whole microbial population. Nowadays, some studies have focused on 
using microbial consortia that naturally produce biosurfactants, instead of using a 
specific biosurfactant where these consortia can have synergistic effects on pollut-
ant degradation (Pitocchi et al. 2020).

8.8 � Application of Biosurfactant as Bioremediation Process 
in Industries

Biosurfactants offer a greener alternative, being biodegradable, non-toxic, and pro-
duced through eco-friendly processes. As industries seek sustainable solutions, bio-
surfactants could find applications in sectors such as agriculture, textiles, 
pharmaceuticals, and personal care.

8.8.1 � Detergent Industry

The detergent market encompasses personal care, home cleaning, and heavy indus-
trial cleaning products. Traditionally, surfactant compounds used in these products 
are derived from the petrochemical industry. For example, the disinfectants widely 
used during the COVID-19 pandemic in personal care and home care contain sur-
factants derived from crude oil, posing challenges for biodegradation and potential 
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harm to aquatic environments (Ambaye et al. 2021). As a result, there’s a growing 
interest in replacing these synthetic surfactants with bio-based alternatives. One 
approach is to develop biodegradable detergents based on straight-chain organic 
compounds, which facilitate efficient microbial degradation (Ambaye et al. 2021). 
To create more sustainable detergents, synthetic surfactants are being substituted 
with “green” surfactants, including biosurfactants, preferably those effective at low 
temperatures and in hard water (Md 2012).

Biosurfactants offer several valuable properties in this context, including their 
emulsifying capacity, essential for detergent effectiveness. Additionally, biosurfac-
tants exhibit properties similar to commercial detergents and find applications in the 
detergent and laundry industries. For instance, Sarubbo et al. reported that a lipo-
peptide from B. subtilis SPB1 outperformed commercial detergents in removing 
vegetable oil and coffee stains (Sarubbo et al. 2022). Studies found that surfactin 
from B. subtilis HSO121 could replace chemical surfactants while offering benefits 
like low toxicity, no irritation, excellent emulsifying activity, wetting capacity, high 
compatibility, stability, biodegradability, and substantial foaming capacity. 
Moreover, a study involving the biosurfactant from Ochrobactrum intermedium 
MZV101 demonstrated its remarkable ability to remove oil from fabric 
(Zarinviarsagh et al. 2017). Another study by Liley et al. explored a mixture of ter-
nary surfactants and biosurfactants, highlighting that the addition of rhamnolipids 
increased tolerance to temperature reduction, making them suitable for detergent 
formulations at lower temperatures (Liley et al. 2017).

In summary, the shift toward sustainable detergents involves replacing synthetic 
surfactants with eco-friendly alternatives like biosurfactants. These biosurfactants 
not only exhibit excellent cleaning properties but also offer advantages such as bio-
degradability and low toxicity, making them attractive for various applications in 
the detergent industry.

8.8.2 � Nanotechnology

Biosurfactants have significant potential in nanotechnology, particularly in the syn-
thesis of nanoparticles. They can serve as both reducing agents and stabilizers, with 
a notable application being the synthesis of silver nanoparticles. This approach 
offers a “green” alternative to traditional chemical methods, which often involve 
high pressure, temperature, energy consumption, and the generation of toxic 
byproducts. Biosurfactants enable an eco-friendly, energy-efficient process without 
the production of harmful compounds (Sarubbo et al. 2022).

Certain microorganisms, like Bacillus subtilis, possess the capability to produce 
gold and silver nanoparticles, both intracellularly and extracellularly, with reported 
biological activities. Biosurfactants derived from bacteria such as Pseudomonas 
aeruginosa and Brevibacterium casei have shown promise in stabilizing nanoparti-
cles in microemulsions and preventing the formation of nanoparticle aggregates, 
maintaining uniform morphology for extended periods (Curstedt et al. 2013). Silver 
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nanoparticles synthesized by microorganisms have potential applications in oil 
recovery, where they reduce surface tension and viscosity, and exhibit antimicrobial 
properties. However, further exploration is needed to expand the use of these nano-
biotechnology applications in bioremediation (Sarubbo et al. 2022).

8.8.3 � Agriculture

Biosurfactants find diverse applications in agriculture, particularly in the substitu-
tion of synthetic surfactants within pesticide and agrochemical formulations. This 
shift supports the expansion of “green chemistry” in agriculture, addressing con-
cerns about the environmental and human health impacts associated with excessive 
chemical compound usage (Fenibo et al. 2019). Notably, rhamnolipid and lipopep-
tide biosurfactants contribute to enhanced soil quality, crucial for crop production, 
by acting as bioremediation agents for soils, surface water, groundwater, and waste 
streams contaminated with hydrophobic organic compounds like polycyclic aro-
matic hydrocarbons and metals (Sarubbo et al. 2022).

Due to their antimicrobial properties, biosurfactants from lipid classes such as 
mannosylerythritol, rhamnolipids, and lipopeptides serve as biopesticides to control 
various pests, pathogens, phytopathogenic fungi, and weeds. For example, lipopep-
tides produced by Pseudomonas putida and Pseudomonas fluorescens can lyse 
Phytophthora capsici zoospores and inhibit the growth of phytopathogens like 
Pythium ultimum, Fusarium oxysporum, and Phytophthora cryptogea (Thavasi 
et al. 2014). Other lipopeptides and glycolipids have shown promise in inhibiting 
aphids, mosquitoes, and toxins produced by fungi like Aspergillus parasiticum in 
peanut, cotton, and corn crops, safeguarding plants from infections and pest infesta-
tions (Wołejko et al. 2020).

Additionally, biosurfactants and biosurfactant-producing microorganisms can 
serve as plant nutrients (carbon sources) and facilitate the absorption of essential 
substances for plant growth. They efficiently distribute metals and micronutrients in 
the soil, form biofilms on roots, and protect plants from harmful substances. These 
applications demonstrate the versatility of biosurfactants in promoting sustainable 
and environmentally friendly agricultural practices (Manga et al. 2021).

8.8.4 � Enhanced Oil Recovery and Energy Industry

Biosurfactants are eco-friendly alternatives for bioremediation and oil cleanup. In 
the energy sector, biosurfactants hold promise for enhanced oil recovery (EOR). By 
lowering the interfacial tension between oil and water, biosurfactants increase the 
mobility of trapped oil in reservoirs, making extraction more efficient. As conven-
tional oil reserves become scarcer, the application of biosurfactants in EOR could 
become increasingly vital, ensuring a more sustainable utilization of existing 
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resources (Mnif and Ghribi 2015). They enhance biodegradation in contaminated 
soils, reduce handling efforts, and offer low toxicity.

8.8.5 � Bioremediation and Environmental Cleanup

Biosurfactants are useful tools for bioremediation because they have special quali-
ties. They have the capacity to make hydrophobic contaminants more soluble, 
allowing microbial oxidation and breakdown. This site might be used to clean up oil 
spills and polluted water and soil. Biosurfactants might make a substantial contribu-
tion to environmental restoration efforts by increasing the effectiveness of microbial 
decomposition (Makkar and Rockne 2003).

The soil is a biologically active, porous medium which functions as a source of 
nutrients and water as well as a filtering and decomposition medium for harmful 
pollutants. Additionally, it aids in the cycle of carbon and other components through-
out the entire ecosystem. Soil contamination is a type of land degradation brought 
by the spillage, migration, or burying of hazardous contaminants to the soil ecosys-
tem from untreated industrial effluents, local waste, manufacturing wastes, agro-
chemicals, and other man-made substances or activities. In addition to harming the 
soil, toxins in it also have a negative impact on the health of humans, plants, and 
animals. It can be exposed to polluted soil through inhaling, swallowing, touching, 
or eating food that has been cultivated there. Most metropolitan areas, as well as old 
industrial and mining sites, are affected by soil pollution (Ambaye et al. 2021).

When a pollutant enters the soil, it can be adsorbed or carried away by the wind 
and runoff, or leached by infiltration water and enter to groundwater. Agriculture 
residues, byproducts, air pollutants, irrigation, floods, unintentional oil spills, 
improper management of municipal waste and sewage, heavy metals, and hydrocar-
bon deposition are some of the main contributors of soil pollution (Sales da Silva 
et al. 2020).

Biosurfactants contribute to the effectiveness of bioremediation in soil pollution 
scenarios (Filonov et al. 2012). Many soil pollutants, such as pesticides, hydrocar-
bons, and heavy hydrophobic organic compounds, have a strong affinity to soil par-
ticles hence they are insoluble in water. This reduces their availability for microbial 
degradation. Amphiphilic qualities refer to the presence of both hydrophilic (water-
attracting) and hydrophobic (water-repellent) components in biosurfactants. These 
hydrophobic pollutants can be successfully solubilized and emulsified by them, 
resulting in micelles or emulsions that increase the contaminants’ accessibility to 
microorganisms for destruction.

In addition, surfactant promotes microbial growth in the soil. Many microbes 
may use biosurfactants as a source of carbon and energy. Certain bacteria can pro-
mote both their own development as well as the growth of other microbes that 
degrade pollutants by creating biosurfactants. In polluted soils, this cooperative 
action may hasten the biodegradation process. Surfactin produced by species like 
B. licheniformis and B. subtilis achieved removal rates exceeding 85% in soil 

8  Biosurfactant as a Potential Strategy for Remediation



172

Hydrocarbon 
droplets

Emulsified 
Hydrocarbons

Soil Particles Sequestered 
Hydrocarbons

Micell

Fig. 8.6  Hydrocarbon and biosurfactants interaction with soil during the bioremediation process

remediation (Mulligan 2005). Other biosurfactants from Bacillus, Pseudomonas, 
and Candida species have shown success in soil cleanup (Fig. 8.6).

8.8.6 � Heavy Metal Removal

In the context of bio-corrosion of metals, these polymeric biosurfactants demon-
strate their capability to bind metal ions, which can exacerbate the corrosion pro-
cess. In addition, bio-weathering processes, these substances play a role through 
their complexion properties, aiding in the dissolution of minerals (Bhakat et al. 2019).

Extracellular polymeric substances (EPSs), including polymeric biosurfactants 
which are produced by several microorganisms, serve as sorption sites for pollutants 
such as heavy metal ions and organic molecules, potentially mitigating environmen-
tal contamination. In terms of classification, chemically synthesized surfactants are 
typically categorized based on their polarity. In contrast, biosurfactants are gener-
ally classified according to their microbial origin and chemical composition 
(Fig. 8.7).

8.9 � Role of Biotechnology in Biosurfactants-Based 
Bioremediation Process

The environment is now facing a highly critical situation due to contamination trap-
ping on the earth as a result of rapid urbanization and industrialization. Thus, there 
is a requirement for developed biotechnological technology to remove the contami-
nated materials. Now with recent advancements in genetic technologies, bioreme-
diation processes have been developed to protect the natural environment through 
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Fig. 8.7  The removal of potentially toxic elements through the mediation of biosurfactants

the recycling of waste materials. The biotechnological approaches play a prominent 
role in the production of biosurfactants primarily through genetic modification tech-
niques, focusing on the optimization of bacteria and microbial populations to 
increase surfactant production yield of surfactants and their surface-active proper-
ties. Genetic modification involves altering the genetic material of an organism to 
achieve specific characteristics or traits, such as increased biosurfactant production. 
The primary goal of genetic modification in this context is to enhance the produc-
tion and surface activity of biosurfactants. Bacteria and other microorganisms are 
targeted for optimization through genetic modification methods. There are only a 
few studies that have reported genetic modification of wild Bacillus sp. strains to 
increase biosurfactant production. Scientific studies have reported that such a bio-
surfactant obtained through genetic modification is surfactin, which is produced by 
engineered Bacillus species (Adetunji et al. 2021).

Some biotechnological approaches including metagenomics, single-cell sequenc-
ing, next-generation sequencing (NGS), microarray technology, metatranscrip-
tomics, metaproteomics, and bioinformatics are novel biotechnological approaches 
that are applied in the bioremediation process (Mohanta et al. 2015).

Metagenomics approaches offer great possibility to find unknown sequences or 
functions from the environment. Microbes that are living in already polluted site are 
used for the isolation of genomic DNA from polluted environments (sludge, waste 
water, sediment, or soil) due to the presence of pollutant degradation genomes on 
their genome. The extracted DNA is sequenced using NGS. Metagenomic allows 
for the identification of functional genes related to biosurfactant production within 
the microbial community. These genes are associated with surfactant synthesis 
pathways relevant to bioremediation. Metagenomics data can guide the optimiza-
tion and engineering of microbial communities to enhance biosurfactant production 
(Schultz and Rosado 2020).

Single-cell sequencing is a technology that allows the genetic information of 
individual microbial cells to be analyzed separately. This approach provides collec-
tive data for entire microbial communities, and single-cell sequencing dissects the 
genetic content of single microorganisms. Environmental samples are collected 
from contaminated sites. Single cells are isolated from these samples using 
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specialized techniques, such as fluorescence-activated cell sorting (FACS) or micro-
fluidic devices. The isolated single cells are subjected to whole-genome amplifica-
tion. The amplified DNA from individual cells is subjected to high-throughput 
sequencing techniques, such as Next-Generation Sequencing (NGS). Researchers 
can identify genes and pathways associated with biosurfactant production, surfac-
tant properties, and other relevant functions (Slatko et al. 2018).

Next-Generation Sequencing (NGS) is a revolutionary technology that has trans-
formed the field of biosurfactants-based bioremediation by providing comprehen-
sive insights into the genetic composition, diversity, and functional potential of 
microbial communities. NGS allows for the identification and profiling of microor-
ganisms within the community that have the genetic potential to produce biosurfac-
tants. Specific genes and pathways associated with biosurfactant production can be 
detected. NGS allows for the profiling of functional genes related to biosurfactant 
production and degradation of contaminants. This information helps in understand-
ing the metabolic potential of the microbial community (Schultz and Rosado 2020).

It can be used to analyze how the genes related to biosurfactant production, deg-
radation of contaminants, and other relevant metabolic pathways are being 
expressed. This information can help assess the efficiency and effectiveness of the 
bioremediation process. By comparing gene expression profiles between 
biosurfactant-producing and non-producing strains, we can pinpoint the specific 
genes and pathways involved in biosurfactant synthesis (Ndlovu 2017). This can 
help researchers understand how biosurfactants facilitate the breakdown of pollut-
ants by enhancing microbial activity and solubilizing hydrophobic compounds. 
Microarrays can aid in the design of genetically engineered microorganisms opti-
mized for biosurfactant production and bioremediation. By manipulating the expres-
sion of specific genes involved in biosurfactant production or pollutant degradation, 
researchers can create strains with enhanced capabilities.

Metatranscriptomics allows researchers to identify which microorganisms within 
the environmental sample are actively producing biosurfactants. By analyzing the 
RNA transcripts associated with biosurfactant genes, it’s possible to pinpoint the 
specific organisms responsible for biosurfactant production. It provides real-time 
information about the expression levels of genes involved in biosurfactant produc-
tion. This data can help researchers assess when and to what extent biosurfactants 
are being produced during the bioremediation process. Metatranscriptomics can 
help assess the environmental impact of biosurfactant-based bioremediation. 
Metaproteomics can help identify the composition of the microbial community 
responsible for biosurfactant production and contaminant degradation (Manga et al. 
2021). By analyzing the proteins expressed by different microorganisms, research-
ers can gain insights into which species are actively contributing to the bioremedia-
tion process. Researchers can detect and quantify proteins involved in biosurfactant 
synthesis, confirming whether biosurfactants are being actively produced during 
bioremediation. This information can be used to determine which proteins are 
highly expressed during bioremediation, indicating their importance in the process. 
Metaproteomic data from different environmental samples can be compared to 
assess changes in protein expression patterns. This helps researchers understand 
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how microbial communities adapt and evolve over the course of the bioremediation 
process. By identifying key proteins and pathways, researchers can design interven-
tions to enhance biosurfactant production or pollutant degradation (Slatko 
et al. 2018).

Bioinformatics can be applied to biosurfactant-based bioremediation to enhance 
the understanding, selection, and optimization of biosurfactant-producing microor-
ganisms and their associated biodegradation processes. Bioinformatics tools can 
analyze the genomes of microorganisms to identify potential biosurfactant-
producing strains (Slatko et al. 2018). Genomic data can reveal genes and pathways 
involved in biosurfactant production, allowing researchers to screen and select 
strains with high biosurfactant-producing potential. By annotating the functional 
genes responsible for biosurfactant production, bioinformatics can help identify the 
specific enzymes and metabolic pathways involved. This information aids in the 
targeted manipulation and optimization of biosurfactant production in selected 
strains. Bioinformatics allows researchers to construct metabolic pathways and net-
works associated with biosurfactant production. This knowledge can be used to 
enhance biosurfactant production through genetic engineering or metabolic engi-
neering approaches (Reis et al. 2013).

Bioinformatics tools can predict the structural properties of biosurfactants, 
including their surface-active properties and interaction with pollutants. This infor-
mation aids in understanding the way biosurfactants enhance the solubility and bio-
degradation of contaminants. Bioinformatics can assist in identifying and 
characterizing the metabolic pathways involved in the biodegradation of specific 
pollutants facilitated by biosurfactants. This knowledge helps in the design of tai-
lored bioremediation strategies. Bioinformatics can help design monitoring systems 
to track the performance of biosurfactant-based bioremediation processes. 
Bioinformatics databases can provide valuable information on biosurfactants, their 
production pathways, and their role in bioremediation (Reis et  al. 2013). These 
databases can aid in the selection of biosurfactant-producing strains and relevant 
biodegradation pathways.

8.10 � Advantages and Disadvantages of Biosurfactants Use 
as a Potential Strategy for Remediation

Biosurfactants are bio-based extensive applications in various industries. These eco-
friendly alternatives offer several benefits compared to chemical surfactants. 
Biosurfactants offer several advantages and disadvantages when used for bioreme-
diation. Understanding these pros and cons is essential for making informed deci-
sions about the application of biosurfactants in environmental cleanup efforts. 
Biosurfactants can increase the solubility of hydrophobic pollutants, making them 
more accessible to microorganisms for degradation.

Emulsification and Dispersion: Biosurfactants can break down larger pollutant 
aggregates into smaller droplets, increasing the surface area available for microbial 
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activity. Biosurfactants improve the availability of pollutants to microbial commu-
nities, facilitating faster and more efficient biodegradation. Biosurfactants can be 
synthesized from abundant raw materials and even from industrial waste. Some 
biosurfactants can serve as a nutrient source for pollutant-degrading microorgan-
isms, enhancing their growth and activity (Akbari et al. 2018). Biosurfactants can 
work in synergy with microbial consortia, enhancing the overall efficiency of biore-
mediation processes. Biosurfactants are often biodegradable and have lower toxic-
ity compared to synthetic surfactants, reducing the risk of introducing additional 
pollutants. Biosurfactants have shown effectiveness in remediating various types of 
contaminants, including hydrocarbons, heavy metals, and organic compounds 
(Usman et al. 2016). Biosurfactants are derived from natural sources and can be 
produced using renewable resources, aligning with environmentally friendly prac-
tices. Therefore, according to the purpose different biosurfactants can be selected 
and tailored to specific contaminants and environmental conditions, allowing for 
customized bioremediation strategies.

8.11 � Benefits of Biosurfactants Compared to Synthetic 
Surfactants in Remediation

In comparison to synthetic surfactants, biosurfactants are often biodegradable and 
have lower environmental impacts. This makes them a more sustainable choice for 
enhancing bioremediation processes. Biosurfactants exhibit anionic and cationic 
properties that reduce the toxicity of harmful chemicals in both aquatic and terres-
trial environments when compared to synthetic surfactants (Vijayakumar and 
Saravanan 2015).

It’s important to note that while biosurfactants offer several advantages in soil 
bioremediation, their effectiveness can vary based on factors such as the type of 
contaminant, the microbial community present, environmental conditions, and the 
specific biosurfactant-producing organisms used. Research is ongoing to optimize 
the use of biosurfactants in various bioremediation strategies and to understand their 
interactions with different soil matrices and pollutants (Curstedt et al. 2013).

Biosurfactants can act as anti-biofilm agents and prevent the adhesion of con-
taminants exhibiting anti-adhesive properties. This helps in the formation of micro-
bial biofilms, which enhance the interaction of active biosurfactants with 
hydrophobic surfaces, facilitating pollutant removal where these properties could 
not be observed in physicochemical conventional remediation strategies (Banat 
et al. 2010). Biosurfactants improve the solubility and bioavailability of toxic sub-
stances, aiding in their removal where these properties could not be observed in 
physicochemical conventional remediation strategies.
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8.12 � Disadvantages of Biosurfactants for Bioremediation

Though there are several advantages that are promising with biosurfactants, there 
are such limitations to them and their usage in the remediation process. Biosurfactants 
have specificity of their action where different biosurfactants have varying degrees 
of effectiveness against different types of pollutants. Not all biosurfactants are 
equally efficient in solubilizing or dispersing all types of contaminants (Kashif et al. 
2022). The selection of substrate plays a vital role in influencing the yield and effi-
ciency of the final product. Consequently, selecting the proper biosurfactant for a 
particular contaminant might be difficult. Basic considerations, especially regarding 
agro-industrial substrates, should take into account factors such as the availability 
of raw materials, transportation costs, and the necessary pre-treatment before the 
production process (Mohanty et  al. 2021). Introducing biosurfactant-producing 
microorganisms may compete with indigenous microbial populations, affecting the 
microbial balance in the environment.

The production of biosurfactants can sometimes be costly, particularly when 
considering large-scale applications. Downstream processing plays a major role in 
the overall expenses of biotechnology products. A diverse range of analytical tech-
niques is employed to isolate, purify, and characterize various biosurfactants. 
Further, high production costs hinder market competitiveness of biosurfactants. 
Thus, the cost-effectiveness of using biosurfactants compared to other remediation 
methods needs to be carefully evaluated.

Biosurfactant production and activity can be influenced by environmental factors 
such as temperature, pH, and salinity. The effectiveness of biosurfactants can vary 
based on factors such as the specific biosurfactant used, pollutant type, microbial 
community, and site conditions. Introduction of biosurfactants could have unin-
tended ecological consequences, affecting non-target organisms or ecosystem 
dynamics. Therefore, condition optimization and controlling biological parameters 
are bit of difficulties. Moreover, bioremediation processes, even with the assistance 
of biosurfactants, may require a significant amount of time to achieve desired pol-
lutant reductions (Kashif et al. 2022). The use of biosurfactants in bioremediation 
may require regulatory approvals, especially if the site is sensitive or poses risks to 
human health or the environment. While biosurfactant production and application 
can work well in laboratory settings, scaling up the process to industrial or field 
conditions can present challenges (Reis et al. 2013).

8.13 � Future Prospects Related to Biosurfactants

The long-term effects of biosurfactant application on ecosystem health and stability 
are not always well understood, and more research is needed in this area. In addi-
tion, a substantial amount of research has been conducted to increase the productiv-
ity and yield of biosurfactants in the upstream production process. These challenges 

8  Biosurfactant as a Potential Strategy for Remediation



178

are opportunities for research groups that should be thoroughly examined and 
addressed (Fracchia et al. 2012).

The development of biotechnology has the potential to influence how biosurfac-
tants are used in the future. Scientists may create custom biosurfactants with par-
ticular qualities suited to a variety of applications by genetically altering microbial 
strains and optimizing them. The incorporation of biosurfactants into established 
businesses may be sped up by this modification, which could result in more effec-
tive and economical manufacturing techniques (De Almeida et al. 2016).

The increasing demand for eco-friendly and biodegradable products creates a 
fertile ground for the growth of the biosurfactant market. As consumer preferences 
shift toward sustainable options, industries are likely to invest in research and devel-
opment, as well as production technologies, driving innovation and driving down 
production costs. This could lead to a virtuous cycle of increasing adoption and 
technological refinement.

Biosurfactants have great potential for influencing a more sustainable and effec-
tive future across numerous sectors because of their environmentally friendly nature 
and adaptable qualities (Fracchia et al. 2012). Biosurfactants are set to play a crucial 
role as the globe continues to struggle with environmental issues and the demand 
for greener alternatives. Biosurfactants provide a glimpse of a more harmonious 
interaction between business, technology, and the environment by encouraging 
innovation, promoting environmentally friendly practices, and promoting sustain-
able growth. Unlocking their full potential and taking advantage of what they have 
to offer will depend on continued research, investment, and cooperation.

8.14 � Conclusion

In summary, microorganisms and plants are remarkable for their ability to produce 
various types of surfactants, particularly fatty acids, phospholipids, and neutral lip-
ids, during growth on n-alkanes, with potential applications in medicine, industry, 
and beyond. Despite these limitations, biosurfactants remain promising tools for 
enhancing bioremediation efforts. To overcome these limitations, a thorough under-
standing of the specific site conditions, pollutant types, and the potential effects of 
biosurfactants is essential when designing and implementing bioremediation strate-
gies. In summary, biosurfactants offer a promising avenue for enhancing bioreme-
diation efforts, but their use should be carefully considered within the context of 
site-specific conditions, contaminant types, and regulatory requirements. It’s impor-
tant to conduct thorough testing, monitoring, and assessment to ensure the success 
and safety of biosurfactant-based bioremediation strategies.
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Chapter 9
Utilization of Biochar for Remediation

Geetanjali Mallick, Hemant Mittal, and Jaya Lakkakula

Abstract  Various human activities, such as indiscriminate littering and the dis-
charge of industrial and domestic waste into water bodies, have significantly wors-
ened environmental contamination. The presence of various pollutants has 
culminated in significant adverse effects, including soil degradation and water pollu-
tion. With environmental problems on the rise, biochar has emerged as an innovative 
and sustainable solution. This stable, carbon-rich material is produced by heating 
various types of organic matter—such as agricultural leftovers, animal manure, or 
microbial sources—without oxygen. Because biochar can be made from such diverse 
feedstocks, thoroughly analyzing its characteristics is vital for determining how well 
it can work in environmental clean-up efforts. Advanced analytical methodologies 
are routinely utilized to evaluate its physicochemical properties, which directly 
influence its adsorption capacity, nutrient retention, and overall performance in soil 
amendment and carbon sequestration strategies. Evaluations have shown that bio-
char has a highly porous structure, which enhances its ability to adsorb and remove 
pollutants from contaminated environments. By optimizing these conditions, bio-
char can be used as an effective and sustainable material for mitigating environmen-
tal contamination. Its application in pollution control demonstrates its potential as an 
eco-friendly approach to addressing environmental challenges.
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9.1 � Introduction

Environmental pollution is an urgent global challenge, significantly impacting eco-
systems and human health. Human activities such as industrialization, urbanization, 
and improper waste disposal have intensified environmental contamination, leading 
to adverse effects such as biodiversity loss, soil degradation, water pollution, and air 
contamination (Keerthana et  al. 2023). Addressing such environmental hazards 
requires strategic interventions, one of which is “environmental remediation,” a pro-
cess aimed at removing and neutralizing pollutants. These contaminants include 
greenhouse gases, toxic chemicals, heavy metals, oil spills, radioactive substances, 
plastic waste, and pharmaceutical residues, all of which stem from activities such as 
mining, drilling, deforestation, industrial processing, agriculture, and manufactur-
ing. One of the most promising and sustainable solutions for environmental reme-
diation is biochar (Alkharabsheh et al. 2021).

Biochar is a remarkably stable, carbon-rich material created by heating organic 
matter—like plant waste or manure—in a low-oxygen setting, usually at tempera-
tures between 300 °C and 1000 °C. This process, known as pyrolysis, helps lock 
carbon into a solid form, making biochar useful for a variety of environmental appli-
cations. The feedstock for biochar production encompasses a diverse range of 
organic materials, which include agricultural residues, forest byproducts, sewage 
sludge, animal waste, and municipal solid waste. Key characteristics such as how 
porous biochar is, how much surface area it offers, the types of chemical groups it 
contains, and its pH level all play important roles in how well it can absorb sub-
stances and function in different uses. These properties are especially important for 
improving soil health and storing carbon, making biochar valuable for environmen-
tal solutions. These properties are further influenced by various factors and any mod-
ifications made before or after the pyrolysis process (Tisserant and Cherubini 2019).

One of the major usages of biochar is soil remediation. Biochar enhances soil 
structure, increases microbial activity, and improves fertility, ultimately benefiting 
plant growth and agricultural productivity. Biochar is also widely employed in 
water treatment due to its superior adsorption properties because it effectively 
removes contaminants, which include heavy metals (lead, cadmium, and arsenic), 
organic pollutants, pesticides, and pharmaceutical residues. Biochar has been suc-
cessfully applied in treating industrial effluents from dye manufacturing, battery 
production, dairy processing, municipal wastewater, agricultural runoff, and storm-
water. The efficiency of biochar in water treatment is highly determined by its sur-
face charge, pore structure, and functional group interactions with target pollutants.

A particularly concerning issue in environmental pollution is the increasing prev-
alence of pharmaceutical contaminants. The widespread production and use of 
pharmaceuticals in hospitals, healthcare centers, and veterinary facilities have led to 
the continuous discharge of pharmaceutical residues into water bodies. These 
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contaminants primarily enter the environment through human excretion, improper 
disposal, and wastewater discharges from pharmaceutical industries. Common 
pharmaceutical pollutants include antibiotics, analgesics, hormones, and personal 
care products, all of which pose risks to aquatic ecosystems and contribute to anti-
microbial resistance (Kang et al. 2022).

The efficacy of biochar in adsorbing the contaminants from pharmaceutical is 
contingent upon several factors, including its physicochemical characteristics, the 
specific pharmaceutical agents involved, and the prevailing environmental parame-
ters such as temperature and pH levels. Empirical studies indicated that biochar 
produced from biomass sources like wood and manure exhibits superior adsorption 
capabilities for pharmaceutical pollutants, attributed to its enhanced surface area. 
Nonetheless, certain biochar variants have shown variable performance in adsorp-
tion experiments, highlighting a critical need for further investigation to refine and 
optimize their applications in wastewater treatment.

Beyond its established functions in soil and water remediation, biochar presents 
promising applications in air quality management, carbon sequestration, and waste 
mitigation. As a stable carbon sink, biochar effectively reduces greenhouse gas 
emissions by sequestering carbon in a persistent format over prolonged timescales. 
Nonetheless, the widespread adoption of biochar is hindered by a range of chal-
lenges that need to be addressed for large-scale implementation.

In conclusion, biochar offers a sustainable and effective approach to environ-
mental remediation, providing solutions for soil and water contamination, the 
removal of pharmaceutical pollutants, air pollution control, and carbon sequestra-
tion. Its versatility, cost-effectiveness, and stability make it a valuable tool for tack-
ling various environmental challenges. This chapter further explores the diverse 
applications of biochar, detailing its interactions with pollutants and its potential 
contribution to a cleaner environment (Table 9.1).

Table 9.1  Applications of biochar in the environment

Characteristics Soil remediation Water remediation Pharmaceutical waste

Source of 
pollutants

Overuse of pesticides in 
agriculture
Intensive industrial 
activities
Improper waste 
management and disposal

Sewage
Agricultural and oil 
pollution
Industrial waste
The burning of fossil 
fuels
River and marine 
dumping

Factories and 
production facilities
Hospitals, clinics, and 
long-term care centers
Companies producing 
personal care products
Veterinary clinics and 
animal care centers

Types of 
pollutants

Heavy metals, polycyclic 
aromatic hydrocarbons, 
industrial wastes, and 
pesticides.

Insecticides, 
herbicides, food waste, 
livestock pollutants, 
VOCs, heavy metals, 
and chemical waste

Solid pharmaceutical 
wastes (ex: medicine), 
liquid pharmaceutical 
waste (ex: sludge)

Methods used to 
treat the 
contamination

Excavation and extraction 
of pollution, 
bioremediation or 
phytoremediation, and 
mycoremediation.

Biological, chemical, 
and physical treatment 
technologies.

Sorption, abiotic, and 
biotic degradation.

9  Utilization of Biochar for Remediation



188

9.2 � Biochar for Environmental Applications

9.2.1 � Biochar Application for Soil Remediation

Contaminated soil refers to the presence of hazardous substances that pose signifi-
cant risks to living organisms and disrupt ecological balance. This contamination 
often results from pollutants affecting the soil directly or infiltrating nearby water 
sources. Natural ecosystems are degraded by environmental contaminants, and 
severe health risks, including potential long-term illnesses, are posed to human 
populations.

Soil remediation encompasses a range of techniques designed to remove or neu-
tralize pollutants, making the soil safer for the environment and human use. The 
primary motive of these remediation strategies is to eliminate or transform harmful 
substances into less toxic forms. Common soil contaminants include heavy metals, 
pesticides, cyanide, and other hazardous chemicals. Eliminating these pollutants is 
crucial in preventing their migration into groundwater, surface water, agricultural 
produce, and natural vegetation (Fig. 9.1).

Biochar has gained attention as an effective remediation strategy for heavy metal 
contamination in soils, particularly in its ability to immobilize hazardous elements. 
Bousdra et al. conducted an in-depth investigation into how well biochar made from 
different natural sources—like sugarcane bagasse, bamboo, and rice straw—can 
work. Their study specifically looked at how effective these types of biochar are at 
trapping heavy metals such as lead, cadmium, and copper in polluted soils. The 

Fig. 9.1  Soil remediation approaches for contaminated sites
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findings offer valuable perspectives on how biochar could be put to use in cleaning 
up contaminated environments. In terms of lead immobilization efficiency, sugar-
cane bagasse biochar outperformed all other studied materials. Notably, the assess-
ment of bamboo biochar included two distinct particle sizes, applied at rates of 0%, 
1%, and 5%. Rice straw biochar underwent analysis under comparable conditions to 
evaluate its effectiveness. Additionally, garden waste biochar was pyrolyzed at 
400 °C (GB1) and 600 °C (GB2) and tested; the BCR method was further utilized 
to evaluate the immobilization of Cd and Cu, confirming biochar’s broad applicabil-
ity in heavy metal remediation. The study concluded that sugarcane-derived biochar 
exhibited the highest remediation potential, followed by paulownia, garden waste, 
bamboo, and rice straw biochar. The critical role of biochar as an effective material 
for mitigating heavy metal contamination present in soils is highlighted by these 
findings, paving the way for further research into optimizing its applications for 
environmental remediation (Bousdra et al. 2023).

Tackling pollution from organic contaminants is an increasingly serious concern, 
and biochar has become well-regarded as an effective, eco-friendly option for 
restoring soil health in a sustainable way. A study by Xiang et al. aimed to evaluate 
the efficacy of biochar produced from both bacterial and plant feedstocks in the 
degradation and immobilization of organic contaminants. The research explored 
various mechanisms through which biochar can interact with these pollutants, con-
tributing to enhanced remediation outcomes. The study showed that the free radicals 
produced by biochar react with molecular oxygen, triggering the formation of 
hydroxyl radicals (·OH) or activating compounds like peroxydisulfate (S₂O₈2−) and 
hydrogen peroxide (H₂O₂). These interactions result in the generation of various 
reactive oxygen species, including hydroxyl, sulfate, and superoxide radicals. 
Additionally, biochar facilitates the immobilization of pollutants through various 
mechanisms, and its highly porous surface structure enhances biochar’s ability to 
support microbial communities. It also facilitates electron transfer between microbes 
and pollutants, thereby influencing microbial metabolism and the breakdown of 
organic contaminants in the soil. In conclusion, the findings underscore the multi-
faceted role of biochar in sustainable soil remediation by leveraging its adsorption 
capacity, free radical generation, and microbial interactions. Biochar presented a 
promising approach for mitigating organic pollution, restoring soil quality, and sup-
porting long-term environmental sustainability (Xiang et al. 2022).

A study by Burachevskaya et al. investigated biochar derived from different agri-
cultural feedstocks, including rice husk, wood, and sunflower husk, and evaluated 
its elemental composition, structural characteristics, and adsorption potential. The 
elemental analysis of the biochars revealed carbon (C) content ranging from 70.4% 
to 77.3%, nitrogen (N) between 2.1% and 2.4%, hydrogen (H) from 3.0% to 4.8%, 
and oxygen (O) within 7.3% to 11.8%. XRF analysis demonstrated that rice husk 
biochar had the highest silica (SiO₂) content at 47.52%, while sunflower husk bio-
char exhibited high levels of phosphorus (P₂O₅) at 20.96% and potassium (K₂O) at 
24.33%. Additionally, wood biochar was characterized by a significantly high cal-
cium oxide (CaO) concentration of 26.30%. Structural characterization using X-ray 
diffraction (XRD) identified prominent peaks in sunflower husk biochar at 
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2θ = 24.40°, 30.57°, and 42.67°, indicating its crystalline nature. FTIR spectroscopy 
of wood biochar revealed a strong absorption peak in the range of 3100–3600 cm−1, 
corresponding to hydroxyl (–OH) functional groups. SEM analysis determined the 
particle size distribution of biochar to be between 1 and 10 μm, highlighting its 
porous structure. Thermogravimetric analysis (TGA) of sunflower husk biochar 
indicated significant mass loss between 105–110 °C, initially because of the desorp-
tion of moisture from its surface. With its diverse physicochemical properties and 
strong heavy metal adsorption capabilities, biochar offers a sustainable solution for 
mitigating soil contamination while promoting resource-efficient waste manage-
ment (Burachevskaya et al. 2023).

Mazarji et al. assessed the efficiency of biochar and its nanocomposites for the 
remediation of heavy metal-laden soils. The biochar was synthesized via the pyroly-
sis of biomass, and this research concentrated on the adsorption and extraction 
capabilities for multiple hazardous heavy metals, which are known for their persis-
tence and resistance to biodegradation in the environment. The study found that the 
composite material developed had a surface area of 38.08 m2/g, an average particle 
size of about 0.12 μm, and a saturation magnetization of 0.24 emu/mg. It also high-
lighted that the ability of biochar and its nanocomposites to remove heavy metals 
depends greatly on factors like soil pH and the overall makeup of the soil. The 
importance of further research to refine the application of biochar and optimize its 
effectiveness in sustainable soil decontamination strategies is highlighted by the 
findings. Overall, the study suggests that biochar could be a valuable tool in address-
ing heavy metal contamination in soils, but additional investigations are needed to 
maximize its potential benefits (Mazarji et al. 2021).

Biochar derived from wood waste has been recognized as a viable and sustain-
able approach for enhancing soil quality and remediation. In their research, the 
potential was investigated by Papageorgiou et al. employing four robust analytical 
methodologies: scenario analysis, (Material and Energy Flow Analysis) MEFA, 
(Life Cycle Assessment) LCA, and (Substance Flow Analysis) SFA. These methods 
provided a comprehensive evaluation of biochar’s efficiency in remediating con-
taminated soil and its role in energy recovery. The integration of LCA with MEFA 
and SFA highlighted the environmental benefits of biochar-based remediation over 
conventional landfilling. The MEFA results showed that fuel consumption was sig-
nificantly reduced through on-site remediation. It was determined that on-site reme-
diation was the most effective approach. Additionally, SFA demonstrated lower 
polycyclic aromatic hydrocarbon (PAH) leaching from remediated soil compared to 
landfilled soil. A comparative analysis of scenarios showed reduced leaching of Cu, 
Hg, Ni, and Zn from remediated soil, whereas As, Ba, Cd, Cr, Co, Mo, Pb, and V 
exhibited higher leaching levels. These findings reinforce the potential of biochar as 
an environmentally friendly alternative for soil remediation, emphasizing the need 
for further optimization to maximize its efficacy and minimize heavy metal leaching 
(Papageorgiou et al. 2021) (Fig. 9.2).

Niedzinski et al. explored the pyrolysis process for biochar production, where 
organic waste was thermally decomposed at various temperatures (200–900 °C). 
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Fig. 9.2  Results of the SFA for PAH (in logarithmic scale). The figure also displays the Swedish 
guideline values for contaminated soil for sensitive or less sensitive land uses, scaled to the func-
tional unit of the study (i.e., 19,583  kg of contaminated soil with a density of 1600  kg/m3) 
(Papageorgiou et al. 2021)

The study analyzed the resulting biochar based on its pH and elemental composi-
tion, classifying its effectiveness in soil remediation. The findings revealed that bio-
char substrates varied in their efficiency, following the order: manure > wood > 
lignin-cellulosic matter > green plant parts. Manure-derived biochar demonstrated 
the highest effectiveness due to its rich nutrient composition. The study highlighted 
biochar’s significant sorption capacity, demonstrating its efficacy in immobilizing a 
range of organic and inorganic contaminants that are present in soil, thus minimiz-
ing their bioavailability and potential toxicity. An analysis of its porous structure, 
especially the activated carbon component, revealed a clearly organized network of 
pores. These were categorized into three types based on size: micropores smaller 
than 2 nm, mesopores ranging from 2 to 50 nm, and macropores larger than 50 nm. 
These findings underscore biochar’s potential as a cost-effective agent for soil reme-
diation. Its capability to sequester harmful compounds while enhancing soil quality 
positions biochar as a promising strategy for promoting sustainable agriculture and 
environmental stewardship (Niedziński et al. 2023).

Blenis et al. conducted a study on biochar created through the combustion of 
biomass in an oxygen-restricted environment, focusing on its role in addressing soil 
pollution. The findings emphasized biochar’s capacity to stabilize heavy metals, 
effectively reducing their solubility and bioavailability, which in turn lessens their 
negative impact on the environment. Moreover, biochar is adept at eliminating vari-
ous organic contaminants, such as antibiotics, fuels, oils, pesticides, and persistent 
organic substances, from soil. The study also highlighted the importance of both 
pre- and post-treatments in enhancing the selectivity and efficiency of biochar, 
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making it better suited for specific remediation tasks. These treatments enable the 
modification of feedstocks that might otherwise be deemed unsuitable, thus expand-
ing the variety of waste materials that can be transformed into biochar for environ-
mental use. In conclusion, the research emphasizes the promise of engineered 
biochar as a flexible and effective approach to combating soil contamination. It 
presents sustainable advantages not only for environmental remediation but also for 
agricultural practices, showcasing its potential to contribute significantly to envi-
ronmental restoration efforts (Blenis et al. 2023).

Biochar, synthesized from a range of biomass feedstocks via pyrolysis under 
oxygen-limited conditions at temperatures not exceeding 700 °C, has demonstrated 
considerable efficacy in mitigating environmental pollution linked to organic con-
taminants. The adsorption capabilities against a range of pollutants, including pes-
ticides, fertilizers, antibiotics, polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls, and heavy metals, were evaluated by the research conducted by Wang 
et al. The investigation also examined the influence of biochar on soil health, utiliz-
ing biological indicators such as microbial functional activities and community 
structure to assess its impact. These factors help determine biochar’s influence on 
soil restoration and ecosystem balance. One crucial aspect of biochar’s effective-
ness in environmental remediation is its stability in the soil. Biochar consists of two 
forms of carbon: stable carbon (highly resistant to mineralization) and unstable car-
bon (low resistance to mineralization). The proportion of these components influ-
ences the long-term sustainability of biochar’s remediation effects. In conclusion, 
biochar derived from different feedstocks presents a promising solution for soil 
decontamination by enhancing microbial activity and stabilizing pollutants (Wang 
et al. 2022).

The efficacy of biochar in removing arsenic, copper, lead, nickel, and cadmium 
from polluted soils was examined in a study by Golding et al. The research empha-
sized the distinctive physicochemical properties of biochar, including its high deg-
radation resistance, negatively charged surfaces, and extensive internal surface area. 
These attributes allow biochar to effectively adsorb contaminants, thereby limiting 
their uptake into the soil and decreasing pollution levels. Beyond heavy metal 
removal, biochar also enhances soil microbial communities. The proliferation of 
beneficial microorganisms, such as mycorrhizae, is promoted, thereby improving 
nitrogen and phosphorus cycling and increasing nutrient availability. Additionally, 
soil pH is influenced by biochar, creating a more favorable environment for growth 
of the plant and soil health restoration. In conclusion, the implementation of biochar 
is recognized as a sustainable and efficient approach to soil remediation and by 
immobilizing toxic metals and fostering microbial activity, it mitigates environmen-
tal pollution and enhances soil fertility, making it a valuable asset in ecological 
restoration and sustainable agriculture (Golding 2021).

Luque et al. examined the potential of biochar-based slow-release phosphorus 
(P) fertilizers for remediating lead (Pb)-contaminated soil. The biochar used was 
derived from rice husks and analyzed through X-ray fluorescence (XRF), revealing 
a significant concentration of silicon oxides. This particular composition enhances 
the biochar’s capacity for adsorption, positioning it as a promising option for soil 
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remediation. The porosity of the biochar was further evaluated using Brunauer–
Emmett–Teller analysis, which identified two types of pores: micropores (approxi-
mately 2  nm) and larger pores. Among the four biochar samples produced, the 
highest pore volume of 0.354 cm3/g at the 2 nm size was demonstrated by the one 
activated at 500 °C, facilitating efficient phosphorus and lead exchange within the 
soil environment. Additionally, FT-IR was conducted to identify the superficial 
functional groups responsible for interactions with contaminants and nutrients. 
Overall, the study demonstrated that soil nutrient availability is improved by 
biochar-based slow-release P fertilizer, while heavy metals like Pb are effectively 
immobilized. This dual-function approach establishes biochar as an innovative and 
sustainable solution for enhancing soil quality and promoting environmental reme-
diation (Paula et al. 2022).

Zahed et al. explored the impact of biochar production conditions and its effec-
tiveness in treating soil pollutants derived from petroleum hydrocarbons. Their find-
ings indicated that lower temperatures and selective, homogeneous heating resulted 
in high-quality biochar, enhancing its remediation potential. Petroleum hydrocar-
bons in soil are classified into saturated hydrocarbons (SHC), aromatic hydrocar-
bons (AHC), and non-hydrocarbon compounds (NHC). The research indicated that 
SHCs possess comparatively low boiling points, enabling them to slowly volatilize 
or undergo degradation through photodegradation processes. Conversely, NHCs 
were identified as highly persistent, with high fusion and boiling points, making 
them difficult to remove and increasing their environmental toxicity and mutagenic-
ity. The study emphasized the effectiveness of a biochar-microbe composite in 
breaking down persistent polycyclic aromatic hydrocarbons (PAHs) like phenan-
threne, fluoranthene, and pyrene. Molecular analysis revealed that the inclusion of 
biochar significantly enriched the microbial communities capable of degrading 
PAHs, thereby further improving soil remediation efforts. Overall, the findings 
underscored the effectiveness of biochar as an efficient material for addressing the 
petroleum-related soil contamination. By enhancing microbial activity and selec-
tively adsorbing pollutants, biochar offers a viable strategy for long-term environ-
mental restoration (Zahed et al. 2021).

Tang et al. explored the effectiveness of low-temperature pyrolytic biochar for 
remediating soil contaminated with sulfonamide-Cu(II). Their research underscored 
the benefits of biochar aging, especially at elevated temperatures, in improving the 
adsorption of sulfapyridine (SPY) in amended soils. A detailed analysis of the SPY 
sorption mechanism indicated that hydrogen bonding primarily drove the adsorp-
tion process. The enhancement of SPY adsorption was also attributed to π-π elec-
tron donor-acceptor (EDA) interactions and the occupation of micropores, both of 
which contributed to improving the overall effectiveness of the remediation process. 
When introduced into the soil, a natural aging process is experienced by biochar that 
alters its physicochemical characteristics. This transformation enhances its ability 
to adsorb and immobilize pollutants, effectively separating contaminants from 
water and soil. It was concluded in the study that sulfonamide-Cu(II) contaminated 
soils in tropical regions can be effectively and sustainably remediated using low-
temperature pyrolytic biochar. Its ability to undergo natural aging while maintaining 

9  Utilization of Biochar for Remediation



194

strong sorption properties makes it a preferred choice for long-term soil restoration 
and pollution mitigation efforts (Tang et al. 2023).

Palansooriya et al. employed machine learning techniques to forecast the effect 
of biochar on the immobilization of heavy metals (HMs) in soil, emphasizing the 
significant influence of pH in this process. The study showed that higher soil pH 
levels help deprotonate acidic functional groups on the biochar surface, which 
boosts the adsorption of positively charged heavy metals and improves their immo-
bilization. Interestingly, unlike some previous research, this study found that factors 
like the surface area of biochar and the pyrolysis temperature didn’t significantly 
influence heavy metal immobilization. However, it was observed that biochar made 
at higher pyrolysis temperatures typically had a larger surface area, which could 
enhance its adsorption ability. The research also noted that when pyrolysis tempera-
tures exceeded 450 °C, the number of key functional groups—such as carboxyl, 
carbonyl, hydroxyl, and methoxyl—on the biochar surface decreased, which might 
lower its capacity to adsorb contaminants. By integrating machine learning into 
biochar research, this study provides valuable insights into optimizing biochar prop-
erties for more effective soil remediation. These findings pave the way for data-
driven strategies to enhance biochar applications in environmental management and 
pollution control (Palansooriya et al. 2022).

9.2.2 � Water Remediation

Water remediation involves the process of cleaning, disinfecting, and restoring 
areas affected by water damage. This procedure is essential for mitigating the 
impact of water-related issues. Prompt action is crucial, as untreated water damage 
can lead to severe consequences, including the proliferation of mold, bacteria, and 
viruses in damp environments.

The primary step in water remediation is to identify and stop the source of con-
tamination while removing accumulated water. Water extraction is typically carried 
out using pumps and vacuums to eliminate standing water effectively. Additionally, 
smaller items can be compressed to remove excess moisture. The extent of water 
damage determines the appropriate extraction method to be used. By addressing 
water damage swiftly and employing suitable remediation techniques, the risk of 
long-term structural damage and health hazards can be significantly minimized, 
ensuring a safer and healthier environment (Fig. 9.3).

Qui et al. explored the production of biochar as an effective method for eliminat-
ing contaminants from both soil and water. This biochar, derived from a range of 
carbon-rich organic waste feedstocks, plays a key role in promoting sustainable 
waste management. The pristine biochar exhibited considerable effectiveness in 
purifying water by adsorbing pollutants efficiently. In a controlled experiment, 
3 g/L of biochar was applied at a solution pH of 6.5 and a temperature of 45 °C over 
8 h, resulting in removal capacities of 67.41 mg/g for tannic acid and 62.89 mg/g for 
phenol. Modified biochar produced from organic waste demonstrated effective 
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Fig. 9.3  Wastewater treatment process

adsorption of pharmaceutical contaminants such as naproxen, diclofenac, and tri-
closan from wastewater. The adsorption capacities varied, with the highest removal 
efficiency recorded for naproxen at 127 mg/g, followed by triclosan at 113 mg/g and 
diclofenac at 92.7 mg/g, largely due to differences in hydrophobicity. Interestingly, 
biochar synthesized at lower temperatures exhibited the greatest efficiency in 
removing contaminants, achieving rates of up to 70%. These results highlight the 
adaptability of biochar in environmental remediation, providing a sustainable and 
efficient means of addressing water pollution (Qiu et al. 2022).

Chen et  al. investigated the effectiveness of magnetic biochar, sourced from 
waste wood, in removing arsenic (As), a recognized carcinogen, from wastewater. 
The study also assessed the improvement of arsenic (As(III)) removal efficiency 
through the use of FeCl₃ and KMnO₄, which enhanced the adsorption properties of 
the modified biochar. The BET analyzer was used to analyze the pore size distribu-
tion of average pore sizes 21.7 Å for PB and 46.3 Å for 1FeC and 1Fe2MnC were 
recorded, confirming their classification as mesoporous materials, defined by pore 
sizes ranging from 2 to 50 nm. Characteristic peaks near 3400 cm−1 were identified 
through Fourier transform infrared analysis, which correspond to the stretching 
vibrations of –OH and N–H, indicating the presence of amine functional groups. 
Additionally, the study assessed the impact of pH variations (ranging from 3.0 to 
11.0) on removal efficiency, with experiments conducted at different concentra-
tions. Overall, the effectiveness of modified magnetic biochar as a sustainable and 
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efficient method for arsenic removal was emphasized, presenting a promising solu-
tion for wastewater treatment and environmental remediation (Chen et al. 2021).

Stylianou et al. explored the efficacy of biochar, generated from organic waste 
feedstocks, in removing antibiotic contaminants from water. The research involved 
naturally drying the biomass feedstocks at approximately 35 °C before converting 
them into biochar aimed at decontaminating seven different antibiotics. Sorption is 
a key factor that affects how antibiotics behave and interact in the environment, 
particularly in terms of their availability and activity. In this study, researchers 
examined three distinct types of biochar: one made from biosolids, another from 
cattle manure (referred to as MDB), and the third from used coffee grounds. The 
evaluation was carried out at two application rates: a low dose (1 g L−1) and a high 
dose (10 g L−1). The sorption experiments indicated that all types of biochar at the 
lower dose successfully removed over 70% of specific antibiotics, with some 
achieving complete removal efficiency for tetracycline (TET), erythromycin (ERY), 
and clarithromycin (CLA). Additionally, the manure-derived biochar (MDB) exhib-
ited significant effectiveness in eliminating ampicillin (AMP). These findings 
underscore the potential of biochar as an eco-friendly and sustainable solution for 
mitigating antibiotic pollution in water bodies, highlighting its role in enhancing 
water quality and reducing environmental risks (Stylianou et al. 2021).

Zhao et  al. examined the ability of biochar derived from bovine manure to 
remove tetracycline (TC) from wastewater. The study focused on analyzing the 
physicochemical properties of biochar derived from bovine manure, produced at 
two pyrolysis temperatures: 500 °C (BC-500) and 700 °C (BC-700). Key aspects of 
the evaluation included determining the point of zero charge (pHpzc) and identify-
ing the surface functional groups present in each biochar sample. The results dem-
onstrated that BC-500 achieved a TC removal efficiency of 95.31% after 12  h, 
whereas BC-700 exhibited an impressive removal rate of 99.70% within just 4 h. 
SEM analysis revealed that BC-500 had a complex interconnected pore structure 
with a few small pores, likely formed due to the escape of small molecules during 
pyrolysis. In contrast, BC-700 displayed a more intricate mesh-like structure with a 
rougher surface, contributing to its superior adsorption capacity. This study under-
scores the effectiveness of bovine manure-derived biochar as a sustainable and effi-
cient adsorbent for antibiotic removal from wastewater, highlighting its potential for 
environmental remediation and water purification applications (Zhao et al. 2021).

The use of biochar as a functional material was studied by Gasim et al., further 
the biochar applications were further evaluated in various advanced treatment pro-
cesses, these processes were assessed based on their effectiveness in removing 
organic pollutants, mechanisms of action, tolerance to different water matrices, 
reusability, and economic feasibility. However, direct comparisons between these 
methods were challenging due to their distinct mechanisms. The findings revealed 
that in processes such as photocatalysis, PS activation, hydrogen peroxide (H₂O₂) 
activation, and O₃ activation, organic pollutants must first undergo adsorption onto 
biochar before degradation reactions can proceed. Despite its potential, the study 
noted that biochar exhibited limited durability of active sites during advanced oxi-
dation processes (AOPs), leading to slow pollutant removal and low efficiency. 
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Additionally, interactions between biochar, pollutants, and oxidants were signifi-
cantly influenced by variations in water pH, posing a challenge for real wastewater 
treatment applications. This study highlights biochar’s potential and limitations in 
environmental remediation, emphasizing the need for further modifications to 
enhance its stability, efficiency, and applicability in practical wastewater treatment 
scenarios (Gasim et al. 2022).

Praveen et al. explored the synthesis of biochar derived from agricultural bio-
mass for the removal of dyes from contaminated water and for these various raw 
materials, including rice husks, coconut shells, groundnut shells, wood waste, sun-
flower seed husks, cauliflower leaves, and orange peels, were utilized in the biochar 
production process. The biomass was subjected to pyrolysis at different tempera-
tures in an oxygen-free environment, which promoted its transformation into bio-
char. The study demonstrated that the adsorption efficiency of the biochar was 
greatly affected by its physicochemical properties and important experimental vari-
ables. It was noted that the dye removal rate was initially high, successfully decreas-
ing contamination levels within the first few hours. However, as the biochar dosage 
increased, the removal rate gradually slowed, indicating a saturation effect. The 
findings suggest that optimizing biochar properties and operational parameters 
could enhance its efficiency, making it a promising solution for mitigating water 
pollution caused by industrial dye contaminants (Praveen et al. 2022).

Osman et  al. investigated the generation of biochar for wastewater treatment, 
specifically focusing on the removal of pollutants, and their findings emphasized the 
role of biochar as a suitable biofilm habitat for nitrifying bacteria, which signifi-
cantly enhanced contaminant removal. A 67% reduction in ammonia and a 68% 
decrease in total suspended particles were demonstrated in the results, highlighting 
its efficiency. Additionally, biochar enhanced plant growth by optimizing pH to 6.8, 
leading to a daily increase of 0.0562% in lettuce growth. A related study confirmed 
the effectiveness of bamboo-derived biochar in improving water quality in tilapia 
aquaponics by reducing turbidity and suspended particles. Chromium adsorption 
can be attributed to the electrostatic properties, high porosity, and functional groups 
of biochar. As a result, removal rates of 98%, 99.2%, and 99.8% were achieved in 
wastewater, saltwater, and tap water, respectively and further the Biochar’s potential 
as a sustainable and efficient material for wastewater treatment and environmental 
remediation was highlighted by these findings (Osman et al. 2022).

The potential of biochar-based composites for remediating polluted wastewater 
was investigated by Issaka et al., with a focus on removing agrochemicals, antibiot-
ics, and heavy metals. The study demonstrated that both pyrolyzed and raw biomass-
derived biochar effectively removed these contaminants from water, highlighting its 
role as a sustainable and efficient adsorbent. Among the various remediation tech-
niques, adsorption using biochar was found to be highly effective due to its numer-
ous advantages, including a simple design, cost efficiency, low energy requirements, 
etc. However, the study also revealed that the adsorption efficiency of biochar 
decreased with increasing temperature, potentially limiting its performance under 
certain environmental conditions. Despite its effectiveness in contaminant removal, 
the researchers emphasized a critical concern—the disposal of contaminant-loaded 
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biochar. If not managed properly, the used biochar could become an environmental 
hazard, leading to secondary pollution. Therefore, appropriate disposal or regenera-
tion strategies must be developed to ensure sustainable application, and these find-
ings underscore the potential of biochar-based composites as a viable solution for 
wastewater treatment while also highlighting the need for responsible management 
of spent biochar to prevent environmental risks (Issaka et al. 2022).

Ahmed et al. investigated the potential of Citrullus lanatus L. seeds in synthesiz-
ing a novel MnFe₂O₄-biochar for use as an adsorbent in efficiently removing ura-
nium (VI) from wastewater. The study aimed to create an environmentally friendly 
and cost-effective method for wastewater treatment by utilizing agricultural waste. 
The adsorption studies showed that the results fit well with the pseudo-second-order 
kinetic model, with an equilibrium adsorption capacity (qe) of 15.12 mg/g and a 
strong correlation coefficient (Ahmed et  al. 2021) of 0.96. The process also fol-
lowed the Langmuir isotherm model, revealing a maximum adsorption capacity 
(qmax) of 27.61 mg/g. The highest adsorption efficiency was observed at 318 K, 
suggesting that the adsorption performance improves with temperature. Overall, the 
findings highlight the potential of biochar as an eco-friendly and highly efficient 
material for removing uranium from the environment. These findings represent a 
significant advancement toward green and low-cost strategies for wastewater reme-
diation, highlighting the critical role of employing natural resources in pollution 
control. The study provides valuable insights into employing agricultural waste for 
environmental remediation, encouraging further exploration of sustainable prac-
tices in wastewater treatment (Ahmed et al. 2021) (Fig. 9.4).

A study on porous-structured biochar materials for sustainable water treatment 
was conducted by Li et al., with an emphasis placed on their potential in removing 
pollutants from industrial wastewater. However, biochar derived from direct bio-
mass pyrolysis often exhibits low surface functionality, limited active groups, and 
minimal porosity, ranging between 0.016 and 0.083 cm3/g, with a surface area gen-
erally below 150 m2/g. The study focused on the treatment of three major industrial 
wastewater sources: dyeing, pharmaceutical, and mining wastewater. One of the 
most hazardous xanthene dye pollutants, Rhodamine B, was effectively removed 
using different biochar sources. Cement waste-derived biochar, through adsorption 
at a pH of 4.3, achieved a remarkable adsorption capacity of 531.836  mg/g. 
Additionally, biochar synthesized from Musa paradisiaca demonstrated adsorption 
capacities of 7.003 mg/g and 6.878 mg/g at a pH of 4. This research underscores the 
significance of biochar in wastewater treatment, particularly in adsorbing toxic 
industrial pollutants. By optimizing biochar properties, its efficiency in pollutant 
removal can be significantly enhanced, paving the way for sustainable and eco-
friendly water purification technologies (Li et al. 2023).

The research by Al-Nemr et al. explored the potential of biochar-NH₂ as an envi-
ronmentally friendly adsorbent for the removal of Cu(II) ions from water which was 
derived from watermelon peels. Differential thermal analysis (DTA) was conducted 
on both the watermelon peel waste (WWP) and the biochar-NH₂, revealing six dis-
tinct thermal peaks at temperatures of 769, 178, 251, 292, 426, and 872 °C. Notably, 
two significant degradation peaks were observed at 767 and 477  °C.  The 
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Fig. 9.4  U(VI) adsorption isotherms showing the influence of experimental parameters for BC 
and MF-BC: (a) impact of solution pH, where C0 = 30 mg L−1, m/v = 1 g L−1, t = 120 min and 
T = 25 °C; (b) effect of different sorbent doses, where C0 = 30 mg L−1, pH = 4.0, t = 120 min and 
T = 25 °C; (c) effect of different contact times, where C0 = 30 mg L−1, pH = 4.0, m/v = 1 g L−1, 
t = 120 min and T = 25 °C; (d) effect of uranium concentration at equilibrium, where pH = 4.0, 
m/v = 1 g L−1, t = 120 min, and T = 25 °C (Ahmed et al. 2021)

BET-specific surface area of the biochar measured 12.26 m2/g, and its total pore 
volume was 0.012 cm3/g, indicating its porous structure. The study performed deter-
mined the sorption capacity of the biochar using the Langmuir isotherm model, 
estimating it to be 140.85 mg/g, which highlights a strong affinity for Cu(II) ions. 
This investigation illustrates the effectiveness of biochar derived from watermelon 
peels as a cost-effective and sustainable option for the removal of heavy metals. The 
notable adsorption capacity underlines its potential as a viable method for address-
ing water pollution and enhancing green remediation practices. Through this 
research, watermelon-peel-derived biochar is positioned as a promising solution for 
effective heavy metal removal, contributing to the advancement of environmentally 
friendly water treatment strategies (El-Nemr et al. 2022).

The transformation of sewage sludge into biochar for effective wastewater reme-
diation was explored by Gopinath et  al. The study emphasized thermochemical 
techniques, particularly hydrothermal carbonization and pyrolysis, as the primary 
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methods for biochar synthesis. The study highlighted the various applications in 
wastewater treatment, emphasizing the role of biochar as an effective adsorbent for 
removing a range of pollutants, including emerging contaminants, dyes, heavy met-
als, etc., from both synthetic and real wastewater. In addition to its adsorption capa-
bilities, researchers also identified biochar as a catalyst and a support medium in 
advanced oxidation processes, which further improves pollutant degradation. 
Furthermore, they investigated the potential use of biochar as an electrode material, 
paving the way for its application in electrochemical treatment methods. This 
research emphasizes the importance of transforming sewage sludge into biochar. 
The multifunctionality of biochar not only enhances pollutant removal but also con-
tributes to environmental sustainability by repurposing waste into valuable remedia-
tion materials (Gopinath et al. 2021).

Visiy et al. examined how applying biochar in domestic wastewater treatment 
influenced the growth of lettuce (Lactuca sativa). The biochar, derived from corn 
cobs, underwent significant changes in its physicochemical properties after waste-
water filtration. A notable increase in bulk density was observed, rising from 
0.243 g/cm3 to 0.381 g/cm3, indicating a reduction in total porosity. This decrease in 
porosity contributed to a lower bulking density of less than 0.38 g/cm3. The study 
further revealed that wastewater filtration resulted in a decline in the ash content of 
the biochar, leading to a reduction in pH from 7.8 to 5. Additionally, there was a 
marked decrease in exchangeable cations, with calcium, potassium, magnesium, 
and sodium concentrations dropping by 84.3%, 74.8%, 43.3%, and 23.4%, respec-
tively. The total phosphorus concentration also declined by 51.4%. This study 
underscores the transformative effects of biochar in wastewater treatment and high-
lights the importance of evaluating its impact on soil nutrient dynamics for sustain-
able agricultural applications (Visiy et al. 2022).

9.2.3 � Pharmaceutical

The environment poses significant risks to human and ecological health by the dis-
charge of pharmaceutical waste, necessitating the development of advanced reme-
diation strategies. Traditional removal techniques are often non-selective and may 
lead to secondary contamination, highlighting the need for more efficient alterna-
tives. Among the emerging solutions, promising adsorbents have gained attention 
by molecularly imprinted polymers (MIPs).

Various multi-step polymerization techniques are used to synthesize MIPs, 
which have demonstrated strong adsorption capabilities at the laboratory scale. The 
adsorption efficiency of multi-templated MIPs is influenced by factors such as the 
design and operational capacity of wastewater treatment plants, pharmaceutical 
consumption trends, and others (Fig. 9.5).

The increasing presence of antibiotics in the environment necessitates efficient 
remediation strategies, and biochar-assisted graphene-based materials have emerged 
as promising solutions. Ashraf et al. explored the synthesis and application of these 
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Fig. 9.5  Environmental fate of pharmaceuticals

advanced materials for antibiotic removal, leveraging the unique properties of gra-
phene and biochar composites. Natural graphite serves as a precursor for large-scale 
production of transparent graphene thin films with high conductivity. The incorpo-
ration of graphite carbon enhances photocatalytic activity by improving pollutant 
adsorption on photocatalyst surfaces. Multiple mechanisms, such as π–π electron 
donor-acceptor interactions, hydrophobic forces, hydrogen bonding, and covalent-π 
interactions, facilitate antibiotic adsorption, all of which enhance the overall effec-
tiveness of the process. The combination of biochar and graphene leads to structural 
and morphological changes that promote non-covalent linkages via various interac-
tion mechanisms. These synergistic effects enhance the overall efficiency of antibi-
otic removal. The potential of biochar-assisted graphene materials in wastewater 
treatment is highlighted in this study, presenting an eco-friendly and efficient solu-
tion for mitigating antibiotic contamination and minimizing environmental hazards 
(Ashraf et al. 2022).

The widespread contamination of water bodies with antibiotic pollutants neces-
sitates efficient remediation strategies. Katiyar et al. investigated innovative biochar 
for the effective removal of antibiotics from aqueous environments. Since antibiot-
ics possess dissociation constants (pKa) within the pH of 1.5–9.5, their charge and 
solubility vary according to environmental conditions. The study emphasized the 
crucial role of pH in influencing the adsorption efficiency of biochar, which 
researchers produced at temperatures ranging from 300 to 900 °C in an oxygen-
limited environment. Various biochar dosages (1–10 g/L) were tested for removing 
antibiotics such as tetracycline, trimethoprim, erythromycin, clarithromycin, ampi-
cillin, ofloxacin, and sulfamethoxazole. The efficiency of removal was significantly 
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impacted by pH, with optimal performance observed between pH  5 and 11. 
Furthermore, an innovative approach combining waste-fungus-chaff-biochar with 
Herbaspirillum huttiense was explored to purify antibiotic pollution while simulta-
neously binding heavy metals like copper and zinc. The combined material success-
fully immobilized 85.5% of Cu and 64.4% of Zn while achieving removal rates of 
41.9% for oxytetracycline (OTC) and 40.7% for enrofloxacin (ENR). This study 
highlights the promising potential of biochar-based approaches for antibiotic reme-
diation, offering a sustainable solution to mitigate environmental contamination 
(Katiyar et al. 2022).

The increasing occurrence of pharmaceutical compounds (PCs) in aquatic sys-
tems necessitates effective remediation strategies. Chauhan et al. investigated how 
biochar-mediated adsorption removes pharmaceutical contaminants from water. 
While activated carbon has often been used to address pharmaceuticals like keto-
profen, ibuprofen, naproxen, and diclofenac, biochar has emerged as a promising 
alternative. The adsorption mechanism primarily involves π–π interactions between 
the π-electrons of biochar and the aromatic structures of these pharmaceuticals. The 
resulting pristine biochar, underscoring its potential for wastewater treatment, 
exhibited adsorption capacities of 7.72 mg/g and 4.99 mg/g, respectively. However, 
the study raised concerns regarding the stability of biochar during prolonged use in 
wastewater systems. The instability in its aromatic condensation degree may lead to 
carbon leaching, thereby increasing the carbon content in treated effluent. Despite 
these challenges, biochar remains a promising sustainable solution for pharmaceuti-
cal wastewater treatment. Further optimization in biochar modification could 
enhance its stability and long-term efficacy in environmental remediation (Chauhan 
et al. 2022).

The increasing concern over pharmaceutical contaminants in water systems has 
driven the development of innovative adsorption techniques using biochar. A multi-
component mixture of active pharmaceutical compounds was examined by Puga 
et al. using biochars derived from grapevine cane, holm tree, and eucalyptus prun-
ing residues. It was demonstrated by the study that venlafaxine (VLX) and trazo-
done (TRZ) were effectively removed from aqueous solutions by these biochars. 
Kinetic analysis indicated that the adsorption of FLX and TRZ followed a pseudo-
first-order kinetic model, with a rate constant (k1) of 4.23 min−1 for both. The exper-
imentally determined uptake capacities aligned with equilibrium values predicted 
by the kinetic models, confirming the reliability of the adsorption process. The 
occurrence of organic and inorganic impurities in the system may gradually lead to 
a reduction in column efficiency. The potential of agroforestry-derived biochar as a 
cost-effective for the removal of pharmaceuticals from wastewater is underscored 
by this study, with further optimization of biochar characteristics and adsorption 
conditions enhancing its applications in environmental remediation (Puga et  al. 
2022) (Fig. 9.6).

Badiger et al. explored how biochar is applied in sulfate radical-based advanced 
oxidation processes to remove pharmaceutical contaminants. These pollutants, 
which primarily enter water systems through hospital waste and human excretion, 
pose significant risks to both aquatic ecosystems and human health. The study 
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Fig. 9.6  Breakthrough curves for the adsorption of the pharmaceutical mixture in spiked synthetic 
WWTP. The lines represent the fitting to the models: (a) Thomas, (b) Yoon-Nelson, and (c) Yan 
(Puga et al. 2022)

underscored the growing importance of functional biochars as sustainable materials 
for pollutant removal, noting that various modification techniques, such as acid-
base treatment and metal loading, significantly enhance their surface properties. A 
notable case involved treating bone-derived biochar with H₂SO₄, which increased 
its surface area by 83% due to the removal of inorganic components like CaCO₃ and 
hydroxyapatite, creating additional active adsorption sites. Engineered biochars 
have shown high efficiency in eliminating pharmaceuticals from aqueous solutions, 
establishing them as promising candidates for wastewater treatment. This study 
underscored the potential of biochar-based SR-AOPs as a sustainable and effective 
approach to mitigating pharmaceutical pollution, contributing to the advancement 
of environmentally friendly water purification technologies (Badiger and 
Nidheesh 2023).

The growing concern over pharmaceutical contaminants in water has led to the 
exploration of advanced adsorbents for effective remediation by researchers. The 
potential of N-doped and activated porous biochar, derived from cocoa shell, was 
investigated by Zanli et  al. for the removal of norfloxacin (NOR) from aqueous 
solutions. Various bio-based adsorbents, including wood, sawdust, bamboo, coco-
nut, and reed stalks, have been utilized for eliminating pharmaceutical and personal 
care products such as norfloxacin, acetaminophen, and tetracycline. However, the 
study found that conventional biochar exhibited limited efficiency in NOR removal. 
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To address this limitation, modifications were made to enhance the surface func-
tionality and porosity of the pristine biochar. A novel one-step synthesis approach 
was introduced, incorporating nitrogen doping with urea and activation using 
NaHCO₃. Furthermore, the potential of engineered biochar as an efficient and excel-
lent adsorbent for pharmaceutical contaminants was noted in the study, contributing 
to the development of environmentally friendly wastewater treatment strategies 
(Guy Laurent Zanli et al. 2022).

As antibiotic and antibiotic resistance gene levels rise in agricultural waste, 
developing effective mitigation strategies becomes critical. Tong et al. investigated 
how biochar influences antibiotic degradation and variations in resistance genes 
during the co-composting of the pig manure and corn straw. The composting experi-
ments were carried out outdoors with two treatment groups: a control group (CK) 
and a biochar-amended group (CK  +  Biochar). During the initial 14  days, the 
removal efficiency of tylosin was significantly enhanced in the biochar-amended 
compost, with a reduction rate of 94.44% compared to 77.08% in the control. 
However, concentrations of danofloxacin and enrofloxacin were increased in both 
treatments, with values in the biochar treatment being elevated from 23.49 to 
32.32 μg/kg and from 68.06 to 146.32 μg/kg, respectively. It was found that micro-
bial activity was a crucial factor influencing changes in antibiotic concentrations. 
By the end of the composting period, the removal rates of sulfadiazine, sulfametha-
zine, ofloxacin, ciprofloxacin, difloxacin, and lincomycin were higher in the 
biochar-treated group (68.32%–87.24%) compared to the control (38.21%–77.10%). 
This study highlighted the efficacy of biochar in enhancing antibiotic degradation 
during composting, offering a sustainable approach to mitigating antibiotic con-
tamination in agricultural waste management (Tong et al. 2022).

In another study, Curiel et  al. investigated thermochemical waste conversion, 
biochar adsorption, and electro-assisted regeneration as sustainable strategies for 
removing pharmaceuticals. The study included the characterization of biochar pro-
duced from rice bran under various conditions to evaluate its adsorption potential. 
BET surface area analysis revealed that the surface area increased when the pyroly-
sis temperature was raised from 300 °C to 500 °C accordingly, with notable differ-
ences being observed between BC500, BC750, and their autoclave-treated 
counterparts (BC500A, BC750A). To understand the adsorption mechanism, iso-
therm and kinetic studies were conducted on BC500A, which was found to exhibit 
a slightly acidic nature (pHPZC 5.2). The study also examined the behavior of 
fluoxetine (FLX), which has a pKa of 9.8, meaning its amine functional group is 
ionized below this value, resulting in a positively charged species in solution. Given 
that the experimental pH was maintained between 5.2 and 9.8, electrostatic interac-
tions played a key role in adsorption. The potential of biochar as an efficient and 
sustainable adsorbent is highlighted by these findings, paving the way for environ-
mentally responsible pharmaceutical waste remediation (Escudero-Curiel 
et al. 2021).

The increasing presence of antibiotic pollutants in wastewater necessitates effec-
tive and sustainable removal strategies. Ajala et  al. investigated the potential of 
biomass-derived adsorbents for eliminating antibiotics, focusing on amoxicillin 
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removal using palm bark-based biochar. Biomass-based adsorbents, sourced from 
agricultural residues, contain functional groups, which enhance their ability to cap-
ture emerging contaminants, including pharmaceuticals. In their study, adsorption 
experiments were conducted with varying conditions: adsorbent dosages ranging 
from 0.5 to 5 g/L, initial amoxicillin concentrations between 10 and 100 mg/L, and 
contact times spanning 10 to 180 min. The experiment achieved a 98.1% removal 
efficiency for amoxicillin within 90 min using a 3 g/L adsorbent dose at an initial 
antibiotic concentration of 10 mg/L at 25 °C. Additionally, researchers observed 
that increasing the adsorbent dose from 0.5 to 3.0 g/L significantly improved the 
removal efficiency, and these findings emphasize the potential of biomass-derived 
adsorbents as a sustainable and cost-effective solution for wastewater treatment. By 
harnessing agricultural residues, this approach offers a sustainable method for miti-
gating pharmaceutical contamination in aquatic environments (Aderemi Ajala 
et al. 2023).

As pharmaceutical pollutants in water bodies are becoming a growing concern, 
the effectiveness of biochar in their removal through adsorption and persulfate-
based advanced oxidation processes (AOPs) was investigated by Kang et al. The 
critical role of free radical pathways in degrading pharmaceutical contaminants was 
emphasized by the study, particularly regarding the removal of tetracycline, which 
was facilitated by persulfate-based AOPs through external energy excitation and 
heterogeneous catalytic processes. It was demonstrated that sulfamethoxazole was 
effectively removed by biochar, primarily through adsorption, with mechanisms, 
hydrogen bonding, and hydrophobic effects being leveraged. Notably, SMX exhib-
ited poor solubility at higher pH levels, enhancing its adsorption on the hydrophobic 
biochar surface. Additionally, other antibiotics, including acetaminophen, cepha-
lexin, and levofloxacin, were evaluated through a comparative analysis of adsorp-
tion versus persulfate-based AOPs. The findings indicated that increasing the dosage 
of tetracycline significantly improved pollutant removal, with the rate rising from 
21% to 49%. Moreover, the catalytic degradation efficiency was enhanced from 
75% to 88%. This study underscores biochar’s potential as a versatile and sustain-
able material for pharmaceutical wastewater treatment. Its dual functionality—
adsorption and catalytic degradation—offers a promising approach to mitigating 
pharmaceutical contamination and improving water quality (Kang et al. 2022).

9.3 � Conclusion

Biochar is increasingly being recognized as a sustainable and effective tool for envi-
ronmental remediation, with significant potential demonstrated in soil restoration, 
water purification, and pharmaceutical waste management. Its distinct physico-
chemical properties have contributed to its strong adsorption capabilities. Various 
pollutants are effectively captured by biochar, while improvements in soil health 
and microbial activity have made it suitable for large-scale environmental 
applications.
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In the field of water treatment, biochar has been utilized for the removal of pol-
lutants from industrial wastewater, agricultural runoff, and municipal effluents. Its 
adsorption efficiency is influenced by several factors and continuous research is 
being conducted to optimize its performance in different environmental settings. 
Additionally, the increasing prevalence of pharmaceutical contaminants has neces-
sitated the exploration of biochar-based approaches in wastewater treatment, with 
studies demonstrating its effectiveness in removing antibiotics, analgesics, and hor-
mones from water sources.

Beyond soil and water remediation, biochar has been employed in air pollution 
control and carbon sequestration; however, large-scale implementation has been 
hindered by challenges such as production costs, variability in adsorption perfor-
mance, and scalability. Efforts are being made to enhance biochar’s efficiency 
through modifications and innovative applications, further strengthening its role as 
an environmentally friendly solution for pollution control.

Overall, biochar has been established as a promising strategy for environmental 
management, aligning with global sustainability efforts and providing an economi-
cal approach to pollution mitigation across various sectors.
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Chapter 10
Effect of Algae-Based Nanoparticles 
and Implications in Remediation

Njabulo S. Mdluli, Kgomotso G. Mabena, Mxolisi J. Kiwanuka, 
and Nomvano Mketo

Abstract  Algae-based nanoparticles fall under the green synthesized biogenic 
nanoparticles. These nanomaterials are regarded as the best as they make use of 
green chemistry materials for their synthesis. However, the supermagnetic nanopar-
ticles derived from algae have shown several limitations as they have adverse effects 
on microbes, plants, and animal life. The improper disposal of industrial waste and 
pollutants, including algae nanoparticles, can contaminate soil and groundwater. In 
this process, iron nanomaterials can migrate between different environments. 
Notably, biogenic nanoparticles, such as nano zero-valent iron, are highly reactive, 
posing potential environmental risks. This therefore poses a major toxic impact on 
microorganisms and directly and indirectly affects the environment. These nanopar-
ticles especially the iron oxide derived from algae have the potential to disturb the 
growth of aquatic plants, animals, and algae species like Chlorella vulgaris which 
are key for aquatic life. It is therefore paramount to study the implications of algal 
nanoparticles in remediation and come up with solutions on how these nanoparti-
cles can be made to have minimal side effects on the environment.

Keywords  Algae · Nanoparticles · Remediation · Environment · Biogenic

10.1 � Introduction

The Protista kingdom contains a group of primarily aquatic animals known as algae. 
Algae exhibit diverse life cycles, spanning from microscopic Micromonas to gigan-
tic kelps reaching 60 m in length. Unlike plants and animals, algae boast a broader 
range of photosynthetic pigments (Yang et  al. 2022). Beyond their ecological 
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significance as oxygen producers and aquatic life sustenance, algae contribute sub-
stantially to human economies as sources of crude oil, food, and various medical 
and industrial products (Castillo-Henríquez et al. 2020). Algae have drawn a lot of 
attention since it has recently been employed in the environmentally friendly syn-
thesis of several metal nanoparticles, including ZnO, Fe3O4, and Ag, which are used 
in the removal of both organic and inorganic pollutants in the environment (Satapathy 
et  al. 2017). Biological synthesis by microorganisms holds enormous potential 
because it is eco-friendly and cost-effective, avoids toxicants and harsh chemicals, 
and requires less energy than physicochemical NPs production (Ahmed et al. 2017). 
Scientists have recently become interested in promoting the interaction of physical 
molecules with biological systems, and they have discovered that many bacteria 
create NPs via either intracellular or extracellular pathways when they interact with 
inorganics (Bolade et al. 2020). Recently, it has been found that bacteria (like acti-
nomycetes), fungi, and yeasts may produce metal nanoparticles both extracellularly 
and intracellularly (Saif et al. 2016).

The production of green nanoparticles has emerged as a promising method for 
creating nanomaterials with diverse properties. Traditional physical and chemical 
approaches have limitations due to hazardous byproducts, expensive equipment, 
and lengthy procedures (Bolade et al. 2020). Biogenic synthesis offers a more eco-
friendly, cost-effective, and energy-efficient alternative. This method utilizes living 
organisms like bacteria, fungi, and algae to produce nanoparticles (Ju-Nam and 
Lead 2008). Microalgae and cyanobacteria are particularly promising due to their 
rapid growth, high CO2 sequestration rates, and ability to hyperaccumulate heavy 
metals without producing toxic byproducts (Sodhi et al. 2021). Algal extracts serve 
as natural reducing and capping agents, enabling the green synthesis of nanoparti-
cles (Shiny et al. 2014). Furthermore, algal cells can absorb heavy metals and utilize 
them as nutrients, making them a valuable tool for removing hazardous contami-
nants (Adeleye et al. 2016). Despite their potential, microalgae-based nanoparticle 
production remains largely unexplored (Ezeuko et al. 2021).

10.2 � Synthesis of Algae-Based Nanoparticles

Algae are diverse, aquatic organisms that undergo photosynthesis and belong to the 
kingdom Plantae. They have the unique ability to absorb and transform heavy metal 
ions (Rai et al. 2018). Algal extracts are rich in various valuable compounds, includ-
ing carbohydrates, vitamins, nutrients, oils, and fatty acids. Additionally, they con-
tain bioactive substances like antioxidants, as well as pigments such as chlorophyll, 
which act as natural reducing and stabilizing agents (Su et al. 2019). This has led to 
a new generation of NPs which are synthesized from these microorganisms. Algae-
mediated synthesis of NPs has proven to be efficient and healthy as compared to the 
traditional modes (chemical and physical) of NPs synthesis (Vimercati et al. 2020).
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The intracellular biosynthesis of nanoparticles (NPs) from bulk materials can be 
achieved through two methods. The first involves centrifuging cellular extracts dur-
ing the logarithmic growth phase, rinsing to remove excess salts, and then combin-
ing the biomass with a precursor solution in an aqueous medium (Rai et al. 2018). 
The second approach entails culturing a specific microbe with an aqueous solution 
of bulk material under optimal conditions. The biosynthesis of gold nanoparticles 
(AuNPs) is indicated by colour changes to pink, ruby red, or purple, while the bio-
synthesis of silver nanoparticles (AgNPs) is indicated by a brown hue (Satapathy 
et al. 2017; Rautela et al. 2019; Maiti et al. 2014).

For instance, the synthesis of AgNPs from Desmodesmus sp. cells was accom-
plished within 24 h using a 5 mM AgNO3 solution as a reducing agent. Additionally, 
Zhang et al. developed an eco-friendly and cost-effective method for synthesizing 
cadmium selenide quantum dots (CdSe QDs) from microalgae, proposing their 
application as a sensitive nanoprobe for imatinib detection (Ji et  al. 2020). 
Scenedesmus sp. was utilized to manufacture silver nanohybrids (Ag/AgCl) exhib-
iting antibacterial activity against four bacterial species. Ana et  al. employed 
Spirulina sp. LEB 18 to investigate AgNP production in conjunction with microal-
gal culture in silver-polluted industrial wastewater, suggesting the conversion of 
industrial effluents into nanoparticles via microalgal culture (Khan et al. 2022).

The biosynthesis process involves metal ions binding to the surface of algal cells 
and being processed by secreted metabolites, such as lipids, proteins, ions, pig-
ments, antioxidants, non-protein DNA, RNA, and enzymes, which act as capping 
and reducing agents for NP formation. Following centrifugation to separate the bio-
mass, the filtrate is treated with a precursor metal ion solution to produce NPs. 
Although extracellular production facilitates relatively easy NP purification, wash-
ing and blending of the biomass are essential preliminary steps (Yang et al. 2022).

The size, shape, and aggregation of NPs are influenced by their physicochemical 
properties, including pH, temperature, substrate concentration, and metal ions 
(Yang et al. 2022). A neutral pH has been shown to enhance NP capping and stabil-
ity through interaction with the amine group of surface proteins, whereas a higher 
pH can augment the bio-reduction activity of functional groups, minimizing NP 
agglomeration (Satapathy et al. 2017). The bioactive substances present in the fil-
trate of the S. obliquus culture were utilized to create extracellularly generated 
AgNPs exhibiting antibacterial activity. Similarly, extracellularly generated AgNPs 
using C. vulgaris demonstrated photocatalytic activity against methylene blue dye. 
The extracellular synthesis of AgNPs was also achieved using the microalgae extract 
of Nannochloropsis sp. hexane (EAENH), with various biomolecules playing cru-
cial roles in the reduction, capping, and stabilization of AgNPs during synthesis 
(Maiti et al. 2014). S. platensis has also demonstrated the extracellular synthesis of 
AuNPs in response to chloroauric acid at various concentrations (Durán-Álvarez 
et al. 2015).
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10.3 � Factors Affecting Algae-Based Synthesis

The branch of nanoscience that specializes in the algae-based synthesis of NPs is 
called Phyconanotechnology. Several characteristics, such as size, shape, and stabil-
ity, influence the chemical and physical properties of NPs. These factors include pH, 
time, temperature, starting concentration, and metal type (Khanna et al. 2019).

Effect of Extract Concentration  The concentration of the algal extract is report-
edly directly proportional to the quantity and inversely proportional to the particle 
size of the NPs produced. However, increasing the concentration beyond a threshold 
concentration leads to agglomeration. Thus, it is paramount to standardize the con-
centration into an optimum along with other parameters (Mukherjee et al. 2021).

Effect of pH  The pH level of the reaction environment has a profound impact on 
nanoparticle (NP) synthesis. Variations in hydrogen ion concentration significantly 
influence NP size and shape. This phenomenon occurs because the electrical charge 
of biomass and capping agents undergo substantial changes at different pH levels, 
affecting their ability to bind and reduce metal ions. Notably, research has shown 
that larger NPs tend to form at lower acidic pH values, whereas higher pH values 
yield smaller particles (Khan et al. 2022).

Effect of Temperature  In general, as temperature rises, so does the pace of reac-
tion and production. It has been noted that increasing the temperature can cause an 
increase in particle size. Additionally, alteration of the temperature also affects the 
shape of the NPs (Chugh et al. 2021). In an experiment, Prasad et al. discovered that 
the average size of nanoparticles synthesized by the brown algal Cystophora monili-
formis at temperatures less than 65  °C was 75 nm (Prasad et  al. 2013). He also 
found that nanoparticle aggregation occurs at higher temperatures (85–90 °C), and 
a cluster of particles with a size greater than 2 μm was observed at 95 °C. Thus, 
temperature optimization is critical, and it relies on the algal dye and technique of 
synthesis utilized.

Effect of Contact Time  Generally speaking, the yield of nanoparticles produced 
increases with an increase in incubation time, but only temporarily. In the case of 
silver nanoparticles, for example, extending the duration causes agglomeration 
because of the NPs’ instability. Furthermore, the organism being employed for syn-
thesis determines how the incubation period affects things (Chugh et al. 2021).

Choice of Algae  The synthesis of NPs is significantly impacted by the choice of 
algae. When choosing the type of algae for biosynthesis, it is important to consider 
the intrinsic properties of the microorganism such as growth rate, enzyme activity, 
biological pathways, and inoculum size (Uzair et al. 2020).

Bioactive Catalyst and Metallic Precursor  The characteristics of the bioactive 
catalysts and additional metallic precursors affect the yield of nanoparticles that are 
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generated. The reaction rate and the quality of the NPs are both highly impacted by 
the appropriate ratio of biocatalysts to metallic precursors (Li et al. 2021).

10.4 � Characterization of Algae-Based Nanoparticles

Nanoparticles (NPs) biosynthesized from algae have been characterized by using a 
wide range of different analytical techniques such as TEM, SEM, UV-vis spectros-
copy, FT-IR, XRD, XPS, AFM, and DLS. The formation of certain nanoparticles 
can be identified by observing colour changes in the reaction mixture at specific 
temperatures during synthesis. For example, the appearance of a brownish-violet or 
violet hue indicates the formation of silver nanoparticles, while a shift to purple or 
pink suggests the successful synthesis of gold nanoparticles (AuNPs) (Mukherjee 
et al. 2021).

The techniques above play different roles in the characterization of the nanopar-
ticles. For instance, UV-Vis spectroscopy can be used to monitor the biosynthesis of 
metal NPs in aqueous solutions. This process is done by using absorption spectros-
copy in the UV-Vis range (190–1100 nm) (Khan et  al. 2019; Borah et  al. 2020; 
Sharma et al. 2016). Generally, different materials have different absorption spectra, 
e.g., AgNPs have a spectral range between 400 and 450 nm (Verma et al. 2010), 
AuNPs range between 500 and 550  nm and ZnO-NPs range between 350 and 
390 nm (Shukla and Iravani 2017). Metal nanoparticles (NPs) display distinct opti-
cal properties due to surface plasmon resonance (SPR), which arises from the inter-
action between free electrons in the metal NPs and light waves. This phenomenon 
produces a unique absorption band (lmax) that provides valuable information about 
the nanomaterial’s characteristics, such as size, shape, aspect ratio, and dielectric 
constant. By analysing the bandwidth and amplitude of this absorption band, the 
particle size of metal NPs can be determined. This can be achieved using a UV-Vis 
spectrophotometer, which measures particle size in aqueous solutions by utilizing 
blue and green light rays within a specific spectrum (320–580 nm) (Gopu et al. 2021).

FT-IR spectroscopy plays a crucial role in identifying the functional groups pres-
ent on nanoparticle surfaces. This analytical technique provides valuable insights 
into the surface chemistry and synthesis mechanisms involved. By examining the 
spectral range of 4000–400 cm−1, researchers can pinpoint the specific biomole-
cules responsible for reducing, capping, and stabilizing nanoparticles (Dahoumane 
et al. 2016). A comparative analysis of the transmittance spectra of native extracts 
and reaction media helps identify the key biomolecules involved in nanoparticle 
synthesis. Typically, functional groups such as carbonyl, amine, and thiol are 
detected on nanoparticle surfaces. However, the complexity of biological systems 
can sometimes limit the effectiveness of FT-IR spectroscopy due to overlapping 
absorption peaks (Huq 2020).

To further investigate the interaction between the produced NPs and surrounding 
biomolecules, additional characterization techniques like XPS (X-ray photoelectron 
spectroscopy) can be used (Shah et  al. 2015). Surface charge, hydrodynamic 
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diameter, and particle stability in liquid form can be measured using DLS (dynamic 
light scattering) spectroscopy, while XRD (X-ray diffraction) data helps determine 
purity, crystalline size, geometry, orientation, and phases of the NPs (Mukherjee 
et al. 2021; Shah et al. 2015). XRD patterns are typically compared with a standard 
crystallographic database like JCPDS to obtain structural information and estimate 
particle size using the Debye-Scherer formula (Ullah et al. 2017). XRD is suitable 
for identifying both single and multiphase NPs. It should be noted that XRD dif-
fractograms can be influenced by amorphous nanometals with varying inter-atomic 
lengths (Shah et al. 2015).

Advanced microscopic techniques such as TEM, SEM, and AFM can be used to 
study the morphology, size, distribution, and surface topography of the metal NPs 
(Abbasi et al. 2020; Oza et al. 2012). TEM and SEM are usually hyphenated with 
ADAX or EDS to further provide information about the metals present (Oza et al. 
2012). In some studies, HR-TEM is used to determine the precise size, shape, and 
crystallinity of the biosynthesized NPs.

10.5 � Implications of Algae Nanoparticles in the Environment

Iron nanoparticles have a wide range of environmental applications, but they also 
pose a threat when they come into contact with the environment (Dinesh et  al. 
2012). Improper industrial waste management, leaks, and remediation of pollu-
tion—particularly in groundwater and soil remediation where iron nanomaterial can 
migrate from one medium to another—can all have negative effects (Dinesh et al. 
2012). Nano zero-valent iron (nZVI), one of the several forms of iron nanoparticles, 
is regarded as being particularly reactive. Zero-valent iron (Fe0), which was once 
employed as permeable reactive barriers for the in-place treatment of groundwater, 
changes when contaminants and an exposed environment are present (Saif et  al. 
2016). Iron nanoparticles (NPs) have numerous hazardous effects on soil fauna and 
microorganisms that are both directly and indirectly harmful to the environment. 
Induced stress of nano-iron can result in significant toxicological effects of iron NPs 
on soil microorganisms and alterations in microbial biomass (Hou et  al. 2018). 
Furthermore, nanosized zero-valent iron (nZVI) particles were found to induce tran-
scriptional and proteomic stress responses in the soil bacterium Bacillus cereus 
(Fajardo et al. 2013).

The biogenic nanoparticles with magnetic character have also been studied on 
the ecological indicator of the health of an aquatic ecosystem is green algal growth 
(Ahmed et al. 2017). The effects of superparamagnetic iron oxide nanoparticles on 
the green alga Chlorella vulgaris have been studied. Three suspensions of varying 
chemical concentrations of iron oxide NPs were used to expose C. vulgaris cells to 
each suspension (Ahmed et al. 2017). Significant toxicity was present in superpara-
magnetic iron oxide nanoparticles, which also caused oxidative stress in algal cells, 
impaired their photochemical activity, and prevented cell division (Hou et al. 2018).
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The growing presence of nanoparticles in the environment is partly attributed to 
their excessive use in consumer products. Silver nanoparticles (Ag NPs) dominate 
the market, accounting for 20% of all nanoparticle usage—a staggering threefold 
increase over carbon-based nanoparticles, the second most widely used type (Chen 
et al. 2019). As a result, key research priorities have emerged, focusing on the eco-
logical and health impacts of accumulated Ag NPs, as well as their interactions with 
soil-plant systems (Satapathy et al. 2017).

Furthermore, nanoparticles (NPs) may exert influence on terrestrial plants and 
crops within agricultural systems, potentially compromising global food security 
and safety (Sharma et al. 2019). Research conducted by Wang et al. has revealed 
that accumulated silver nanoparticles (AgNPs) can translocate to the roots and 
shoots of two terrestrial crops, namely cowpea (Vigna unguiculata) and wheat 
(Triticum aestivum), raising concerns about their potential impact on crop health 
and productivity (Chen et al. 2009). It is worth noting that, some plants have the 
ability to phytoaccumulate CeO2 NPs without modification, which could be danger-
ous for human health (Asadzadeh et al. 2021). Additionally, the buildup of these 
NPs triggers the production of antioxidant enzymes such as ascorbate peroxidase 
and catalase, which work to scavenge harmful reactive oxygen species. Similar to 
how NPs affect mycorrhizal associations, it’s critical to comprehend how NPs affect 
the microbial relationships of plants in watery environments (Batterjee et al. 2022). 
Silver NPs were found to be damaging to the microorganisms connected to wetland 
plant life in microcosms. Interestingly, microorganisms (or microbial extracts) are 
environmentally friendly tools for the synthesis of NPs; but, NPs may inhibit micro-
bial interaction, a crucial occurrence for the survival of the environment (Chen et al. 
2019). In the context of an aquatic environment, interactions between plants and 
NPs can be particularly important. Algae are the foundation of the food chain, and 
certain types of algae and cyanobacteria cause an algal bloom that is harmful to the 
environment and drinking water. The Cu NPs can potentially reduce algal blooms 
and have good environmental effects in aquatic settings (Chen et al. 2019).

10.6 � Remediation Strategies

Algae play a crucial role in environmental remediation through processes such as 
algal bioremediation, phytoremediation, and nutrient removal (Fig. 10.1) (Gomes 
et  al. 2016). These microorganisms effectively absorb heavy metals and excess 
nutrients from contaminated water and soil, making them a sustainable solution for 
pollution management. The biosorption of heavy metals utilizes these nanoparticles 
to effectively absorb and eliminate contaminants from wastewater, demonstrating a 
high affinity for various heavy metal ions, including cadmium and lead (Priyadarshani 
et al. 2011). Additionally, nanoparticle-mediated bioremediation enhances the deg-
radation of specific pollutants, making it a versatile approach for both soil and water 
remediation. In wastewater treatment, algae not only remove harmful pollutants but 
also produce valuable byproducts like biofuels and bioplastics, enhancing the 
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Fig. 10.1  Recycling of the biogenic NPs to prevent metal accumulation in the environment

economic viability of remediation efforts. Furthermore, phytoremediation leverages 
algae to extract pollutants, with nanoparticles increasing the surface area for absorp-
tion, thus improving efficiency. In the context of oil spills, algae-based nanoparti-
cles can significantly enhance the degradation of oil pollutants, addressing the 
challenges of bioavailability (Macaulay and Rees 2014). Overall, the integration of 
algae in remediation strategies not only offers cost-effective solutions but also pro-
motes eco-friendly practices in environmental management.

10.7 � Conclusion

The effect and implication of algae-based nanoparticles in remediation have been 
successfully investigated. The synthesis of nanoparticles using algae is less toxic 
and environmentally friendly, but these nanoparticles when they are disposed into 
the environment pose to have negative effects. Iron and iron oxide nanoparticles are 
the most reported materials to have implications when they come in contact with the 
environment. Additionally, silver nanoparticles are also reported to have some 
implications, especially with the soil and plant systems. It can also be concluded 
that algae are effective in the removal of heavy metals due to their high removal 
efficiency for metals.
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Chapter 11
Role of Phytosynthesized Nanoparticles 
for Remediation of Contaminants

Sajmina Khatun, Chandra Lekha Putta, and Aravind Kumar Rengan

Abstract  Phytosynthesized nanomaterials are expanding swiftly in the realm of 
nanotechnology for removing environmental contaminants. Both organic and inor-
ganic environmental contaminants are detrimental to human health. The conven-
tional methods for eliminating contaminants are expensive and time-consuming. 
Therefore, a workable, affordable, and ecologically friendly technique like nano-
technology is desirable. Phytosynthesized nanoparticles, synthesized using plant 
extracts or plant-derived compounds, have gained attention as potential tools for the 
remediation of environmental contaminants. These nanoparticles offer several 
advantages, including their green synthesis approach, an abundance of precursor 
materials, and unique properties. They can effectively remove heavy metals from 
contaminated environments through adsorption or precipitation and enhanced cata-
lytic properties. The reliable physicochemical properties, ecological sustainability, 
and sufficiency of phytosynthesized nanomaterials widen their applications in the 
remediation of environmental contaminants. This chapter gives insight into the 
source of environmental contaminations, impacts of environmental degradation on 
human populations, conventional remediation technologies and their limitations, 
types of phytosynthesized nanomaterials, their different synthesis methods, and 
recent developments. The diverse applications of phytosynthesized nanoparticles 
for environmental pollutant remediation were also highlighted. This chapter also 
explored the recent developments, limitations, and potential future applications to 
reap the rewards of phytosynthesized nanoparticles in contaminant remediations.
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11.1 � Introduction

Environmental contamination is the instigation of toxic compounds or pollutants 
into the air, water, or soil that has an adverse impact on human health, ecosystems, 
and the general well-being of living organisms. The type of contaminant, its concen-
tration, the period of exposure, and the susceptibility of the afflicted species are 
some variables that determine how dangerous environmental pollution is. Some 
common ecological contaminants include (a) air pollutants, including emissions 
from industrial processes, vehicle exhaust, and the burning of fossil fuels. Air pol-
lution can cause respiratory illnesses, cardiovascular issues, and early mortality. It 
also leads to climate change and smog formation; (b) water impurities include 
chemicals, heavy metals, fertilizers, pesticides, and untreated sewage. Water con-
tamination can result in the deterioration of aquatic habitats, reduce biodiversity, 
and contaminate drinking water sources. This causes a significant risk to human 
health, causing waterborne diseases, organ damage, and cancer; (c) soil pollutants 
include industrial waste, pesticides, herbicides, and heavy metals. Soil contamina-
tion affects agricultural productivity, contaminates food products, and can lead to 
the bioaccumulation of toxins in the food chain. It also poses risks to groundwater 
quality and can have long-lasting effects on soil fertility; (d) hazardous waste caused 
by the improper disposal of harmful materials, such as radioactive compounds, 
asbestos, or certain chemicals, poses severe risks to the ecosystem and human health 
(Sharma et al. 2019). Accidental spills and leaks can cause severe environmental 
contamination, harming soil, water bodies, and ecosystems. This leads to biodiver-
sity loss, health hazards, and long-term ecological imbalance.

The persistence of contaminants necessitates costly and complex cleanup efforts, 
impacting both current and future generations. There are several conventional meth-
ods available to cure environmental contaminants: physical treatment (sedimenta-
tion, filtration), chemical treatment (coagulation and flocculation, precipitation, 
oxidation/reduction), biological treatment (composting, bioremediation), thermal 
treatment (controlled burning of waste/incineration, thermal desorption), etc. 
Although conventional treatment methods for environmental contaminants are often 
effective, they have some limitations. These limitations can vary based on the spe-
cific pollutant and the treatment method. Common limitations associated with con-
ventional treatment techniques include incomplete removal of contaminants, 
secondary waste generation, cost and scalability, energy and resource requirements, 
long treatment duration, and limited applicability to certain pollutants (Crini et al. 
2019). Current research focuses on advancing treatment technologies with cost-
effective, eco-friendly solutions. Innovations like nanotechnology, advanced oxida-
tion, and biotechnological methods aim to overcome the limitations of traditional 
treatments.

Nanomaterials (NMs) have been established as promising tools for environmen-
tal applications, particularly in detecting and remediating contaminants. 
Nanomaterials offer distinctive properties such as large surface-to-volume ratios 
and enhanced reactivity, making them well-suited for environmental applications. 

S. Khatun et al.



223

Nanomaterials are employed as sensing platforms for rapidly and sensitively detect-
ing contaminants in the detection field, including heavy metals, organic pollutants, 
and microbial pathogens. Functionalized nanoparticles and nanocomposites (NCs) 
enable selective recognition and quantification of target analytes in complex envi-
ronmental matrices. They can be utilized for the adsorption, catalytic degradation, 
or immobilization of contaminants, thereby enabling their removal or transforma-
tion. Nanoparticles (NPs) functionalized with specific functional groups or coatings 
enhance their affinity towards target pollutants, resulting in efficient and selective 
remediation. However, challenges remain in the practical implementation of nano-
materials for environmental applications. Concerns about nanoparticle stability, 
potential toxicity, and environmental fate must be addressed through comprehen-
sive risk assessment and regulatory frameworks. Additionally, large-scale remedia-
tion projects should consider scale-up, nanoparticle synthesis, and deployment 
cost-effectiveness (Keller et al. 2023).

The increasing concern over environmental pollution has driven the approach of 
green nanomaterial synthesis for sustainable environmental applications, particu-
larly in detection and remediation. Green nanomaterials derived from natural 
sources or synthesized using eco-friendly methods offer several advantages over 
conventional nanomaterials. They possess unique properties such as tunable physi-
cochemical characteristics and low toxicity, making them ideal candidates for envi-
ronmentally friendly applications (Gour and Jain 2019). Overall, phytosynthesized 
nanoparticles offer a promising and sustainable approach to environmental reme-
diation, combining the advantages of eco-friendliness, cost-effectiveness, selectiv-
ity, and biodegradability.

11.2 � Conventional Nano-remediation Approaches 
for Environmental Pollution

The use of nanomaterials for ecological restoration is determined by the character-
istics of the nanostructure. The two primary conventional approaches used for 
nanoparticle-based remediation are chemical reduction and catalysis. Additionally, 
owing to the greater surface area, randomized binding site distribution, and several 
modification possibilities in the coating, nanoparticles have also been employed in 
the adsorption-based elimination process (Guerra et al. 2018). Nanoremediation of 
various environmental contaminations is represented in Fig.  11.1. Furthermore, 
NM-based membranes are employed in water filtration as their pores have the 
potential to hold large molecules in water effluents (Abdelfattah and El-Shamy 
2024). Also, contact with the membrane layer selectively removes the less essential 
molecules. Metal oxides, quantum dots, carbon nanotubes (CNTs), and biopoly-
mers are nanoparticles that remediate water, soil, and air.

Air pollution remains a major global challenge, impacting public health and the 
climate, with key pollutants, including CO, PM, ozone, Pb, and SO₂, often formed 
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Fig. 11.1  Nanoremediation of ecological contamination

through chemical interactions of volatile organic compounds. To mitigate this issue, 
researchers have explored advanced nanomaterials like CNTs, graphite, graphene 
oxides (GO), and silica-based compounds, leveraging their high reactivity, porous 
structure, and thermal stability for effective pollution control (Guerra et al. 2018). 
Carbon-based and silica-based nanomaterials offer significant potential for air pol-
lution management through remediation, pollution monitoring, and contaminant 
detection. Graphene oxide (GO), a key carbon-based nanomaterial, has been used in 
NH₃ gas sensors, SO₂ adsorption, and as a photocatalyst for degrading volatile com-
pounds under UV radiation. Silica-based nanomaterials, with their large surface 
area and tunable properties, effectively remove CO₂, ketones, aldehydes, and other 
pollutants from the air. Additionally, amine-modified silica nanoparticles have 
shown promise in eliminating toxic metals like Pb, highlighting their role in miti-
gating industrial air pollution (Parashar et al. 2020; Mpouras et al. 2021).

Advanced restoration solutions are essential as the rapid development of indus-
tries and urbanization has further exacerbated soil degradation. Due to their high 
reactivity, surface modification capabilities, and tunable physical properties, nano-
materials have gained prominence in soil remediation. Their in-situ application 
allows for large-scale soil purification while reducing time and costs. Carbon-based 
nanomaterials, including CNTs, fullerenes, graphene, offer exceptional adsorption 
properties and eco-friendly advantages. CNTs, in particular, exhibit superior adsorp-
tion capacities for heavy metals like Pb2+, Cu2+, Ni2+, and Zn2+, which depend on pH, 
organic material content, and soil composition. Additionally, metal-based nanoma-
terials like nanoscale zero-valent iron (nZVI) are widely used for removing chlori-
nated compounds, heavy metals, and other pollutants through redox transformations. 
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Surface modifications using noble metals, biopolymers, and composite materials 
further enhance their functionality, ensuring efficient and sustainable soil remedia-
tion (Rajput et al. 2022).

Water pollution also poses a serious hazard to ecosystems and human health, 
making it a critical concern for environmental researchers. Various pollutants, 
including heavy metals, hydrocarbons, pesticides, and pharmaceutical residues, can 
degrade water quality, necessitating effective remediation techniques. The substan-
tial surface area, adsorption capacity, and sensitivity of nanoparticles have made 
nanotechnology a promising option. Carbon-based nanomaterials, like activated 
carbon and CNTs, effectively remove contaminants like fluorides, heavy metals, 
and pharmaceuticals. Metal-based nanoparticles, including FeO, ZnO, and TiO2, are 
widely used for dye adsorption, chromium neutralization, and photocatalytic degra-
dation of pollutants. Polymer-based nanomaterials, such as chitosan and polyamide 
membranes, enhance water filtration by trapping contaminants and improving pol-
lutant rejection. These nanoparticle-driven technologies offer cost-effective and 
efficient approaches to addressing water pollution, highlighting their potential for 
large-scale environmental applications (Peydayesh et al. 2020; Mpouras et al. 2021). 
Some conventional nanoremediation methods, their remediation process, advan-
tages, and limitations are listed in Table 11.1.

Table 11.1  Conventional nanoremediation, remediation process, remediation media, and their 
advantages & disadvantages

Nanomaterials
Remediation 
process

Media 
type Advantages Limitations References

Polymer-based 
NMs

Membrane 
filtration/
nanofiltration

Water Using waste-derived 
polymers
Compliance with 
other therapies

pH 
dependence
Degrades 
under elevated 
temperatures

Peydayesh 
et al. (2020)

Carbon-based 
NMs

Adsorption Air, 
soil, 
water

Compliance with 
other therapies
Large surface area
Excellent adsorption 
properties
Microporosity
Ecologically safe

ROS 
generation
DNA damage
Lysosomal 
damage
Costly
Rapid 
saturation

Mpouras 
et al. (2021)

Metal-based 
NMs

Adsorption, 
photocatalysis, 
photodegradation, 
oxidation, 
reduction

Soil, 
water

Removal of organic 
pollutants
Large specific 
surface area
Compliance with 
other therapies

Adverse 
effects
Harmful to 
human health
Detrimental to 
the 
environment

Aragaw 
et al. (2021)

Silica-based 
NMs

Adsorption, 
catalysis

Air, 
water

Adjustable pore size
Compliance with 
other therapies
Flexibility in surface 
modifications

Irregular 
particle size 
distribution

Parashar 
et al. (2020)
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11.3 � The Impact of Conventional Nanoremediation 
on Environmental Pollutants and the Importance 
of Phytosynthesized Nanoremediation

Conventional nanomaterials have proven effective in nanoremediation, aiding in the 
elimination of various inorganic and organic contaminants from water and soil. 
Their ability to eliminate toxic metals, synthetic dyes, and biological pollutants 
highlights their potential in water purification. As demand for nano-based remedia-
tion rises, biologically synthesized 1D hollow nanomaterials are emerging as multi-
functional structural components. However, concerns over their potential medical 
hazards have gained attention due to increased environmental exposure. Iron (Fe) 
NPs have been investigated for industrial and ecological remediation applications. 
Yet, releasing Fe NPs into the environment is associated with potential hazards. The 
toxicity evaluation for Fe NPs was conducted in an early stage of the zebrafish 
model to study embryonic development. The findings demonstrated that particles 
more significant than 10 mg L−1 caused developmental abnormalities in the embryos, 
leading to death, delayed hatching, and deformity (Zhu et al. 2012). Additionally, 
the effects of Fe NPs on human and animal cells resulting in cytotoxicity have been 
examined. However, there aren’t many reports of genotoxicity caused by Fe NPs in 
human cells. Recent research by Ahamed et al. examined the effects of Fe NPs on 
two human lung epithelial (A549) and skin epithelial (A431) cell lines (Ahamed 
et al. 2008). The results revealed that Fe NPs might cause genotoxicity in both cell 
lines. This genotoxicity is probably caused by generating reactive oxygen species 
(ROS), leading to cellular oxidative stress.

The biological consequences of TiO2 NPs are currently being examined because 
of their extensive use, and concerns about possible hazards to the population and 
workers exposed to them are escalating. According to investigations, TiO2 NPs can 
trigger apoptosis, nuclear degradation, oxidative stress, pro-inflammatory reactions 
in human endothelial cells, and chronic pulmonary inflammation in rats. Cerium 
oxide (CeO2) nanoparticles have demonstrated excellent adsorption capabilities, 
making them effective in water remediation. However, research on their potential 
ecological and social impacts remains limited. Some studies suggest CeO2 NPs may 
induce oxidative stress and even cause cell death in human lung epithelial cells, rais-
ing concerns about their safety. Despite these drawbacks, CeO2 NPs exhibit remark-
able catalytic properties, mimicking the activities of catalase and superoxide 
dismutase. This unique ability allows them to act as reactive oxygen species (ROS) 
scavengers in various biological contexts. As a result, they have shown potential in 
neuroprotection and reducing apoptosis in cells exposed to oxidative stress (Yang 
et al. 2016).

The assessment of the in vivo toxicity of copper (Cu) NPs differs based on the 
size of the nanoparticles. High Cu consumption can result in hemolysis, jaundice, 
liver cirrhosis, lipid profile alteration, oxidative damage, renal failure, and even 
mortality. Cu NPs cause nephrotoxicity, hepatotoxicity, and severe damage to the 
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spleens of experimental animal models, as well as causing gill toxicity in zebrafish, 
based on animal studies. Cu NPs are cytotoxic and induce DNA damage, according 
to in vitro studies. The rapid advancement of silver (Ag) and gold (Au) NPs holds 
considerable potential for applications in numerous fields. Despite their enormous 
benefits for the environment usage, they impose short-term and long-term conse-
quences on the environment’s and organisms’ well-being. The size of gold (Au) 
NPs affects the toxic nature of the particles. Human keratinocyte cells (HaCaT) 
were harmful to rod-shaped Au NPs, while human breast adenocarcinoma cells’ 
mitochondrial integrity was compromised. Additionally, Ag NPs exhibited cyto-
toxic and genotoxic effects on human cells, resulting in mitochondrial failure and 
ROS production, which in turn induced DNA damage and chromosomal abnormali-
ties (Babonaitė et al. 2024).

Phytosynthesized nanomaterials represent a paradigm shift in pollution control, 
offering a more sustainable and green alternative to conventional pollutant manage-
ment strategies. These nanomaterials, synthesized using plant extracts, offer several 
advantages over traditional approaches, including their biocompatibility, low toxic-
ity, and sustainability. Unlike chemical or physical methods, which often require 
harmful reagents or high energy consumption, phytosynthesized nanoparticles 
(NPs) are produced using natural resources, reducing the environmental impact. 
The properties that interact with various pollutants make them highly effective for 
water and soil remediation applications. Plant-derived nanoparticles can be func-
tionalized to target specific pollutants, providing a more selective and efficient 
removal process. The eco-friendly nature of these nanoparticles, combined with 
their ability to degrade or immobilize pollutants, positions them as a promising tool 
for environmental remediation, particularly in areas where traditional methods are 
less effective or too costly (Ahmed et al. 2022).

11.4 � Types and Methodologies 
for Phytosynthesized Nanomaterials

The eco-friendly and sustainable approach has garnered considerable attention 
within the realm of nanotechnology, owing to its inherent simplicity, cost-
effectiveness, and diverse potential applications across multiple disciplines. 
Different types of nanoparticles, for example, gold, silver, copper-based, platinum, 
titanium dioxide, iron, zinc oxide, and bimetallic (Zhan et al. 2011; Suresh et al. 
2015; Kumar et al. 2015; Nayak et al. 2015; Stan et al. 2015; Ganaie et al. 2016; 
Supraja et al. 2016; Yeasmin et al. 2017; Rao et al. 2017; Chaudhuri et al. 2019; 
Larayetan et al. 2019) can be phytosynthesized from different plant parts using vari-
ous plant extracts. Some of the commonly studied types of phytosynthesized 
nanoparticles are included in Table 11.2.
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Table 11.2  Types of nanomaterials derived from plant sources

Plant source
Part of 
plant Nanomaterials

Size 
(nm) Shape References

Acorus calamus, 
Cucurbita maxima, and 
Moringa oleifera

Petals Silver NPs 21–57 Spherical and 
rectangular

Nayak et al. 
(2015)

Acacia nilotica Gum Silver NPs 10–78 Spherical Yeasmin 
et al. (2017)

Allium cepa, Allium 
sativum, and 
Petroselinum crispum

Leaves Zinc oxide 
NPs

14–70 Hexagonal Stan et al. 
(2015)

Aloe vera Leaves Copper oxide 
NPs

20 Spherical Kumar et al. 
(2015)

Antigonon leptopus Leaves Au–Ag NPs 10–60 Spherical Ganaie et al. 
(2016)

Azadirachta indica and 
Ocimum tenuiflorum

Leaf and 
flower

Gold NPs 20 Spherical Rao et al. 
(2017)

Boswellia ovalifoliolata Bark Zinc oxide 
NPs

20 Spherical Supraja et al. 
(2016)

Bursera serrata Fruit Gold NPs 10 Spherical, 
triangular, and 
tetragonal

Chaudhuri 
et al. (2019)

Cacumen platycladi Leaves Au–Pd NPs 7.4 ± 0.8 Spherical Zhan et al. 
(2011)

Callistemon citrinus Aerial 
parts

Silver NPs 29 Spherical Larayetan 
et al. (2019)

Cassia fistula Plant Zinc oxide 
NPs

5–15 Crystalline Suresh et al. 
(2015)

Based on the precursors, the techniques used to develop phytosynthesized 
nanoparticles are categorized into top-down and bottom-up methodologies, depicted 
in Fig. 11.2.

11.4.1 � Top-Down Approach

In top-down techniques, the starting compound is used in large size to shrink to the 
nanoscale by applying chemical and physical methods. These procedures comprise 
electrochemical modifications and photochemical changes employing a wide range 
of techniques that produce stabilized nanoparticles, such as mechanical grinding, 
thermal and laser treatment, and ablation. These are less complicated to execute but 
can change the synthesized nanoparticles’ characteristics and surface chemistry. 
Highly efficient lasers are used in ablation therapy to damage metallic plates, gen-
erating ablated nanoparticles in the liquid medium. The exfoliation time, laser 
intensity, wavelength, and the medium’s absorption rate impact the effectiveness of 
this technique in producing nanoparticles. Cu NPs, Au NPs, and Ag NPs have been 
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Fig. 11.2  Methodologies for synthesizing plant-derived nanomaterials

developed by this approach. In mechanical grinding, large particles are reduced to 
the appropriate smaller sizes. According to the requirements, an agitator operates at 
75–500 rpm speed. The container size, milling rate, temperature, habitat, and use of 
inert gases affect the nanostructure size and uniformity (El-Eskandarany et al. 2021).

11.4.2 � Bottom-Up Approach

Contrarily, bottom-up methods construct atoms/molecules to develop nanostruc-
tured blocks that ultimately culminate in the desired nanoparticles. It could be per-
formed through a combination of biological and chemical approaches. Findings 
have unequivocally demonstrated that natural nanoparticle synthesis methods have 
minor disadvantages compared to alternative technologies. Mechanical procedures 
have low rates of manufacture along with substantial time, energy consumption, and 
economic expenses. Hazardous substances and solvents are used in chemical syn-
thesis, resulting in undesirable derivatives and residues. The solid-state method to 
the synthesis of nanoparticles is practical and reasonable compared to numerous 
alternatives. Milling, calcination, and sintering are the stages involved. The particles 
produced by this technique are exceedingly stable and exceptionally rare to agglom-
erate. Second, removing solvents during preparation makes it easier to manipulate 
and synthesize nanoparticles on large amounts of Ag NPs. Metal-oxide nanoparti-
cles can be produced effectively using the sol-gel method of synthesis (liquid-state 
technique), which has several other benefits. This strategy is suitable for synthesiz-
ing highly complicated nanocomposites with minimal production temperatures, 
better concentration, and efficient methodology. This technique has produced many 
metal-oxide nanoparticles, including ZnO NPs, TiO2 NPs, and SnO2 NPs (Parashar 
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et al. 2020). This chemical procedure develops a gel-like phase with solid and liquid 
components. The limitation is that the organic solvents used in it may be hazardous 
to individuals. The gas-phase synthesis technique employs magnetron sputtering, 
which yields high outputs under controllable pressure, temperature, and vapor con-
centration. The method has the benefit of producing nanoparticles of the ideal size, 
and it is regulated by the velocity of the noble gas comprising helium/argon. An 
alternative strategy, “green synthesis,” is gaining popularity in synthesizing nanopar-
ticles (Rane et al. 2018).

11.5 � Potential Applications of Phytosynthesized 
Nanomaterials in the Remediation 
of Environmental Contaminants

Nanomaterials produced through phytosynthesis can act as sensors or probes to find 
and monitor environmental pollutants. These nanoparticles can be functionalized to 
interact only with specific pollutants and offer sensitivity in detecting and remedy-
ing pollutants. They can be employed for various ecological monitoring purposes, 
such as soil pollution detection, water quality evaluation, air quality monitoring, 
heavy metal removal, and organic pollutant degradation. Some phytosynthesized 
nanomaterials and their potential applications are included in Table 11.3.

11.5.1 � Water Purification

The concept of conscious water use, often referred to as the “water footprint,” has 
gained prominence, especially in urban settings where municipalities strive to rec-
oncile the escalating demand for public water supply with effective water quality 
and wastewater management strategies. Contaminated water causes severe public 
health issues like vomiting and diarrhea caused by microbes or long-term disorders 
like heavy metal bioaccumulation. Over the past few decades, a diverse array of 
wastewater purification methods has been developed, encompassing techniques 
such as solvent extraction, micro and ultrafiltration, adsorption, sedimentation and 
gravity separation, precipitation, coagulation, flotation, evaporation, oxidation, dis-
tillation, reverse osmosis, ion exchange, electrodialysis, and electrolysis. Among all 
the techniques, adsorption is one of the most important approaches for wastewater 
management because of its ease of use, low cost, and availability of a diverse spec-
trum of adsorbents. However, absorbents have some limitations, as different con-
taminants are present in water, and a single adsorbent cannot remove all pollutants 
(Ali et al. 2011).

A wide range of nanomaterials has been developed and utilized for the remedia-
tion of aquatic contaminants. As more environmentally friendly and less polluting 
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Table 11.3  Phytosynthesized nanoparticles, their source, essential experimental parameters for 
synthesis, and their potential application for removal of environmental contaminants

Nanoparticles 
type

Source/name of 
the plants

Experimental 
condition Applications References

Iron 
nanoparticles 
(KP-Fe NPs)

Pyrus 
sinkiangensis Yu

pH 5
Temperature: 
55 °C
Time: 
120 min

Removal of Cr (VI) from 
aqueous media

Rong et al. 
(2020)

Iron oxide 
nanoparticles 
(FeO NPs)

Pleurotus 
ostreatus

pH 2–9
Temperature: 
25 °C
Time: 90 min

Solid-phase extraction 
has been employed for 
the efficient separation 
of Ni (II) and Pb (II) 
ions from water and food 
samples.

Özdemir et al. 
(2021)

Iron oxide 
nanoparticles 
(FexOy NPs)

Luma apiculata 
(LAL); 
Eucalyptus 
globulus (EGL): 
Phragmites 
australis (PAL)

pH 2–4
Temperature: 
20–40 °C
Time: 40 min

Removal of toxic 
chemical compounds 
like Cr (VI) from 
aqueous media

Salgado et al. 
(2019)

Copper oxide 
nanoparticles 
(CuO NPs)

Punica 
granatum

pH 4–10
Temperature: 
25 °C
Time: 24 h

Removal of toxic dyes Peternela et al. 
(2018)

Silver 
nanoparticles 
(Ag NPs)

Extracts of 
tomato, onion, 
and acacia 
catechu

Temperature: 
25 °C
Time: 30 min

Removal of organic dyes Chand et al. 
(2020)

Zinc oxide 
nanoparticles 
(ZnO NPs)

Shorea robusta pH 6
Temperature: 
60 °C
Time: 60 min

Removed Pb2+ and Cd2+ 
ions from wastewater

Özdemir et al. 
(2021)

Silver 
nanoparticles 
(Ag NPs)

Acalypha indica Temperature: 
60 °C
Time: 30 min

Inhibition against 
waterborne pathogens 
like Escherichia coli and 
Vibrio cholerae

Krishnaraj et al. 
(2010)

Magnetic iron 
nanoparticles 
(Fe3O4 NPs)

Olive oil pH 6.44
Temperature: 
80–100 °C
Time: 30 min

Solid-liquid phase 
microextraction for 
determination of nickel 
ions in soil, potato, red 
tea, white tea, 
mushroom, lettuce, 
cabbage, apple, urban 
water, purified drinking 
water

Es’haghi et al. 
(2016)

(continued)
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Table 11.3  (continued)

Nanoparticles 
type

Source/name of 
the plants

Experimental 
condition Applications References

Bentonite-
supported 
“green” 
nanoscale 
zero-valent iron 
nanoparticles 
(B-nZVI NPs)

Green tea 
extracts

pH 2–6
Temperature: 
75 °C
Time: 24 h

Cr (VI) adsorption from 
soil

Soliemanzadeh 
and Fekri 
(2017)

Membranes 
containing 
reactive 
nanoparticles 
(Fe/Pd NPs)

Green tea 
extracts

pH 5.5
Temperature: 
90 °C
Time: 30 min

Removal of 
trichloroethylene from 
groundwater

Soliemanzadeh 
and Fekri 
(2017)

nanoparticle synthesis methods emerge, the need for green syntheses is rising for 
purifying contaminated water by adsorbing, degrading, or transforming pollutants 
in the water. Their high reactivity and large surface area enable efficient elimination 
of contaminants, including organic compounds and heavy metals. The phytosynthe-
sized nanoparticles contribute to the remediation of contaminated water via adsorp-
tion and immobilization, catalytic degradation, antibacterial activity, enhanced 
filtration, and regeneration of water treatment materials. The ability to be function-
alized to have particular binding sites characterizes phytosynthesized nanoparticles. 
They can effectively adsorb and immobilize various contaminants present in water. 
To stop the spread of these contaminants and lower their concentration in water, the 
nanoparticles can operate as a medium to trap and capture them. Certain phytosyn-
thesized nanoparticles exhibit catalytic properties that enable the degradation of 
contaminants. For example, Bibi et al. synthesized Fe2O3 NPs via the green synthe-
sis method using pomegranate (P. granatum) seed extract. Upon exposure to UV 
light irradiation, the Fe2O3 nanoparticles demonstrated notable photocatalytic activ-
ity in degrading reactive blue dye, achieving a degradation efficiency of up to 
95.08% within 56 min. This finding suggests that P. granatum seed extract holds 
potential as a viable agent for dye degradation in wastewater treatment applications 
(Bibi et al. 2019).

Phytosynthesized nanoparticles can also enhance the absorption and filtration 
efficiency of contaminated water. When incorporated into membranes or filters, the 
nanoparticles can improve the removal of contaminants, including bacteria, viruses, 
etc. The nanoparticles can provide additional adsorption sites and create a more 
selective filtration medium. Research has highlighted the presence of numerous bio-
active chemicals in various unconventional plants that play pivotal roles in the syn-
thesis of nanoparticles. For example, Cusioli et al. applied Moringa oleifera seed 
extract functionalized with Fe NPs to synthesize an adsorbent for removing metfor-
min from contaminated water. The adsorptive capacity of Moringa oleifera seeds is 
primarily attributed to the activity of lectin, a water-soluble protein that functions as 
a natural cationic polyelectrolyte. This protein facilitates the adherence of 
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contaminants in aqueous media and enhances coagulation (Cusioli et  al. 2020). 
Vidovix et al. employed a green synthesis approach using pomegranate leaves to 
produce CuO nanoparticles, which were subsequently applied in the adsorption of 
MB.  The equilibrium study demonstrated a maximum adsorption capacity of 
166.02 mg/g at a temperature of 318 °K, highlighting the advantages and potential 
applications of phytosynthesized nanoparticles in the remediation of contaminated 
water (Vidovix et al. 2019).

11.5.2 � Soil Remediation

Soil supports biodiversity, carbon storage and climate regulation, erosion control, 
nutrient cycling, water filtration, and storage. Soil quality directly affects agricul-
tural productivity and influences the nutritional composition of the crops grown. 
Recently, soil contamination has become a significant issue, similar to other con-
tamination, due to enhanced environmental pollution. The challenges are in moni-
toring (in situ), obtaining effective mixing, and successful interfaces between the 
remedial agents and the objective pollutant in contaminated soil. Traditionally, ex 
situ remediation strategies like surfactant flushing, thermal desorption, chemical 
oxidation, soil vapor extraction, chemical reduction, immobilization, sequestration, 
and bioremediation have been developed to remove soil contaminants. But some 
limitations like time and energy consumption, economic ineptitude, or environmen-
tal unfriendliness hinder them from effective application in the remediation of soil 
contaminants (Qian et al. 2020).

Phytosynthesized nanocompounds offer a promising approach for remediating 
contaminated soil by enhancing pollutant uptake, degradation, stabilization, and 
immobilization. Their small particle size and large surface-to-volume ratio allow 
them to interact with contaminants, making them more accessible for plant absorp-
tion and facilitating more effective soil cleanup. Some of these nanoparticles exhibit 
catalytic properties, accelerating the breakdown of organic pollutants or converting 
toxic metals into less harmful forms. By promoting decomposition processes, they 
help reduce the concentration of pollutants in the soil. Additionally, they contribute 
to pollutant immobilization by forming complexes or adsorbing contaminants, pre-
venting their uptake by plants and reducing groundwater contamination risks. 
Certain plant-derived nanoparticles also act as soil amendments, improving fertility 
by enhancing water retention, mineral absorption, and organic matter content, 
thereby supporting plant growth. Their ability to improve soil conditions indirectly 
aids in remediation by fostering the establishment of pollutant-degrading plant spe-
cies. Moreover, phytosynthesized nanoparticles can be integrated with other reme-
diation techniques, such as electrokinetic remediation or soil washing, to enhance 
contaminant removal efficiency (Romeh 2018).
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11.5.3 � Air Pollution Control

Air pollution poses substantial threats to human health and ecosystems, while air-
borne pathogens contribute to infectious diseases. Addressing these challenges 
requires reducing emissions, adopting cleaner technologies, and implementing sus-
tainable practices. In this context, nanomaterials, particularly green-synthesized and 
phytosynthesized nanoparticles, have emerged as promising eco-friendly solutions 
for air purification. These nanoparticles leverage adsorption, catalysis, and plant-
microbial interactions to enhance contaminant removal and remediation efficiency. 
A critical aspect of air pollution control is managing bioaerosols, which may carry 
bacteria, microbial components, or toxic byproducts. Plant-extract-based nanoma-
terials offer a safer alternative to conventional inorganic nanoparticles, like Ag NPs 
or CNTs, for bioaerosol mitigation. Hwang et al. developed antimicrobial air filters 
using nanoparticles derived from natural plant (Euscaphis japonica) extracts. These 
filters were evaluated for pressure drop, antibacterial effect, filtration effectiveness, 
key chemical factors, and cytotoxicity. The results demonstrated enhanced antibac-
terial activity against airborne bacteria like Staphylococcus epidermidis and 
Micrococcus luteus, suggesting effective bacterial aerosol inactivation. The active 
compounds in the plant (Euscaphis japonica) extract, including 1(β)-O-galloyl 
pedunculagin, kaempferol-3-O-glucoside, and quercetin-3-O-glucuronide are 
believed to play a crucial role in bioaerosol suppression, further highlighting the 
potential of plant-derived nanomaterials for air purification applications (Hwang 
et al. 2015).

Sim et al. synthesized antimicrobial nanoparticles extracted from the Sophora 
flavescens plant coated onto activated carbon filters. Activated carbon filters, which 
have a large surface area, a high adsorption capacity, and specific surface reactivity, 
have a variety of uses, including dehumidification, air filtration, and water purifica-
tion. However, because carbon materials have a strong affinity for microorganisms, 
bacteria may accumulate on activated carbon filters during refinement and can 
reduce gas adsorption effectiveness. The activated carbon filter was coated with 
Sophora flavescens NPs to combat this microbial contamination. The coating of 
Sophora flavescens NPs in the activated carbon filter boosted the efficacy of 
Staphylococcus epidermidis inactivation. Enhanced absorption of toxic volatile 
compounds was also observed, suggesting that an activated carbon filter coated with 
plant extract nanoparticles could be a promising approach to dealing with bioaero-
sol and gaseous pollution (Sim et al. 2014).

11.5.4 � Heavy Metal Removal

Heavy metal pollution has emerged as a pressing global issue, exacerbated by 
industrial activities and disturbances in natural biogeochemical cycles, necessitat-
ing urgent attention and effective management strategies. Unlike organic pollutants, 
heavy metals are non-decomposable, accumulating in soils and water bodies, 
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posing serious risks to ecosystems and human health. Their presence in soil, origi-
nating from industries, mining, and agriculture, can impair plant growth, reduce soil 
fertility, and disrupt microbial communities. In aquatic systems, heavy metals bio-
accumulate in the food chain, affecting fish, invertebrates, and algae, leading to 
biodiversity loss and ecological imbalances. Moreover, their entry into the food 
chain through contaminated plants and water further amplifies health risks, making 
heavy metal pollution a critical environmental challenge (Mitra et  al. 2022). 
Therefore, to mitigate the adverse effects of heavy metals, it is essential to imple-
ment proper waste management practices, control industrial emissions, promote 
sustainable agriculture, and engage in remediation efforts to clean up contaminated 
sites. Regular monitoring and control measures are essential to minimizing heavy 
metal pollution and protecting the ecosystem and human health.

The phytosynthesized nanoparticles have emerged as an eco-friendly and sus-
tainable approach to removing heavy metals from the environment. These nanopar-
ticles offer unique properties and interactions that can effectively mitigate the 
negative impacts of heavy metal pollution and contribute to environmental remedia-
tion efforts. The phytosynthesized nanoparticles remove heavy metals by precipita-
tion, redox reaction, chelation, and enhanced uptake. The phytosynthesized 
nanomaterials can prompt the precipitation of heavy metal ions, leading to their 
removal from the solution. The nanoparticles can act as nucleation sites for forming 
metal precipitates, thereby facilitating the exclusion of heavy metals from the aque-
ous phase. These nanoparticles can undergo redox reactions with heavy metal ions, 
transforming them into less toxic forms or their complete removal. The nanoparti-
cles can act as electron donors or acceptors, facilitating the conversion of heavy 
metals to their respective oxidation states. The phytosynthesized nanoparticles often 
contain biomolecules, such as proteins, enzymes, and phytochemicals, which pos-
sess chelating properties. These biomolecules can intricate with heavy metal ions, 
establishing stable complexes that are less toxic and more easily removable from the 
environment. For example, Tagesse et  al. synthesized Ag NPs with the Moringa 
stenopetal extract to remove Cr from an aqueous solution. These green synthesized 
Ag NPs were observed to remove 97% of Cr from the aqueous solution (Tagesse 
2021). These findings demonstrated that green synthesized nanoparticles could be 
promising nanosorbents for the remediation of heavy metal contamination.

11.5.5 � Organic Pollutant Degradation

Organic pollutants refer to pharmaceuticals, personal care goods, and chemicals 
that contain carbon atoms. These pollutants can have various detrimental effects on 
the environment. Some of the significant harmful effects of organic pollutants 
include toxicity, bioaccumulation, biomagnification, and disruption of ecosystems, 
as well as water, air, and soil contamination. Many organic pollutants are toxic to 
living organisms, including humans, animals, and plants. Depending on exposure 
level and duration, they can cause acute or chronic poisoning. These pollutants can 
disrupt cellular processes and damage organs, leading to death. These pollutants 
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tend to pile up in the tissues of organisms through the process of bioaccumulation. 
They often resist degradation, persisting in the environment for a long time. As 
organisms consume contaminated food or water, the pollutants accumulate in their 
bodies, leading to higher concentrations in developed trophic levels of the food 
chain. These pollutants can also undergo biomagnification, increasing their concen-
trations as they move up the food chain. Predatory organisms that consume tainted 
prey can accumulate higher levels of contaminants in their bodies. Organic pollut-
ants can also disrupt ecological balance and harm ecosystems. They can affect the 
growth of plants, impair the reproductive success of animals, and alter the composi-
tion of communities. This disruption can have far-reaching consequences, including 
reduced biodiversity and ecosystem instability (Wang et al. 2023).

There are numerous conventional ways to degrade organic pollutants in environ-
ments, such as advanced oxidation processes, adsorption, membrane treatment, and 
combination processes, but most are expensive and time-consuming. Recently, phy-
tosynthesized nanoparticles have emerged as a viable approach to enhancing the 
deterioration of organic pollution. The efficacy of phytosynthesized nanomaterials 
in organic pollutant degradation can vary based on aspects like nanoparticle proper-
ties, pollutant characteristics, reaction conditions, and the unique application sce-
nario. Phytosynthesized nanoparticles can exhibit catalytic properties that facilitate 
the degradation of organic pollutants. These nanoparticles can act as catalysts, 
accelerating chemical reactions involved in the breakdown of contaminants 
(Choudhary et al. 2018). For example, Choudhary et al. developed Ag NPs using 
Cuminum cyminum seed extract. These phytosynthesized Ag NPs were observed to 
catalyze the deterioration of various organic dyes like methyl blue (MB), methyl red 
(MR), and rhodamine B (RhB) dyes in 2 min (Choudhary et al. 2018). Bogireddy 
et al. synthesized the biogenic Ag NPs using Sterculia acuminata fruit extract. The 
synthesized biogenic Ag NPs depicted excellent catalytic activity in the reduction of 
various organic dyes like 4-NP, MO, phenol red (PR), direct blue 24 (DB24), and 
MB (Bogireddy et al. 2016). It has been concluded that this exceptional dye degra-
dation efficiency of biogenic Ag NPs may pave the way for new industrial and 
environmental applications.

Phytosynthesized nanoparticles can participate in redox chemical reactions, 
facilitating the deprivation of organic pollutants. These nanoparticles can transfer 
electrons to or accept electrons from contaminants, leading to their transformation 
or breakdown into less harmful compounds. For example, Fe NPs derived from 
plant extracts have shown the potential to degrade various organic pollutants through 
redox reactions. Some phytosynthesized nanoparticles, such as TiO2 NPs derived 
from plant extracts, also exhibit photocatalytic activity. These nanoparticles can 
absorb light energy and generate ROS, such as hydroxyl radicals (•OH), which are 
highly reactive and capable of destroying organic pollutants. Plant-derived nanopar-
ticles can also exhibit synergistic effects when combined with other degradation 
techniques. For example, they can be used with advanced oxidation or biological 
treatments to enhance the overall degradation efficiency. The nanoparticles can act 
as catalysts or provide ROS, complementing the degradation mechanisms of other 
treatment approaches (Abdelfattah and El-Shamy 2024).
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11.6 � Limitations and Future Prospects

Phytosynthesized nanoparticles, derived from plant extracts or plant-based com-
pounds, offer several advantages, like eco-friendliness, cost-effectiveness, and ease 
of synthesis. However, they also have certain limitations that need to be considered. 
Here are some limitations: (a) standardization and reproducibility of phytosynthe-
sized nanoparticles can vary based on plant species, extraction methods, and envi-
ronmental considerations. This lack of standardization can result in variations in 
nanoparticle properties, hindering consistent and reproducible synthesis. (b) Control 
over the shape, size, and surface properties of phytosynthesized nanoparticles can 
be challenging. These factors greatly influence their physicochemical properties 
and performance in specific applications. (c) The limited stability and shelf-life of 
phytosynthesized nanoparticles due to aggregation, oxidation, or degradation over 
time. Ensuring their stability under different storage and application conditions is 
essential for their practical use. (d) Scale-up and production cost of synthesizing 
phytosynthesized nanoparticles is typically performed on a laboratory scale. Scaling 
up production to meet industrial demands while maintaining quality and cost-
effectiveness remains challenging. (e) Although the eco-toxicity and environmental 
impact of phytosynthesized nanoparticles are generally considered environmentally 
friendly, their potential eco-toxicity and long-term environmental impacts need fur-
ther investigation. Assessing their behavior, persistence, and possible effects on 
ecosystems is essential.

Additionally, several prospects can enhance their potential application and effi-
ciency in the remediation of environmental contaminants, like (a) optimization of 
synthesis protocols, further research can focus on optimizing and standardizing syn-
thesis protocols for phytosynthesized nanoparticles. This includes identifying key 
factors influencing NPs properties and developing reproducible methods for consis-
tent synthesis. (b) Tailoring properties through plant selection: Different plant spe-
cies possess unique phytochemical compositions, which can be harnessed to tailor 
the properties of phytosynthesized nanoparticles. Exploring various plant sources 
and their extract variations can enable the synthesis of nanoparticles with desired 
characteristics. (c) Functionalization and hybridization of nanoparticles with spe-
cific ligands, polymers, or metals to enhance their stability, reactivity, and selectiv-
ity. Also, hybridizing these nanoparticles with other nanomaterials can improve 
properties and multi-functionality. (d) Advanced characterization techniques can 
provide detailed insights into the physical and chemical properties of phytosynthe-
sized nanoparticles. This can aid in understanding their properties, optimizing syn-
thesis parameters, and correlating them with performance in remediation and other 
applications. (e) Regulatory considerations: as the field progresses, it is necessary to 
establish guidelines for the safe and responsible use of phytosynthesized nanopar-
ticles. Assessing their potential risks, conducting toxicity studies, and implementing 
proper disposal strategies are essential for their commercialization and widespread 
adoption.
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11.7 � Conclusion

In conclusion, phytosynthesized nanoparticles have emerged as an eco-friendly 
approach offering promising potential for the remediation of environmental con-
taminants. These nanoparticles, synthesized using plant extracts or plant-derived 
compounds, have shown applications in various remediation processes. They can be 
utilized to remove heavy metals, degrade organic pollutants, and purify water 
resources. Moreover, essential phytochemicals of plant-extracted nanoparticles 
contribute to the bioaerosol inactivation and mitigation of airborne toxins. 
Phytosynthesized nanoparticles can also aid in immobilizing and stabilizing con-
taminants in soil and removing heavy metals from the aqueous phase. The phyto-
synthesized Ag NPs have been demonstrated to catalyze the degradation of various 
organic dyes, including MB, MR, and RhB colors. However, standardization, scal-
ability, stability, and potential eco-toxicity of phytosynthesized nanoparticles need 
to be attended.

Further investigations are required to optimize synthesis techniques, ensure 
reproducibility, improve scalability, and assess these nanoparticles’ long-term 
effects and environmental impacts. The future prospects of phytosynthesized 
nanoparticles in remediation are promising. Advancements in synthesis techniques, 
including the control of nanoparticle properties, will enhance their remediation 
capabilities. Integrating phytosynthesized nanoparticles into hybrid materials and 
developing targeted delivery systems can improve efficiency and selectivity. 
Additionally, integrating these nanoparticles with other technologies and consider-
ing regulatory aspects will contribute to their safe and responsible use. Overall, 
phytosynthesized nanoparticles play a significant role in the remediation of environ-
mental contaminants. With continued research, standardization, and their synthesis 
and application advancements, these nanoparticles can contribute to sustainable and 
effective remediation strategies, improving environmental quality and human 
well-being.
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Chapter 12
Exploring the Potential 
of Fungus-Mediated Synthesis 
of Nanoparticles and Its Application 
in Remediation of Contaminated 
Environment

Shoaib Mukhtar and Imran Uddin

Abstract  An environmentally responsible and long-lasting method of reducing 
environmental contamination is fungus bioremediation. This chapter uses a natural 
synthesis strategy to investigate the synergistic coupling of new nanomaterial utili-
zation with fungus-based remediation solutions. The main objective is to reduce the 
ecological impact of conventional remediation techniques while addressing envi-
ronmental damage. Because of their diverse enzymatic machinery, fungi are essen-
tial for the breakdown of both organic and inorganic contaminants. This chapter 
concludes the significance of the remediation potential of fungi by using nanomate-
rials, utilizing their natural capabilities. Because of their special physicochemical 
characteristics, nanoparticles provide a viable way to increase the effectiveness and 
selectivity of bioremediation procedures. Environmentally friendly processes and 
sustainable resources are utilized in the eco-friendly synthesis of nanomaterials, 
which is in line with the ideas of ecologically responsible behavior. This method 
encourages the development of scalable and affordable solutions while reducing the 
usage of dangerous chemicals. By combining environmentally acceptable nanoma-
terial synthesis with fungal-mediated processes, this chapter aims to further the sub-
ject of bioremediation. The study’s findings have great potential for creating 
sustainable and environmentally friendly solutions to a range of environmental 
problems, promoting a cleaner and healthier world.
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12.1 � Introduction

The natural world has developed a multitude of highly efficient arrangements of 
proteins, nucleic acids, and other macromolecules, which are capable of carrying 
out complex activities that remain challenging for humans to replicate in a labora-
tory setting (Lutz et al. 2013). One issue that has garnered significant attention from 
scientists of materials is the advancement of extremely efficient tiny functional 
materials by natural means, using sophisticated and innovative methods. The cur-
rent increase in interest in nanoscience and nanotechnology may be attributed to the 
persistent efforts to develop functioning tiny structures that mimic those found in 
nature (Kumar et  al. 2024). Nanomaterials are used in many consumer goods, 
including electronics, because of their special mechanical, chemical, and physical 
characteristics. These nanoparticles can be synthesized using green approach which 
can be seen in (Fig.  12.1) (Solomon and D’Souza 2011; Abdussalam-
Mohammed 2019).

In biology, there are many magnificent examples of artificial structures that are 
put together in an organized way. Biological systems can make artificial materials 
through processes that happen at temperatures, pressures, and pH levels that are 
close to those found in nature (Suganya and Mahalingam 2017). Nature has evolved 
many methods for the production of inorganic substances at the micro- and 

Fig. 12.1  Green approach for synthesis of nanoparticles
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nanoscales. A crucial aspect of nanotechnology is developing reliable and ecologi-
cally friendly techniques for manufacturing materials on a nanoscale (Reyes et al. 
2009). Recently, the possibility of using microorganisms as bioreactors has been 
investigated for synthesizing nanoparticles. These approaches use biomolecules 
such as DNA, proteins, enzymes, and microorganisms like fungi and bacteria to 
reduce metal ions and generate nanoparticles. These microorganisms provide poten-
tial for environmentally friendly and energy-efficient operations. Nanoparticles can 
be synthesized in circumstances of room temperature and neutral to mild pH, which 
closely resemble ambient settings, without the use of hazardous chemicals, sol-
vents, or expensive organometallic precursors. Obtaining these substances through 
physical or chemical means is not feasible. This technique has brought about a sig-
nificant change in the creation of nanoparticles, representing a shift in the prevailing 
paradigm. Due to the detrimental effects of heavy metal ions on biological systems, 
bacteria, yeast, and fungi use a detoxification process whereby they convert these 
ions into a non-toxic metallic form. Proteins and other biomolecules spontaneously 
functionalize the surfaces of the synthesized nanomaterials. This not only facilitates 
the attachment of additional ligands to the surfaces, but also helps to prevent 
agglomeration, promote stable suspension in water, and provide necessary surface 
passivation (Sandoval-Cárdenas et  al. 2017). These advantages are particularly 
valuable in wet-chemical methods. The deliberate use of microbes for the synthesis 
of nanomaterials offers a strategic approach to produce a diverse array of nanoma-
terials, including basic metals as well as complex systems like metal oxides and 
sulfides. In addition to metal nanoparticles, several studies have also addressed pro-
duction of semiconductor nanoparticles, including ZnS and CdS, and other similar 
materials (Sonawane et  al. 2023). Fungi are an excellent option for establishing 
extracellular processes due to their ease of cultivation and handling, as well as their 
ability to produce several enzymes (Rizzo et al. 2020). Fungi have a high capacity 
for protein synthesis and enzyme production. Moreover, organic nanoparticles 
derived from a specific fungal enzyme possess several desirable attributes. 
Extracellular biosynthesis of nanoparticles is superior to intracellular biosynthesis 
for extensive production due to the ease of separating and cleaning nanoparticles 
from the extracellular reaction solution (Baskar and Selvam 2021). Fungal species 
like Phaenerochaete chrysosporium, Trichothecium sp., Fusarium oxysporum, 
Colletotrichum sp., A. fumigatus, F. semitectum, T. viride, Aspergillus niger, 
Coriolus versicolor, Penicillium brevicompactum, Phoma glomerata, Cladosporium 
cladosporioides, Penicillium fellutanum, and Volvariella volvaceae have all been 
investigated in recent years for the synthesis of nanoparticles. In comparison with 
other microbes, fungi provide many advantages. In bioreactors or other chambers, 
fungus mycelial mesh is more resilient than plant materials or bacteria under vari-
ous circumstances, including flow pressure and agitation. They are simple to handle, 
meticulous to grow, and simple to manufacture. Reductive proteins secrete more 
extracellularly, and these secretions are more manageable in downstream process-
ing. Furthermore, since the nanoparticles that precipitate outside of cells have no 
extraneous biological components, they may be used directly in a variety of applica-
tions. This conjugation of functions has ushered in a new age in bioremediation and 
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is expected to yield multifunctional nanoparticles. We shall attempt to shed some 
light on the production of nanoparticles by fungi and the growing bioremediation 
uses of this process here.

12.2 � Fungus-Mediated Synthesis of Metal, Metal Oxide, 
Metal Sulfides, and Bimetallic Nanoparticles

The remarkable optoelectronic properties of metallic nanoparticles make their man-
ufacturing process improvements very desirable. Anticipating such unique proper-
ties and potential uses, numerous forms, such as nanorods/nanowires, nanoplates, 
nano cubes, nano dumbbells, nano discs, nano tapes/nanobelts, nanotetrapods/
arrows, and countless others, have been successfully synthesized using a range of 
chemical and physical techniques. Fungus-mediated metal, metal oxide, and metal 
sulfide synthesis and bimetallic nanoparticles have been discussed below.

12.2.1 � Fungus-Mediated Synthesis of Metal Nanoparticles

In their 2021 study, Wang and colleagues used liquid extracts from Aspergillus 
sydowii fungi to create silver nanoparticles outside of living cells. The researchers 
first noticed that silver nanoparticles were forming when the solution changed color 
during the process. They confirmed this particle formation by measuring light 
absorption at 420 nm using ultraviolet spectroscopy. X-ray diffraction analysis pro-
vided additional verification of the nanoparticles structure. The research revealed 
that these silver nanoparticles were spherical in shape with varied sizes between 1 
and 24  nm. The particles displayed a cubic crystalline structure, meaning their 
atoms were arranged in a regular, cube-like pattern.

The researcher tested different conditions to find the best way to make these 
nanoparticles. They adjusted three important factors: temperature, acidity level 
(pH), and the amount of silver salt used. Through this optimization process, they 
discovered the ideal conditions were using 1.5 mM silver concentration, maintain-
ing a pH of 8.0, and keeping the temperature at 50 °C.

When the researchers tested these silver nanoparticles for medical applications, 
they found impressive results. The particles showed strong antifungal properties, 
effectively fighting against several types of disease-causing fungi that affect humans. 
Additionally, the nanoparticles demonstrated anticancer effects when tested on two 
specific cancer cell lines in laboratory conditions—HeLa cells (cervical cancer) and 
MCF-7 cells (breast cancer)—by preventing these harmful cells from multiplying 
(Wang et al. 2021).

Gajbhiye’s 2009 study showed that the everyday fungus Alternaria alternata can 
be used to make silver nanoparticles (Ag-NPs) outside the fungal cells. The 
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researchers then tested whether adding these Ag-NPs could boost the antifungal 
power of the drug fluconazole against four different fungi: Fusarium semitectum, 
Phoma glomerata, Phoma herbarum, and Candida albicans. When the silver 
nanoparticles were mixed with fluconazole, the drug worked better against all test 
organisms. The strongest extra effect was seen with Candida albicans, where the 
area of fungal growth inhibition expanded the most. There was a moderate improve-
ment against Phoma glomerata and Trichoderma species, but no noticeable boost in 
activity against Phoma herbarum or Fusarium semitectum (Gajbhiye et al. 2009). 
In 2021, Boruah reported that chitosan nanoparticles were produced using a single 
commercial supply of chitosan as well as four distinct fungal sources: Trichoderma 
viride, Beauveria bassiana, Metarhizium anisopliae, and Fusarium oxysporum. 
Research using UV-vis spectroscopy on synthesized nanoparticles revealed absorp-
tion peaks in the 310.02–342.00 nm range. The produced nanoparticles’ surfaces 
were found to be stable and positively charged in the natural world. Synthesized 
nanoparticles are almost spherical in form, according to research using electron 
microscopy. The nanoparticles of chitosan are made from T. viride, B. bassiana, 
M. anisopliae, and F. oxysporum, and commercial goods had average sizes of 
273.20, 172.50, 78.36, 89.03, and 300.10  nm, according to DLS analysis. The 
results of the compatibility research between T. asperellum and chitosan nanopar-
ticles revealed a very compatible response at the concentration that was examined. 
In vitro tests using T. asperellum and chitosan nanoparticles against Fusarium oxy-
sporum, Rhizoctonia solani, and Sclerotium rolfsii showed that the combination 
suppressed the pathogens’ mycelial development more effectively than Trichoderma 
alone and carbendazim at 0.1% (Boruah and Dutta 2021).

Actinobacterial spp. were used in the biological production of anisotropic metal 
nanoparticles, as described by Bharde et  al. (2007). The resulting biogenic gold 
nanoparticles have a morphology of triangles and hexagons, with edge lengths rang-
ing from 0.05 to 2 μm. The triangular gold particles’ surface topography revealed 
that their thickness is around 9 nm. In the electromagnetic spectrum, these flat par-
ticles exhibit significant absorption in the near infrared (NIR) region. It was discov-
ered that each nanotriangles were single crystals that were strongly aligned in the 
(111) crystallographic orientation. The cytochrome oxidase in bacteria is in charge 
of mediating the reduction of gold ions, according to a biochemical examination of 
the process. Along the bacterial cell wall, capping proteins connected to the triangle 
particle surface function as shape-directing agents. Actinobacter spp. produce hex-
agonal and triangular gold particles with a high affinity for gold ions. Actinobacter 
spp. are also used to synthesize silver nanoparticles, which have flat, plate-like 
shapes. Proteins known as silver-binding proteins may bind and stabilize silver 
nanoparticles, hence mediating the silver ion biological reduction (Bharde et  al. 
2007). Pritish et al. used the fungus Fusarium acuminatum to produce gold nanopar-
ticles (AuNPs) extracellularly. Au-NPs’ mycosynthesis was performed by subject-
ing the filtrate of fungal cells to a 1 mM solution of HAuCl4, as fungi produce 
extracellular enzymes that synthesize nanoparticles. The absorbance peak we saw 
fell between 520 and 550 nm, which is the gold nanoparticles’ surface plasmon 
absorbance. Proteins were discovered to cap the nanoparticles that were synthesized 
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for this study. The unique development of the solution’s crystalline gold nanoparti-
cles was shown by the XRD data. TEM investigation revealed the spherical and 
polydispersed AuNPs, with a 17 nm average size, in the 8–28 nm range. Additionally, 
standardized the variables that impact pH and temperature on the biogenesis of gold 
nanoparticles, and salt content. It was discovered that the ideal conditions for the 
synthesis of Au-NP were an acidic pH, a temperature of 37 °C, and a 1 mM salt 
concentration (Tidke et al. 2014).

The 2012 study by Mishra and colleagues showed that both the clear broth 
(supernatant) and the live-cell filtrate from the fungus Penicillium rugulosum, grown 
on a standard potato dextrose medium, can be harnessed to make gold nanoparti-
cles. Researchers confirmed the particles’ formation and measured their size and 
shape using several techniques such as optical absorption measurements in the UV–
visible range, infrared vibrational analysis (FTIR), surface chemical profiling via 
X-ray photoelectron spectroscopy, and crystalline structure assessment using X-ray 
diffraction. Because the nanoparticles made from the broth fraction had the nicest, 
most uniform shapes, the team then tweaked two key factors—solution acidity (pH) 
and the gold-salt concentration—to fine-tune particle size and form. Finally, they 
demonstrated a practical application by attaching the optimized gold nanoparticles 
to purified DNA from Staphylococcus aureus and Escherichia coli, paving the way 
for bio-conjugation uses (Mishra et al. 2012).

In their 2004 research, Bansal and colleagues discovered a straightforward way 
to make zirconia nanocrystals at room temperature using proteins released by fungi. 
The process works by exposing the fungus Fusarium oxysporum to water solutions 
containing zirconia-fluoride compounds (ZrF6

2− anions). The fungus releases cer-
tain proteins into the surrounding liquid, these proteins weigh between 24 and 
28  kDa and are quite similar to a protein called silicatein. These proteins break 
down the metal compounds through a process called hydrolysis, which creates zir-
conia nanoparticles outside the fungal cells. This discovery opens up exciting pos-
sibilities for using biological methods to mass-produce important oxide materials 
that have technological applications (Bansal et al. 2004). In 2005, Bansal claimed 
that biological systems synthesize inorganic compounds at conditions that are simi-
lar to ambient temperature, pressure, and pH neutrality. This is shown by the pro-
cess of biosilicification seen in marine creatures like diatoms, but the production of 
silica in laboratories requires very high pH and temperature levels. Here, we dem-
onstrate that Fusarium oxysporum, a fungus, may be challenged with the corre-
sponding aqueous anionic complexes SiF6

2− and TiF6
2−, to form particles of silica 

and titania. However, silica crystallization requires calcination at 300 °C, extracel-
lular proteins facilitate the easy formation of crystalline titania particles at ambient 
temperature by hydrolyzing the anionic complexes (Bansal et al. 2005).
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12.2.2 � Fungus-Mediated Synthesis of Metal 
Oxide Nanoparticles

In 2012, Rajakumar and his research team developed an innovative, environmen-
tally friendly approach to create titanium dioxide nanoparticles (TiO2 NPs) using 
the fungus Aspergillus flavus. The fungus acted as both a reducing agent (helping to 
form the particles) and a capping agent (keeping them stable). The researchers used 
several analytical techniques to study these nanoparticles: infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), atomic force microscopy (AFM), scanning elec-
tron microscopy (SEM), and transmission electron microscopy (TEM). The X-ray 
diffraction results showed that more TiO2 nanoparticles were successfully formed, 
revealing two different crystal structures: anatase and rutile at specific angles.

When examined under a scanning electron microscope, the TiO2 nanoparticles 
appeared as oval and spherical shapes, mostly existing as individual particles with 
some clusters. Their sizes ranged from 62 to 74 nm. The atomic force microscopy 
revealed rough surfaces on the TiO2 particles, which indicated the temperature 
effects during crystal formation. Testing these nanoparticles against harmful bacte-
ria showed promising results. The synthesized TiO2 nanoparticles could effectively 
stop the growth of E. coli bacteria at a concentration as low as 40 μg/mL, which 
matched the results from standard antibacterial testing methods (Rajakumar 
et al. 2012).

In 2013, Venkatesh and colleagues demonstrated an eco-friendly way to grow 
zinc oxide (ZnO) nanorods using the common soil fungus Fusarium solani. They 
collected the dried fungal product, then heated it to 350 °C for 1 h in an oxygen-rich 
furnace (a process called calcination) to turn it into pure ZnO nanopowder.

To understand how the material behaved under heat, they ran a thermogravimet-
ric/differential thermogravimetric (TGA/DTG) analysis, which tracks weight 
changes as a sample is heated.

Next, they probed the crystal structure with X-ray diffraction (XRD). A sharp 
peak at 2θ = 36.2° revealed the characteristic (101) plane of hexagonal zinc oxide, 
confirming that the powder was indeed ZnO. Finally, scanning electron microscopy 
(SEM) images showed that these particles took the form of slender rods, each about 
60–95 nm in diameter, true nanorods formed by this straightforward, fungus-driven 
method (Venkatesh et al. 2013). In 2008, Uddin and colleagues reported a produc-
tion of Bi2O3 nanoparticles at room temperature, using a 5–8 nm size range. This 
was achieved by extracellularly utilizing bismuth nitrate as a precursor, the plant 
pathogenic fungus Fusarium oxysporum is being challenged. The strong coating of 
proteins that naturally functionalizes the as-synthesized particle surfaces gives them 
excellent stability in the aqueous medium. Selective area electron diffraction struc-
tural analysis, powder XRD, and high-resolution transmission electron microscopy 
show that the particles are mostly single crystalline and primarily crystallize in 
alpha-phase with monoclinic structure (Uddin et al. 2008).
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12.2.3 � Fungus-Mediated Synthesis of Metal 
Sulfides Nanoparticles

Suganya and her team (2017) showed that you can turn common oyster mushrooms 
(Pleurotus florida) into tiny zinc sulfide (ZnS) crystals using a gentle, “green” 
method. They soaked mushroom extracts in water, mixed in zinc and sulfur sources, 
and watched the solution change color, an indication that nanoparticles were form-
ing, later confirmed by UV–visible spectroscopy. To purify the particles, they used 
a water-ethanol precipitation step, then collected the solid ZnS nanocrystals.

Once isolated, these mushroom-made ZnS particles were examined inside and 
out. Infrared spectroscopy (FTIR) revealed which chemical groups were attached, 
X-ray diffraction (XRD) showed the crystals’ lattice structure, and powerful micro-
scopes SEM and TEM let the researchers see each particle’s shape and size. Energy-
dispersive X-ray analysis (EDAX) confirmed the elemental makeup.

Finally, the team tested whether these ZnS nanoparticles could help plants grow. 
They treated green gram (Vigna radiata) seeds with different nanoparticle concen-
trations and found that seeds exposed to ZnS germinated faster and more vigorously 
than untreated seeds. In other words, ZnS nanoparticles made by mushrooms not 
only form beautifully ordered crystals but also give a real boost to seed sprouting 
(Suganya and Mahalingam 2017).

The 2009 publication by Reyes et al. noted that the optical and electrical features 
of CdS nanoparticles have garnered interest. Traditional approaches to its synthesis 
have some drawbacks, including problematic high-pressure and particle size needs, 
and the use of harmful substances. Inorganic elements may be supplied intracellu-
larly or extracellularly by several microbes; this much is known. This study details 
the effects of exposing Fusarium sp. biomass to a CdSO4 solution prior to its use in 
a sustainable synthesis process for CdS nanoparticles. Radiation spectroscopy, 
UV-visible light, and atomic force microscopy were employed to characterize the 
nanoparticles (Reyes et al. 2009).

In their 2017 study, Sandoval-Cárdenas and colleagues showed how the fungus 
Fusarium oxysporum f. sp. lycopersici can “grow” tiny cadmium sulfide (CdS) 
quantum dots just outside its cells. First, they soaked the fungal threads (mycelia) in 
a cadmium sulfate solution at 30 °C for 12 days. As the reaction proceeded, the 
mixture gradually turned yellow, a visual clue that CdS nanoparticles were forming. 
They then filtered out the fungal biomass with simple paper filters, leaving the 
newly made quantum dots suspended in the liquid.

To confirm their creation, the team used UV–visible spectroscopy and fluores-
cence measurements. The filtered solution showed a strong absorbance between 300 
and 500 nm and bright green emission at 520 nm signals that never appeared in 
control samples without cadmium sulfate. Under a transmission electron micro-
scope, these biologically produced dots looked like perfect little spheres, each about 
2–6 nm across. Energy-dispersive X-ray analysis (EDX) further verified that they 
contained cadmium and sulfur.
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Importantly, Sandoval-Cárdenas et  al. emphasized the value of running both 
positive and negative controls when using UV–Vis and fluorescence spectroscopy. 
Controls helped them be confident that the optical signals they saw truly came from 
fungal biosynthesis of CdS quantum dots and not from unrelated background sig-
nals (Sandoval-Cárdenas et al. 2017).

In 2007, Uddin and colleagues showed that simply mixing live cultures of the 
fungus Fusarium oxysporum with bismuth nitrate pentahydrate (Bi(NO₃)₃⋅5H₂O) 
and sodium sulfite (Na₂SO₃) at room temperature leads to the formation of bright, 
water-dispersible bismuth sulfide (Bi₂S₃) nanoparticles. Under the electron micro-
scope, these biosynthesized particles appear as nearly spherical dots about 15 nm 
across. Powder X-ray diffraction and selected-area electron diffraction both confirm 
they’re highly crystalline with an orthorhombic lattice.

These Bi₂S₃ nanoparticles are naturally capped by fungal proteins, giving them a 
stable band gap of 3.04 eV and excellent shelf life in water. Researchers further 
characterized them using infrared spectroscopy (FTIR), ultraviolet spectroscopy 
(UV), photoluminescence (PL), X-ray photoelectron spectroscopy (XPS), and ther-
mogravimetric analysis (TGA).

Finally, Uddin et  al. demonstrated a biomedical application: they labeled the 
nanoparticles as a SPECT–CT imaging probe, injected them into rats, and success-
fully tracked their distribution in the body over time, calculating both biodistribu-
tion patterns and blood-clearance rates (Uddin et al. 2022).

12.2.4 � Synthesis of Bimetallic Nanoparticles Mediated 
by Fungi

Senapati et al. (2005) showed that the fungus Fusarium oxysporum can be used to 
“grow” tiny gold–silver alloy particles outside its cells. By mixing equal parts of 
gold chloride (HAuCl₄) and silver nitrate (AgNO₃), each at 1 mM, with different 
amounts of fungal biomass, they produced round alloy nanoparticles that measured 
between 8 and 14 nm across. The exact gold-to-silver ratio in each particle depended 
on how much the natural cofactor NADH the fungus released: more NADH shifted 
the mix toward one metal or the other. This simple, room-temperature method 
yielded remarkably stable bimetallic nanostructures just by harnessing the fungus’s 
own chemistry (Senapati et al. 2005).

Longoria and colleagues (2011) screened the filamentous fungus Neurospora 
crassa and found it can “brew” both silver and gold nanoparticles on its own. They 
exposed the fungus to dilute metal solutions (1 mM AgNO₃ for silver, 1 mM HAuCl₄ 
for gold) and then used scanning and transmission electron microscopy (SEM and 
TEM) plus energy-dispersive X-ray spectroscopy (EDS) to confirm what appeared 
under the microscope. Silver particles formed by the fungus averaged about 11 nm 
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across, while gold particles were around 32 nm and most were nicely round. By 
mixing the two metal salts in different proportions, they even managed to produce 
alloyed Au/Ag nanoparticles, as verified by EDS. Thin slices of the fungal cells 
examined under TEM showed that Neurospora crassa not only makes these 
nanoparticles but can also accumulate them inside its hyphae. Because N. crassa 
grows quickly, isn’t harmful, and naturally reduces and stabilizes metal ions, it’s a 
promising “nanofactory” that’s easy and inexpensive to cultivate (Castro-Longoria 
et al. 2011).

According to Kumar et al. (2007), there is a lot of interest in the development of 
synthetic processes for semiconductor nanocomposites. Although there are many 
chemical processes accessible and widely utilized, they often demand greater tem-
peratures, involve dangerous chemicals, and use a lot of energy. Conversely, bio-
logical systems synthesis of inorganic materials is typified via procedures that occur 
at atmospheric pressure and at ambient temperature. For the very first time, they 
describe how the fungus Fusarium oxysporum, when cultivated with a CdCl2/SeCl4 
mixture, produces very bright CdSe quantum dots at room temperature (Kumar 
et  al. 2007). Similarly, many more fungus-mediated nanoparticles have been 
reported and listed in Table 12.1:

Table 12.1  List of fungus-mediated synthesis of nanoparticles

SN Fungi Types of NPs References

1 Aspergillus fumigatus Ag Bhainsa and D’Souza (2006)
2 Aspergillus niger Ag Gade et al. (2008)
3 Coriolus versicolor Ag Sanghi and Verma (2009)
4 Colletotrichum sp. Au Shankar et al. (2003)
5 F. oxysporum Au Gericke and Pinches (2006)
6 F. oxysporum Au Mukherjee et al. (2002)
7 Volvariella volvacea Au–Ag Philip (2009)
8 Aspergillus oryzae Fe Tarafdar and Raliya (2013)
9 F. oxysporum Magnetite Bharde et al. (2006)

10 F. oxysporum Pt Riddin et al. (2006)
11 F. oxysporum SrCO3 Rautaray et al. (2004)
12 Rhizopus nigricans Cr Bai and Abraham (2001)
13 Aspergillus niger Pb Kapoor et al. (1999)
14 Aspergillus niger Cd Kapoor et al. (1999)
15 Aspergillus niger Cu Kapoor et al. (1999)
16 Trichoderma atroviride Cu Errasquín and Vázquez (2003)
17 Aspergillus niger Ni Kapoor et al. (1999)
18 Penicillium spinulosum Cd Townsley et al. (1986)
19 Trichoderma atroviride Co Kacprzak and Malina (2005)
20 A. nidulans As Maheswari and Murugesan (2009)
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12.3 � Applications of Fungus-Mediated Nanoparticles 
in Bioremediation

Bioremediation is the use of natural resources to transform contaminants into chem-
icals that are innocuous for the purpose of waste management. Nanotechnology 
plays a significant role in detecting heavy metals using fungal nanoparticles, which 
are smaller than a micron and even individual atoms. Even though there are a num-
ber of physical and chemical methods for creating nanoparticles, they present 
numerous drawbacks. Hence, it is essential to devise an environmentally sustainable 
approach for the production of nanoparticles. Fungi have an extensive range of uses 
in the process of bioremediation for heavy metals. Fungi are a superior option for 
bioremediating heavy metals because of their rapid development and exceptional 
ability to bind to these metals. Due to their rapid multiplication cycle and high mor-
phological and genetic adaptability, they may be efficiently and cost-effectively cul-
tured in large numbers. Fungi use many mechanisms, similar to other microbes, to 
detoxify heavy metals. In general, fungi use two principal mechanisms for metal 
detoxification. The first technique is called biosorption, which involves metals 
adhering to the fungus’s surface. The second approach is known as bioaccumula-
tion, which involves the absorption of metals into the fungal cells via cellular 
metabolism. One important stage in the biological remediation of heavy metals is 
biosorption. The following is a list of the numerous studies that have been conducted.

In 2013, Bennet and colleagues explored how naturally occurring microorgan-
isms could help clean up hexavalent chromium (Cr6+) pollution by collecting six 
different species from contaminated soil and water. They measured how well these 
organisms reduced chromium contamination using a chemical test called the 
1,5-diphenylcarbazide method, which involved checking light absorption at a spe-
cific wavelength (540 nm).

The research revealed two different cleanup strategies among microorganisms. 
Three bacterial species: Klebsiella pneumoniae, Bacillus firmus, and Mycobacterium 
species were particularly good at soaking up the toxic Cr6+ directly into their cell 
bodies like tiny sponges. Meanwhile, three fungal species: Aspergillus flavus, 
another Aspergillus species, and A. niger took a different approach by chemically 
converting the dangerous Cr6+ into the much less harmful Cr3+ form through interac-
tions with their cell walls. These results show real promise for using these microor-
ganisms as natural cleanup crews for environments contaminated with cancer-causing 
and gene-damaging hexavalent chromium, offering a biological solution to a serious 
environmental health problem (Bennett et al. 2013).

In 2018, Acosta-Rodríguez et  al. successfully isolated a fungus, specifically 
identified as A. niger, that has the ability to thrive in low molecular weight media 
(LMM) containing several heavy metals. This fungus likely has resistance to these 
metals. The fungal biomass effectively eliminated several heavy metals (chromium 
(VI) and zinc (II) with 100% efficiency, mercury (II) with 83.2% efficiency, and 
fluorine (I) with 83% efficiency) at diverse pH settings (with 4.0 for lead (II), 5.0 for 
zinc (II) and cobalt (II), and 5.5 for mercury (II), 28  °C, using 1 g of fungal 
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biomass). These results ultimately suggest that this fungus may be employed to 
remove heavy metals from polluted soils and water sources (Acosta-Rodríguez 
et al. 2018).

In 2013, Mukherjee and colleagues worked with a specific fungus called 
Aspergillus foetidus MTCC 8876, which they obtained from the Microbial Type 
Culture Collection and Gene Bank (MTCC). This particular strain was originally 
found at a wastewater treatment plant in Kalyani and had been stored in the culture 
collection for research purposes.

The researchers first discovered that this fungus was special because it could 
survive in environments with unusually high levels of lead contamination. To test 
just how much lead it could handle, they grew the fungus in laboratory dishes con-
taining a standard growth medium called Czapek-Dox, but with different amounts 
of lead added to it.

The observation was quite remarkable: the fungus actually thrived when exposed 
to lead concentrations up to 200 mg/L, levels that would kill most other organisms. 
However, when they pushed the lead levels even higher, the fungus finally started 
struggling and its growth began to slow down. These results suggest that A. foetidus 
has developed natural defense systems that allow it to not only survive toxic lead 
exposure but absorb large amounts of the metal from its surroundings. This makes 
it an excellent candidate for use in bioremediation essentially using living organ-
isms to clean up lead pollution from contaminated water sources (Chakraborty 
et al. 2013).

Alothman et al. (2020) developed simple, eco-friendly fungal biosorbents from 
two common molds: Penicillium chrysogenum and Aspergillus ustus to clean up 
toxic metals in water. They grew and processed the fungal biomass, then tested how 
well it grabbed onto cadmium (Cd2+), copper (Cu2+), and lead (Pb2+) under different 
conditions, including changes in pH, temperature, and how long the biomass and 
metal solution were in contact.

When they applied these new biosorbents to real wastewater samples collected 
from the western, eastern, and northern regions of Saudi Arabia, they found metal 
concentrations ranging from 2.6 to 234 μg/L. In particular, copper levels in every 
sample exceeded the World Health Organization’s safe limit for drinking water. The 
fungal materials proved highly effective at pulling out these heavy metals, demon-
strating that biosorption with fungal biomass is not only powerful but also a low-
cost, green alternative for treating contaminated effluents (Alothman et al. 2020).

In 2014, Kurniati and co-workers set out to see if fungi from forest soil could 
clean up mercury contamination. They started by growing six fungal isolates on 
potato dextrose agar plates spiked with 25 mg/L of Hg2+, then measured how well 
each one grew. One strain, later named KRP1, stood out with the highest growth 
ratio (0.831), so the team identified it by sequencing its 18S rRNA and examining 
its colony and cell shapes. The results showed a 98% match to Aspergillus flavus.

To test mercury removal, they ran each experiment three times under both shak-
ing and still conditions. Impressively, A. flavus KRP1 removed about 97.5% of the 
mercury in stirred cultures and 98.7% in stationary ones. These findings suggest that 
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this particular A. flavus strain could serve as an effective, biosorption-based solution 
for cleaning up mercury(II) from contaminated liquids (Kurniati et al. 2014).

In their 2017 study, Fawzy et  al. identified Rhizopus stolonifier as the fungus 
species with the highest resistance to the hazardous metals tested (Pb, Cd, Cu, and 
Zn), followed by Macrophomina phaseolina. The study revealed that the levels of 
contamination in the soils were correlated with the metal’s toxicity, as well as the 
physico-chemical characteristics such as pH, conductivity, organic matter, and car-
bonate content. This research validated the efficacy of both biological fungal sub-
strates (M. phaseolina and R. stolonifier) and chemicals (MO, Zeolite, CaCO3, and 
phosphate) in the process of bioremediation for contaminated soils. These sub-
stances were shown to effectively decrease the levels of various heavy metals when 
compared to the control group, with fungus exhibiting particularly promising 
results. The addition of M. phaseolina was more effective in decreasing the concen-
tration of chemically accessible heavy metals in the soils under investigation (Fawzy 
et al. 2017).

In March 2015, Mehran Mohammadian Fazli and colleagues collected fungi 
from various sites in Zanjan province, Iran, looking for strains that could survive 
and clean up cadmium contamination. They tested seven species: Aspergillus versi-
color, Aspergillus fumigatus, two Paecilomyces strains (sp.9 and sp.G), Trichoderma 
sp., Microsporum sp., and Cladosporium sp. for both their ability to tolerate cad-
mium and to accumulate it.

Among these, A. versicolor stood out: when grown on agar containing 100 mg/L 
cadmium, it maintained a tolerance index of 0.8, indicating strong resistance. Even 
more impressively, it absorbed nearly 7 mg of cadmium/g of its dry mycelial weight 
more than any other tested fungus. By comparison, Paecilomyces sp.9 took up about 
5.88 mg/g, A. fumigatus about 5.24 mg/g, Microsporum sp. about 5.08 mg/g, and 
Trichoderma sp. roughly 4.56 mg/g of cadmium. Interestingly, a fungus’s ability to 
survive high cadmium levels didn’t always match its capacity to store the metal. In 
the end, the researchers highlighted A. versicolor as the most promising candidate 
for future cadmium bioremediation efforts (Fazli et al. 2015).

In 2009, Ezzouhri and colleagues collected 36 yeast and filamentous fungal 
strains from sites in Tangier, Morocco, that were heavily contaminated with metals. 
These fungi fell into five main groups: Aspergillus, Penicillium, Fusarium, 
Alternaria, and Geotrichum and were tested for their ability to grow in the presence 
of lead (Pb2+), chromium (Cr6+), copper (Cu2+), zinc (Zn2+), and cadmium (Cd2+).

Most isolates showed strong tolerance to lead, chromium, copper, and zinc. Only 
one strain; a Penicillium species was able to survive exposure to cadmium. The 
exact level of resistance depended on both the fungal species and the site where it 
was collected. For lead, the minimum inhibitory concentrations (MICs) ranged 
from 20 to 25 mM; for copper and zinc, from 15 to 20 mM; and for chromium, from 
10 to 15 mM.

Among all the fungi tested, the Aspergillus and Penicillium strains displayed the 
highest overall metal tolerance. They not only withstood these harsh conditions but 
often grew better than control cultures that contained no heavy metals. Because of 
their remarkable resilience, these fungi are promising candidates for developing 

12  Exploring the Potential of Fungus-Mediated Synthesis of Nanoparticles…



256

biological treatments to remove toxic metals from contaminated wastewater 
(Ezzouhri et al. 2009).

According to Bibi et al. (2018), removing all of the Cr from contaminated soils 
completely is quite difficult. Nevertheless, this problem may be reduced by using 
plant growth-boosting bacteria as a bioremediation technique. Cr-resistant endo-
phytes were isolated from wholesome flora close to the Mardan University campus. 
From the designated plants, 114 different species of endophytic fungi were identi-
fied. Four of the 114 strains that have been found have made L. sativa resistant to Cr. 
Based on their ITS region (18 S rDNA) homology, the strains were categorized as 
Fusarium proliferatum, Penicillium radicum, Rhizopus sp., and Aspergillus fumiga-
tus. The isolates have effectively removed chromium from the culture medium and 
soil, while also converting it from the highly hazardous hexavalent form to the less 
toxic trivalent form. As a result, they have aided in the recovery of normal growth in 
chromium-stressed L. sativa. The Rhizopus sp. CUC23 mostly accumulated Cr and 
detoxified it inside its cells, whereas Outside of their cells, A. fumigatus ML43 and 
P. radicum PL17 detoxified up to 95% of Cr. The findings indicate that the chosen 
endophytic strains have the potential to serve as biofertilizers for cultivating crops 
in Cr polluted soils, promoting both health and safety (Bibi et al. 2018). Within the 
field of bioremediation, this fungus-mediated nanoparticles have many applications, 
and Fig.  12.2 illustrates how they are used in different industries. Because they 
effectively remove organic pollutants, microbiological contaminants, and heavy 
metals, they are essential to the treatment of water.

Fig. 12.2  Applications of fungus-mediated nanoparticles in nanoremediation

S. Mukhtar and I. Uddin



257

12.4 � Ecofriendly Prospectives of Fungus-Mediated 
Nanoparticles in Bioremediation

In bioremediation, fungal-mediated nanoparticles provide a plethora of environ-
mentally beneficial opportunities, revolutionizing environmental cleaning via effec-
tive and sustainable methods. This novel approach uses the special powers of fungus 
to create nanoparticles, offering a green substitute for conventional remediation 
techniques as well as a number of advantages for the environment. Fungi have the 
capacity to precisely target and eliminate certain pollutants, in contrast to some 
traditional techniques that could unintentionally damage non-target creatures or dis-
turb ecosystems. This focused strategy reduces unintended environmental harm, 
guaranteeing that the rehabilitation procedure is efficient and ecologically con-
scious. Such as nanoparticles of lead and cadmium carbonate crystals were pro-
duced by a fungus Fusarium oxysporum as a heavy-metal cleanup method where 
Pb2+ and Cd2+ react with CO2 to form PbCO3 and CdCO3 crystals, according to 
Sanyal et al. (2005) and the use of Penicillium aurantiogriseum, Penicillium citri-
num, and Penicillium waksmanii in the green production of copper oxide nanopar-
ticles as documented by Honary et al. (2012).

12.5 � Economical Aspects of Bioremediation of Nanoparticles 
Using Fungal Synthesis of Nanoparticles

In order to address environmental contamination brought on by a variety of pollut-
ants, including organic pollutants and heavy metals, bioremediation—particularly 
the production of nanoparticles by fungal synthesis-has shown promise and sustain-
ability. This novel approach has important economic ramifications in addition to 
providing an environmentally friendly answer. The fact that fungus can grow in a 
variety of habitats and settings is one of the main economic benefits of using them 
to synthesize nanoparticles. It has been shown that fungi including Aspergillus, 
Fusarium, and Penicillium may efficiently produce nanoparticles by reducing metal 
ions (Acosta-Rodríguez et al. 2018; Alothman et al. 2020). Comparing these micro-
organisms to more conventional chemical synthesis techniques, their cultivation is 
generally less costly, and they are comparatively simple to produce. This results in 
reduced manufacturing costs, which adds to the economic appeal of fungal-based 
nanoparticle synthesis. Fungal nanoparticle synthesis is economically viable in part 
because of its scalability. Large-scale fungal cultivation in bioreactors enables the 
mass synthesis of nanoparticles. Fungal synthesis can produce nanoparticles in 
large batches that are readily scaled up to suit the needs of various remediation 
projects. This approach offers an affordable way to clean polluted surroundings. 
Moreover, using industrial and agricultural waste as a source of nutrients is one 
benefit of using fungus in the creation of nanoparticles (Haruma et al. 2019). By 
recycling waste resources, this not only lowers the total cost of agriculture but also 
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advances the idea of the circular economy. The economic burden associated with 
conventional disposal techniques is lessened by turning trash into beneficial materi-
als for fungal development, which promotes a more economical and sustainable 
approach.

12.6 � Future Aspects

Fungal synthesis of nanoparticles for bioremediation is a promising field that might 
revolutionize environmental cleaning techniques and lead to major breakthroughs in 
the future. More investigation into the genetic and metabolic processes behind the 
process is probably in store, opening the door to the engineering of fungi to produce 
nanoparticles with optimal efficiency. This may result in the emergence of fungal 
strains that are more effective in reducing metal and producing more nanoparticles. 
The future success of fungal nanoparticle production also depends on its scalability. 
Developing large-scale manufacturing techniques, such as bioreactors designed for 
the growth of production of nanoparticles and fungus, may be the focus of efforts. 
Real-time tracking of remediation activities may be possible with the integration of 
sophisticated monitoring and evaluation tools, such as nano sensors and imaging 
technology.

12.7 � Conclusion

Overall, a new approach to environmentally benign bioremediation has emerged 
with the combination of fungal-mediated nanoparticle production and their use in 
remediation of polluted environments. A sustainable solution to contamination 
problems may be found in the inherent powers of fungus and green synthesis tech-
nologies. The produced nanoparticles have multipurpose properties, such as the 
ability to trap heavy metals and break down contaminants. This study demonstrates 
the promise of a more sustainable future by demonstrating how nature-based meth-
ods and cutting-edge technology may work together in harmony to improve reme-
diation strategies.
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Chapter 13
Use of Bacterial Reduced Nanoparticle 
as a Tool for Environmental Remediation: 
An Overview

Nilesh A. Sonune

Abstract  Because of rapid industrialization, contaminants such as heavy metals, 
different types of dyes, pharmaceutical waste, and chlorinated compounds are con-
stantly dumped in nature in recent years. The elimination of these pollutants from 
the atmosphere is a big challenge in the world. If they are not treated may cause an 
adverse effect on the ecosystem and human health. In recent years, remediation by 
nanotechnology has received much attention due to the unique physical and chemi-
cal properties of nanoparticles. A combination of bioremediation and nanotechnol-
ogy known as nanobiotechnology could overcome the limitations of traditional 
methods as nanobioremediation is eco-friendly and reduces the cost for removal of 
contaminants. Among microorganisms, bacteria are preferred for nanoparticle syn-
thesis as of their high growth rate and more biomass protection ability. Several met-
als are used for the synthesis of bacteria nanoparticles including silver, platinum, 
gold, palladium, titanium, etc. The bacteria have the ability to produce nanoparticles 
with diverse size, shape, and composition with diverse physical and chemical prop-
erties and have more efficacy than bulk materials due to large surface-to-volume 
ratio, easy handling, economic viability, and high reactivity. This section focuses on 
the outline of synthesis of bacterial reduced nanoparticles, their mechanisms, fac-
tors affecting the nanoparticle synthesis, and their application in bioremediation.
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13.1 � Introduction

In recent years, pollution of the environment has been one of the most important 
issues in the world due to anthropogenic activities. Water is the most crucial com-
ponent needed for the existence of all life forms, agriculture as well as industrializa-
tion. The discharge water from these sectors contains sewage, fertilizers, organic 
compounds, inorganic compounds (heavy metals), insecticides, and industrial efflu-
ents (Kapoor et al. 2021). If the contaminants are not treated, they enter into the 
water stream and lead to water and soil pollution that adversely affect aquatic eco-
system and soil health respectively (Sharma et al. 2015).

There is a variety of methods for the elimination of contaminants from the atmo-
sphere. However these methods have several drawbacks such as energy energy-
intensive, cost-expensive, production of hazardous toxic chemicals as byproducts. 
In the last few years, technologies for bioremediation have been invented to improve 
the effectiveness for the elimination of contaminants from the environments. 
However, it is less effective when pollutants are at high concentrations. All these 
issues can be overcome by the use of nanoparticles in bioremediation termed as 
nanobioremediation or nanotechnology (Sonune 2021).

Over the last few years, Nanotechnology has attracted great interest because of 
its potential impact on remediation. Nanotechnology focuses on small structures 
and materials with sizes ranging from a few nanometers to less than 100 nanome-
ters. When compared to bulk materials with the same chemical composition, 
nanoparticles show different and considerably altered physical, chemical, and bio-
logical properties because of their high surface-to-volume ratio (Elfeky et al. 2020; 
Salem and Fouda 2021). Coupling of the biological processes and nanoparticles has 
shown success in improving effectiveness of bioremediation, speed up the process, 
and increasing the use of biochemistry in environmental science. Nanoparticles 
generated for bioremediation have little environmental threat and can offer further 
features and functions for the biochemical cycle (Majlesi et al. 2018).

The term nanobioremediation is the relationship between living organisms and 
nanoparticles. An appropriate relationship between nanoparticles and living organ-
isms is crucial for nanobioremediation, which uses NPs to clean up contaminants 
from the environment. Certain factors are critical in this process such as nanotoxic-
ity, nanonutrition, and NP size, all of which may have an impact on the remediation 
process (Sekoai et  al. 2019). Nanobioremediation also depends on physical and 
chemical interactions between living organisms, nanomaterials include size and 
shape of nanomaterial, surface coating, chemical nature of the nanomaterials and 
pollutant, media, type of organism, temperature, and pH. These phenomena become 
complex because several parameters influence the interactions. In these media, tem-
perature and pH play a crucial role for suitable growth of living organisms. Similarly, 
these parameters also influence the stability of the nanomaterials and pollutants 
(Sekoai et al. 2019; Wu et al. 2019).
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13.2 � Biosynthesis of Bacterial Nanoparticles

The use of living organisms to synthesize nanoparticles has become a rapidly 
expanding field of study in green nanotechnology worldwide. The synthesis of 
nanoparticles can be achieved through a variety of biological entities such as micro-
organisms and plants which can constantly form an attractive option to traditional 
physical and chemical processes. In an effort to find more affordable techniques to 
synthesize nanoproducts, microorganisms were included in the process. The main 
reaction that takes place in the bottom-up process of nanoparticle manufacturing is 
a reduction/oxidation. Metal compounds in their nanoparticles are usually reduced 
by microbial enzymes possessing antioxidant or removing capabilities (Prathna 
et al. 2010).

However, because of their fast growth rate, metabolism, simplicity of handling, 
and high tolerance, bacteria are among the finest options for converting metal ions 
to nanoparticles. Compared to other microbes, bacteria are simpler to genetically 
shape and manage for biomineralization of metal ions (Wang et al. 2017a; Vaseghi 
et al. 2018). Because of exposure to the high concentration of metal ions, it leads to 
the harmful and harsh environmental conditions for the bacteria. They have devel-
oped a variety of natural defense mechanisms, including extracellular precipitation, 
intracellular sequestration, variations in metal ion concentration, and efflux pumps, 
to enable them to live in these harsh and stressful conditions. Bacteria have success-
fully used these methods to synthesize nanoparticles (Jadoun et al. 2022).

There are numerous methods for the synthesis of nanoparticles such as chemical 
synthesis, sol-gel method, etc.; however, synthesis of nanoparticles by biological 
method is most acceptable because of their clean, eco-friendly, less demand of 
energy and non-toxic effect (Fig. 13.1) (Mishra et al. 2014). Nanoparticle synthesis 
by bacteria is a bottom-up approach that involves reduction/oxidation reaction. 
These reactions are because of extracellular or intracellular secondary metabolites 
of bacteria such as enzymes. These enzymes reduce metal into their respective 
nanoparticles. Nanoparticles can be biosynthesized extracellularly or intracellu-
larly; however, extracellular biosynthesis is the most used method because of its low 
cost and no requirement of downstream processes. Following the addition of a pre-
cursor molecule, extracellular components such as enzymes and other secondary 
metabolites present in the cell-free extract perform the oxidation and reduction 
reaction necessary for the production of particles (Fig.  13.2) (Ahmad and 
Khan 2013).

After synthesis of bacterial nanoparticle, they are further characterized by sev-
eral methods like scanning electron microscope, transmission electron microscopy, 
UV-visible spectroscopy, Fourier transform infrared spectroscopy, and X-ray dif-
fraction (Fig. 13.3). Nanoparticles show variation in function based on their shape 
and size. The biologically produced nanoparticles have higher specific surface area 
and are higher catalytically reactive. Because of a capping agent released by par-
ticular bacteria, biosynthesized nanoparticles do not aggregate (Jeevan et al. 2012). 
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Fig. 13.1  Advantages of nanobioremediation

Fig. 13.2  Synthesis of bacterial reduced nanoparticles
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Fig. 13.3  Different 
methods of 
characterization of 
bacterial reduced 
nanoparticles

Numerous studies reported the bacterial nanoparticle synthesis for remediation of 
the environment, which is listed in Table 13.1.

13.3 � Mechanisms of Bacterial Nanoparticles Synthesis

Mechanisms of nanoparticle production by several bacteria have been established. 
Biosynthesis of nanoparticles is done by culturing bacteria in a specific nutrient 
media containing the corresponding ions. Based on the localization site, nanoparti-
cle synthesis by bacteria is classified into extracellular and intracellular. Metal ions 
can enter the bacterial cell, through active transport, through ion channels, endocy-
tosis, or penetration through the lipid membrane (Grzelczak and Liz-Marzán 2014; 
Yin et al. 2016). The extracellular nanoparticle synthesis involves enzyme secretion, 
bioreduction, and particle capping. According to a number of studies, the simplified 
downstream and purification procedures associated with extracellular nanoparticle 
manufacturing make it the better approach over intracellular ones (Li et al. 2011; 
Singh and Singh 2019).

One of the most vital enzymes responsible for the nanoparticles synthesis in 
bacteria is nitrate reductase. During the bioreduction process, individual enzymes 
play vital role in the transport of electrons from donors to the positive metal ion 
(Banerjee and Ravishankar Rai 2018; Siddiqi et  al. 2018). Functional groups of 
protein such as –NH2, –OH, –SH, and –COOH in some bacteria play a vital in syn-
thesis and stabilization of nanoparticles. These groups provide binding sites for 
fixation of metal ions and localize them on the cell wall or in the periplasmic space 
(Gupta and Padmnabhan 2018).
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Table 13.1  Synthesis of bacterial nanoparticles for environmental remediation

Name of bacteria Nanoparticle References

Pseudomonas aeruginosa Cadmium sulfide Raja et al. (2022)
Bacillus marisflavi Silver Ahmed et al. (2022)
Bacillus paralicheniformis Silver Martins et al. (2017)
Pseudochrobactrum sp. Zinc oxide Martins et al. (2017)
Pseudonomas putida Manganese oxide Furgal et al. (2015)
Desulfovibrio vulgaris Platinum Martins et al. (2017)
Escherichia coli Palladium Ahmed et al. (2022)
Bacillus pumilus Silver Martins et al. (2017)
Sphingomonas paucimobilis Silver Martins et al. (2017)
Escherichia coli Silver Ghorbani (2013)
B. amyloliquefaciens Titanium oxide Khan and Fulekar (2016)
Lactobacillus sp. Titanium Prasad et al. (2007)
Citrobacter freundii Selenium Wang et al. (2017a, b)
Pseudomonas putida Silver Thamilselvi and Radha 

(2013)
E. coli Zinc oxide Somu and Paul (2018)
Deinococcus radiodurans Iron Kim et al. (2019)
Enterococcus faecalis Iron oxide Samuel et al. (2021)
Shewanella loihica Palladium Misra et al. (2022)
Enterococcus faecalis Palladium Misra et al. (2022)
Pseudomonas aeruginosa Gold Husseiny et al. (2007)
Magnetospirillum magnetotacticum Magnetite Philipse and Maas (2002)
Pseudomonas putida NCIM 2650 Silver Thamilselvi and Radha 

(2013)
Lactobacillus strains Gold Nair and Pradeep (2002)
Rhodobacter sphaeroides Zinc sulfide Bai et al. (2006)
Pseudomonas aeruginosa Lanthanum Korbekandi et al. (2012)
Pseudomonas stutzeri AG259 Silver Haefeli et al. (1984)
Rhodopseudomonas capsulate Gold He et al. (2008)
Lactobacillus strains Titanium Prasad et al. (2007)
Escherichia coli MC4100 Gold Deplanche and Macaskie 

(2008)
Escherichia coli Cadmium sulfide Sweeney et al. (2004)
Desulfovibrio magneticus strain RS-1 Magnetite Pósfai et al. (2006)
Klebsiella pneumonia Silver Shahverdi et al. (2007)
Escherichia coli Silver Mahanty et al. (2013)
Enterobacter cloacae Selenium Kessi et al. (1999)
Klebsiella aerogenes Cadmium sulfide Holmes et al. (1995)
Desulfovibrio vulgaris Uranium, Kashefi et al. (2001)
Escherichia coli DH5𝛼 Gold Du et al. (2007)
Desulfobacteraceae Zinc sulfide Labrenz et al. (2000)
Geobacillus sp. Gold Correa-Llantén et al. (2013)

(continued)
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Table 13.1  (continued)

Name of bacteria Nanoparticle References

Bacillus megatherium D01 Gold Wen et al. (2009)
Clostridium thermoaceticum Cadmium sulfide Cunningham and Lundie 

(1993)
Bacillus cereus Silver Sunkar and Nachiyar (2012)
Bacillus subtilis Silver Saifuddin et al. (2009)
Aeromonas sp. SH10 Silver Rai et al. (2006)
Corynebacterium sp. SH09 Silver Zhang et al. (2005)
Bacillus subtilis 168 Gold Southam and Beveridge 

(1994)
Serratia nematodiphila Silver Malarkodi et al. (2013)
Thermoanaerobacter ethanolicus 
TOR-39

Cobalt, Nickel & 
Chromium

Yeary et al. (2006)

Rhodopseudomonas palustrus Cadmium sulfide Bai et al. (2009)
Pseudomonas stutzeri AG259 Silver Klaus et al. (1999)
Bacillus selenireducens Selenite Baesman et al. (2007)
P. stutzeri Selenite Narayanan and Sakthivel 

(2010)
P. aeruginosa SNT1 Selenium Yadav et al. (2008)
Serratia nematodiphila Silver Malarkodi et al. (2013)
Bacillus strain CS11 Silver Das et al. (2014)
Bacillus methylotrophicus Silver Wang et al. (2016)
Novosphingobium species Silver Du et al. (2017)
Brevibacillus formosus Gold Srinath et al. (2017)

The alternative ways for nanoparticle synthesis were also established. According 
to this mechanism, multiple biological components may be involved in the produc-
tion of nanoparticles. In this, the principal reducing agent is nitrate reductase that 
converts metals into nanoparticles (Gupta and Padmnabhan 2018; Ali et al. 2019). 
Cofactors such as NADH are also required for enzymatic reaction. Certain studies 
showed competition for the negatively charged binding site between protons and 
metal ions is strongly correlated with rising pH (Sintubin et al. 2009; Kalishwaralal 
et al. 2010).

13.4 � Factors Affecting Nanoparticles Synthesis

Several factors influence the synthesis, characterization, and application of nanopar-
ticles (Fig. 13.4). The key parameters which affect the biosynthesis of nanoparticles 
are described below.

	(a)	 Methods: Variety of methods available for nanoparticle synthesis that include 
physical method, chemical method, or biological method. Every method has 
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Fig. 13.4  Factors affecting nanoparticles synthesis

particular benefits and limitations. However, among them, the only biological 
method is eco-friendly and most satisfactory method because it uses nontoxic 
materials for the synthesis of nanoparticles (Vadlapudi and Kaladhar 2014).

	(b)	 pH: pH of the solution or media is a key element in the bacterial nanoparticle 
synthesis. By changing the pH of the solution, nanoparticle size can be con-
trolled because it affects the size and texture of nanoparticles (Patra and 
Baek 2014).

	(c)	 Temperature: It is the most important factor which affects the nanoparticle syn-
thesis and it determines nanoparticles nature. The report suggests that biologi-
cal method needs ambient temperature or less than 100  °C that very low as 
compared to other methods (Rai et al. 2006).

	(d)	 Time: Incubation time of reaction medium significantly affects the bacterial 
nanoparticle synthesis. The nanoparticles’ characteristics can be changed with 
time. The storage condition and exposure to light of the reaction media also 
affect characteristics of nanoparticles (Darroudi et al. 2011).

	(e)	 Shape and Size:
The properties of nanoparticles were determined by particle shape and size. It has 

been observed that when nanoparticles size decreases and it reaches to the 
nanometer scale, their melting point drops. The chemical characteristics are 
influenced by the appearance of nanoparticles. When one nanoparticle comes 
into touch with the surface of another nanoparticle, a modification in the chemi-
cal characteristics has been observed. The development of tunable nanoparti-
cles is aided by this approach (Baer et al. 2013).
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	(f)	 Cost: Another crucial element is the cost involved in creating nanoparticles. 
The costs associated with producing nanoparticles must be kept under control 
in order to support future uses. The chemical method gives more yields in short 
time, although it is a more expensive process. Similarly, the physical method 
needs high-priced equipment. The synthesis of nanoparticles by biological pro-
cesses is inexpensive and applied in at large scale (Gour and Jain 2019).

13.5 � Application of Bacterial Nanoparticles in Remediation

Bacterial nanoparticles are one of the best strategies for the elimination of ecologi-
cal pollutants from contaminated sites. It is potential technology and has many 
advantages such as environmentally friendly, cost-effective, no generation of haz-
ardous wastes, high surface area, minimum energy requirement and variability of 
different dimensions as compared to traditional methods. Among the microorgan-
isms, bacteria are used for remediation due to their ability to produce more biomass 
and high growth rate (Vanalakar 2018).

Soil and water are the most important natural resource that plays a major role in 
the economy. Because of man-made activities such as household discharges, heavy 
metals, chlorinated compounds, dyes, pharmaceutical and biomedical waste, etc. 
from the industries and mines are released into the soil and water that leads to envi-
ronmental pollution. Indigenous bacteria from contaminant sites have good toler-
ance capacity and hence they play an important role in remediation (Sonune 2021). 
In this section, the application of bacterial nanoparticles for bioremediation of some 
major pollutants is discussed.

13.5.1 � Degradation of Dyes

Several industries such as cosmetic, paper, textile, food and leather require different 
types of dyes. It leads to the generation of wastewater in huge quantity and contains 
several dyes and it causes harmful effects on humans, plants, and animals. Bacterial 
nanoparticles play an important role in achieving remediation of dyes from such 
contaminated water because of the large surface area with a significant number of 
active sites (Mahanty et al. 2020). Several studies reported the use of different bac-
terial nanoparticles in the bioremediation of dyes. The nanoparticle prepared from 
magnetic Fe3O4 and Enterobacter cloacae sp. A3 showed decolorization and bio-
degradation of Basic Red 46 azo dye. The percentage of declorization by this 
nanoparticle was found to be 91.60% at the optimum dosage of nanoparticle, 37 °C 
temperature and pH  7 after 24  h (Bekhit et  al. 2020). Biosynthesized SnO2-
nanoparticles by Erwinia herbicola showed a dye degradation capacity and showed 
degradation of methyl orange (94%), methylene blue (93%), and erichrome black 
(98%) (Srivastava and Mukhopadhyay 2014). Several types of dyes include congo 
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red, reactive black-5, malachite green and direct blue-1 were degraded by copper 
nanoparticles synthesized from Escherichia sp. SINT7 (Mandeep and Shukla 2020). 
Another report showed degradation of Napthol Green B dye by Pseudoalteromonas 
species under anaerobic conditions. The black colored iron-sulfur nanoparticle was 
synthesized by this species during degradation process that inhibits production of 
H2S and metal complexes (Cheng et al. 2019). The other study reported potential 
application of Bacillus pumillus for bioremediation for Congo red and its removal 
percentage was 13% (Fulekar et al. 2015).

13.5.2 � Removal of Heavy Metals

Because of the rapid industrialization, environmental contaminants such as heavy 
metals are becoming more prevalent and pose a major threat to public health. 
Prolonged exposure to certain heavy metals causes severe disorders in the humans, 
including immune weakness, osteoporosis, allergies, and respiratory failure. The 
accumulation of heavy metals in the environment is a major issue because of their 
inability to decompose. Thus, it is crucial to convert these hazardous heavy metals 
into a less harmful form. This can be achieved by using cost-effective bacterial 
nanoparticle (Alvarez et  al. 2017; Yadav et  al. 2017). Bacteria chelate the heavy 
metal or may convert them into nanoparticle of corresponding salt or ions in the soil. 
These biosynthesized nanoparticles in the soil can be extracted and can be used for 
industrial purpose or can enhance the soil and plant growth activity that leads to soil 
remediation. The report suggests that bacteria present in mines are tolerant to sev-
eral metals including Cu, Al, Zn, Co, and Hg. Bacteria absorb them and convert 
them into the nanoparticles that can be easily harvested and used for industrial pur-
poses (Salvadori et al. 2014). Cao et al. (2020) reported that polyvinylpyrrolidone-
coated iron oxide nanoparticles with Halomonas sp. were efficient for bioremediation 
of Pb and Cd. The two toxic metals namely vanadium and chromium were effi-
ciently removed from wastewater by Shewanella loihica PV-4. The removal per-
centage of vanadium and chromium after 27 days was found to be 71% and 91%, 
respectively (Wang et al. 2017a, b). Diba et al. (2021) reported the synthesis of lead 
nanoparticle with Bacillus sp. A21 and Oceanobacillus sp. A22 strains and lead and 
nickel nanoparticles with Salinicoccus sp. A43. Micrococcus sp. isolated from 
industrial wastewater showed bioremediation of nickel (80.9%) and lead (91.06%) 
(Benmalek and Fardeau 2016). Ha et al. (2016) reported application of palladium 
nanoparticles for the removal of hexavalent chromium from wastewater.  
Asksonthong et al. (2016) reported lead bioremediation efficiency of two bacteria 
namely Halomonas elongate and Tetragenococcus halophilus.
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13.5.3 � Catalytic Dehalogenation

Because of the low water solubility, resistance to oxidation and flame resistance, 
chlorinated aromatic compounds are extensively used in several industrial applica-
tions. However, over-application of these compounds leads to the pollution of soil, 
water, air, and sediments. Because these substances are resistant to degradation, 
eradication can be challenging. Chlorinated aromatic compounds have been broken 
down using a variety of reductive and oxidative techniques, but a simple approach 
is required to deal with these difficult xenobiotics (Kapoor et al. 2021). The synthe-
sized Pd-based nanoparticles with Desulfovibrio desulfuricans, Desulfovibrio vul-
garis, and Desulfovibrio sp. Oz-7 were found to be efficient for the dehalogenation 
of aromatic compounds and reported that the rate of dechlorination of these nanopar-
ticles was higher as compared to chemical-Pd-nanoparticles (Fang et  al. 2019). 
Biosynthesized palladium and gold nanoparticles with Bacillus sp. GP showed cata-
lytic activity for reduction of 4-nitrophenol (Zhang and Hu 2018). The study of De 
Windt et  al. (2005) reported the biosynthesis of palladium nanoparticle by 
Shewanella oneidensis MR-1, both intracellularly and extracellularly. Excellent 
dehalogenation performance was demonstrated by these generated Pd-NPs toward 
polychlorinated biphenyl congeners.

13.5.4 � Removal of Pharmaceutical and Hospital 
Wastewater Pollutants

It was recently discovered that a large number of harmful xenobiotics and chemical 
compounds found in the pharmaceutical industry and medical waste effluents reach 
the aquatic system directly or through contaminated polluted areas. Traditional 
methods are employed to evaluate a few common pollutants from the wastewater. 
However, they are not applicable for the estimation of complex harmful contami-
nants and their byproducts (Malik et al. 2022). This can be overcome by the applica-
tion of bacterial nanoparticle. Martins et al. (2017) prepared platinum and palladium 
nanoparticles with Desulfovibrio vulgaris. These nanoparticles showed removal of 
four pharmaceutical products including ciprofloxacin, sulfamethoxazole, ibuprofen, 
and 17β-estradiol. Bharti et al. (2021) reported that manganese oxide nanoparticle 
prepared by using Pseudomonas putida showed steroids estrone and 7 
ά-ethinylestradiol removal efficiencies from the aqueous solution. Diclofenac is an 
anti-inflammatory halogenated drug. It is present in biomedical waste which causes 
contamination of the environment. The study of Azeez et al. (2019) reported that 
synthesis of Pd NPs by utilizing Shewanella oneiedensis MR-1 was efficient for the 
dehalogenation of aromatic compounds.
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13.6 � Conclusion

The conventional nanoparticle synthesis has many disadvantages including energy 
intensiveness, cost-expensive, and production of hazardous toxic chemicals. As 
environmental awareness increased, it has led to the development of green nano-
technology, which is a more reliable, eco-friendly technique for the removal of con-
taminants, and it also overcomes the disadvantages of conventional methods. 
Bacteria nanoparticle synthesis has received most attention compared to other 
microorganisms in green nanotechnology because of high metabolic activity, the 
growth rate of bacteria, and easy to control. The mechanism of bacterial nanoparti-
cle synthesis is not well understood. However, many studies reported stable nanopar-
ticle synthesis for remediation of toxic compounds by selecting proper bacteria and 
optimum conditions such as pH, temperature, incubation time, etc.
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Chapter 14
Advanced Nanocomposite Materials 
for Remediation of Hazardous Pollutants

Abhinay Thakur and Ashish Kumar

Abstract  Nanocomposite materials, with their distinctive physicochemical proper-
ties like high surface area, reactivity, and selectivity, have emerged as promising 
agents for remediating hazardous pollutants. Comprising nanoparticles ranging 
from 1 to 100 nm dispersed in organic, inorganic, or hybrid matrices, these materi-
als require meticulous consideration of surface chemistry and interactions to opti-
mize performance. Tailoring nanocomposites for specific applications involves 
adjusting composition, structure, and properties. Carbon-based, metal-based, and 
metal oxide-based nanocomposites have been developed and applied effectively in 
the environmental remediation of heavy metals, organic pollutants, and dyes. This 
chapter delves into the mechanisms underlying pollutant removal, addressing the 
challenges and opportunities in nanocomposite development for environmental 
remediation. The exploration extends to the intricate interplay between nanocom-
posite properties and pollutant removal mechanisms, particularly in the context of 
heavy metals, organic pollutants, and dyes. The chapter culminates by reflecting on 
the future prospects of nanocomposite materials, envisioning their role in advancing 
technologies for environmental remediation. The versatility and tunability of nano-
composites position them as pivotal contributors to the ongoing quest for sustain-
able solutions in mitigating environmental pollution.
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14.1 � Introduction

Nanocomposite materials, a fusion of nanoparticles within a matrix material, repre-
sent a paradigm shift in materials science. The inherent characteristics of nanopar-
ticles, particularly their size ranging from 1 to 100 nm, contribute to the exceptional 
properties of nanocomposites (Lu et  al. 2019; Elessawy et  al. 2021; Javed et  al. 
2022). Nanocomposites are powerful instruments in the battle against pollution 
because of their extensive surface area, reactivity, and selectivity. As the introduc-
tory section unfolds, it navigates through the diverse landscape of nanocomposites, 
categorizing them into carbon-based, metal-based, and metal oxide-based nano-
composites. Each category brings forth distinct advantages, and the section provides 
insights into the synthesis methods, properties, and implementations of these nano-
composites in the context of environmental remediation. The significance of nano-
composite materials in environmental remediation is underscored by their ability to 
address a spectrum of pollutants effectively. This introduction delves into the mul-
tifaceted applications of nanocomposites, emphasizing their role in adsorption, 
catalysis, and photodegradation processes. Their tunability, or the capacity to mod-
ify the composition, structure, and properties of nanocomposites to suit certain 
applications, is a crucial component of their efficacy. The section explores the 
nuances of this tunability and offers a thorough explanation of how the overall per-
formance of nanocomposite materials can be improved by carefully adjusting these 
parameters. Examining how well nanocomposites function in pollution removal 
mechanisms is essential to comprehending their applications. This introduction 
navigates through the intricate details of pollutant removal, focusing on heavy met-
als, organic compounds, and emerging contaminants (Alharthi et al. 2020; Chauhan 
et al. 2021; Yaseen et al. 2022). Through processes like adsorption, chelation, and 
precipitation, nanocomposites specifically target heavy metals, which are notorious 
for their toxicity and persistence. The conversation offers a thorough analysis of the 
relationships that exist between heavy metals and nanocomposites, illuminating the 
critical roles that surface chemistry and certain characteristics of nanoparticles play 
in their removal. The role of nanocomposites in addressing organic pollutants, aris-
ing from industrial discharges and anthropogenic activities, is also examined in 
detail. The catalytic functionalities of nanocomposites come to the forefront in 
degrading organic contaminants, and the section provides a nuanced understanding 
of the mechanisms involved in this degradation process. Furthermore, the dynamic 
landscape of emerging contaminants, whose impact may not yet be fully under-
stood, is explored. Because of their diversity and adaptability, nanocomposites are 
becoming vital instruments for mitigating the environmental effects of these new 
contaminants. For instance, in an experiment, Mandal et al. (2023) introduced an 
innovative and eco-friendly approach to synthesizing multifunctional nanobiocom-
posites designed for the effective eradication of hazardous heavy metals, dyes, and 
disinfection of wastewater microorganisms. The chitosan (CS)-altered, wide-
surface-region AC obtained via kenaf (KAC) was combined with photochemically 
produced silver nanoparticles (AgNPs) using a special self-activation technique to 
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create the nanobiocomposites, known as KAC-CS-AgNPs. Scanning electron 
microscopy images demonstrated the even distribution of AgNPs, while Fourier 
transform infrared studies revealed major absorption peaks. Experimental results 
showcased the exceptional adsorption efficiency of KAC-CS-AgNPs for lead (Pb2+), 
copper (Cu2+), and Congo Red dye (CR), coupled with effective antibacterial attri-
bute toward Escherichia coli and Staphylococcus aureus. The maximum adsorption 
capacities for Cu2+, Pb2+, and CR were 71.5, 72.3, and 75.9 mg/g, respectively, fol-
lowing Langmuir and Freundlich isotherm models and the second-order kinetic 
model (R2 > 0.99). KAC-CS-AgNPs demonstrated effective reusability for up to 
four consecutive phases with fewer losses in adsorption capability. The adsorption 
mechanism appeared to be spontaneous and endothermic based on thermodynamic 
characteristics. Both S. aureus and E. coli showed significant bactericidal effects in 
bacterial inactivation assays, with MIC values of 44 and 32 μg/mL, correspond-
ingly. The KAC-CS-AgNPs, which have been synthesized, offer a novel approach 
to efficient and sustainable wastewater treatment and have great commercial poten-
tial. Similarly, Vasu et al. (2021) presented a pioneering approach in synthesizing 
Cu/La/CeO2/GO nanocomposites via hydrothermal techniques, where copper and 
lanthanum are incorporated into cerium oxide (CeO2) loaded on graphene oxide 
(GO). The existence of dopant ions and a crystalline phase was verified by XRD 
examination, and the nanocomposites’ rod-like structure was shown by FESEM 
pictures. The primary breakthrough is the in-situ synthesis of Cu/La/CeO2/GO 
nanocomposites, which exhibit improved photodegradation of hazardous organic 
dyes such as Cibacron Red (CR), Rhodamine B (RhB), and Sunset Yellow (SY). 
The structure of the nanocomposites efficiently inhibits the quick integration of 
photoinduced electron-hole pairs, increasing the photocatalytic efficiency. 
Interestingly, the proportions of degradation for the dye mixtures containing RhB, 
SY, and CR were 81%, 60%, and 95%, correspondingly. The morphology and struc-
tural characteristics of Cu/La/CeO2/GO were investigated through FE–SEM analy-
sis, as depicted in Fig. 14.1a, b. The analysis highlighted the rod-like configuration 
of uniform size formed by the nanocomposites during the hydrothermal synthesis 
process. The TEM images of Cu/La/CeO2/GO nanocomposites are presented in 
Fig.  14.1c, d, revealing aggregated nanocomposites with small particle sizes. 
Notably, these nanocomposites exhibited an irregular shape, contributing to uneven 
size distribution. Further insights into the elemental distribution were obtained 
through STEM–EDS elemental mapping, as illustrated in Fig. 14.1e–h. The map-
ping demonstrated the existence of all doping materials—La, Cu, Ce, and C—in 
Cu/La/CeO2/GO nanocomposites. The overlapping of these elements was observed, 
indicating a cohesive integration of copper, lanthanum, cerium, and carbon within 
the nanocomposite structure. The comprehensive characterization of Cu/La/CeO2/
GO morphology and elemental composition enhances our understanding of the 
nanocomposites’ structural features derived from the hydrothermal synthe-
sis method.

Two further hazardous dyes, SY and CR, were used to compare the photocata-
lytic effectiveness of the nanocomposites that were created. The degradation of SY 
and CR organic dyes at wavelengths of 482 and 500  nm, respectively, was 
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Fig. 14.1  Depiction of the surface morphology of Cu/La/CeO2/GO nanocomposites in panels (a, 
b), showcases the rod-like structures formed during synthesis. Panels (c, d) present TEM images, 
offering a closer look at the nanocomposites, while panels (e–h) provide elemental mapping for 
Ce, Cu, La, and C within the nanocomposites. (Adapted from Vasu et al. (2021) under CCBY 4.0)

monitored using a UV–Visible spectrophotometer (Fig. 14.2a, c). One distinctive 
aspect of the photodegradation aided by the Cu/La/CeO2/GO nanocomposite was 
the significantly reduced treatment time required to break down these dangerous 
organic dyes. When exposed to visible light, the produced nanocomposites showed 
exceptional efficacy in the destruction of harmful organic dyes (Fig.  14.2b, d). 
Notably, after just 50 min of treatment, the degradation of the CR dye showed its 
maximum mineralization. This faster deterioration is explained by the fact that the 
nanocomposites produce more electron–hole pairs, which in turn produce more 
superoxide and hydroxyl radicals. Reactive radicals were essential in causing 
organic contaminants to degrade in the presence of visible light.
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Fig. 14.2  Depiction of the photodegradation process of CR and SY organic dyes through UV–vis 
spectrum. Panels (a, b) depict the degradation and absorption % of SY, while panels (c, d) show-
case the degradation and absorption % of CR. (Adapted from Vasu et al. (2021) under CCBY 4.0)

The chapter places a particular emphasis on the diverse applications of nanocom-
posites in environmental remediation. Adsorption processes, a cornerstone in pol-
lutant removal, are explored in-depth, highlighting the unique adsorption 
mechanisms facilitated by nanocomposites. Catalytic applications, leveraging the 
catalytic properties of metal nanoparticles within nanocomposites, emerge as a 
powerful strategy for pollutant degradation. The section also explores the sustain-
able approach of photodegradation, where nanocomposites harness solar energy to 
drive the breakdown of pollutants.

14.2 � Nanocomposite Properties

Nanocomposite materials, the fusion of nanoparticles within a matrix, possess intri-
cate properties that underpin their efficacy in diverse applications, particularly in 
environmental remediation. This section delves into the physicochemical 
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characteristics of nanocomposites, emphasizing the importance of surface chemis-
try and interactions, and explores how optimization strategies enhance their overall 
performance.

14.2.1 � Physicochemical Characteristics

At the core of nanocomposite materials are their physicochemical characteristics, 
which stem from the unique attributes of nanoparticles embedded within the matrix. 
The size, shape, composition, and distribution of nanoparticles significantly influ-
ence the overall behavior of nanocomposites.

•	 Size and surface area: The high surface area of nanocomposites is a result of the 
presence of nanoparticles, which are usually between 1 and 100  nm in size. 
Because there are more active sites due to this increased surface area, their reac-
tivity and adsorption capability are improved. Carbon-based nanocomposites, 
for example, capitalize on the vast surface area of carbon nanotubes or graphene, 
rendering them particularly effacious in environmental applications.

•	 Shape and distribution: The accessibility of active sites is greatly influenced by 
the morphology of the nanoparticles, including their distribution and shape 
within the matrix. Controlled dispersion of well-dispersed nanoparticles maxi-
mizes the use of their characteristics. For effective pollutant degradation, metal-
based nanocomposites take advantage of the catalytic qualities of evenly 
distributed metal nanoparticles.

•	 Composition: The choice of materials for both nanoparticles and the matrix is 
crucial in defining the overall composition of nanocomposites. Carbon-based 
nanocomposites may utilize graphene or carbon nanotubes, while metal oxide-
based nanocomposites combine the stability of metal oxides with the reactivity 
of nanoparticles (Sun et al. 2018; Thamer et al. 2021). The composition dictates 
the overall properties, influencing factors such as conductivity, stability, and 
reactivity.

•	 Optical properties: In some nanocomposites, particularly those with metal 
nanoparticles, optical properties become significant. Metal oxide-based nano-
composites, for instance, exhibit photocatalytic properties, allowing them to har-
ness solar energy for environmental remediation through photodegradation 
processes. Understanding and manipulating these optical properties are key to 
enhancing their performance in such applications.

•	 Mechanical properties: The inclusion of nanoparticles could also influence the 
mechanical characteristics of nanocomposites. Carbon-based nanocomposites, 
known for their exceptional mechanical strength, find applications in pollutant 
adsorption and structural matrices. The section provides a comprehensive explo-
ration of how these physicochemical characteristics collectively contribute to the 
unique properties of nanocomposite materials.
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14.2.2 � Surface Chemistry and Interactions

Surface chemistry is a defining aspect of nanocomposites, governing their interac-
tions with pollutants, the matrix material, and the surrounding environment. The 
intricate interplay between nanoparticles and their surroundings determines the effi-
ciency of nanocomposites in pollutant removal processes.

•	 Nanoparticle-Matrix Interactions

The success of nanocomposites in environmental remediation hinges on the 
nature of interactions between nanoparticles and the matrix material. These interac-
tions are fundamental for determining the stability, durability, and overall perfor-
mance of nanocomposites (Naveed et al. 2021; Chauhdary et al. 2022). The careful 
engineering of these relationships is pivotal in tailoring nanocomposites for specific 
applications. The choice of matrix material, whether organic, inorganic, or a hybrid 
combination, influences how nanoparticles are dispersed and how they interact 
within the composite structure. Understanding and manipulating nanoparticle-
matrix interactions are essential steps in optimizing the design and functionality of 
nanocomposites for efficient pollutant removal.

•	 Surface Functionalization

An effective tactic to increase the propensity of nanocomposites for certain con-
taminants is surface functionalization. In order to modify the chemical properties of 
nanoparticle surfaces to better suit the target pollutants, particular functional groups 
are added to the surfaces. When it comes to carbon-based nanocomposites, surface 
functionalization is an effective technique (Wang and Shih 2021). The capacity for 
adsorption of carbon-based nanocomposites for organic contaminants might be 
greatly increased by adding particular functional groups.

•	 Adsorption Mechanisms

The adsorption mechanisms of nanocomposites are intricately linked to their 
surface chemistry. In the process of pollutant adsorption, the substantial surface area 
and particular interactions at the nanocomposite interface are essential. By using a 
variety of adsorption techniques, nanocomposites use their distinct physicochemi-
cal characteristics to draw in and absorb contaminants. Predicting and maximizing 
the adsorption capacity of nanocomposites requires an understanding of these 
mechanisms. The adsorption mechanisms determine how well nanocomposites can 
eliminate contaminants from the environment, whether by physical adsorption, 
chemical adsorption, or an amalgam of both.

•	 Electrochemical Interactions

In certain nanocomposites, particularly those incorporating metal nanoparticles, 
electrochemical interactions play a significant role in shaping their behavior. The 
electrochemical properties of nanocomposites become particularly relevant in pro-
cesses such as catalysis. Metal-based nanocomposites leverage the catalytic 
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capabilities of metal nanoparticles, and understanding the electrochemical interac-
tions involved is crucial for optimizing their performance. As nanocomposites with 
metal components continue to find applications in environmental remediation, 
unraveling the electrochemical aspects becomes imperative for harnessing their full 
potential and ensuring their effectiveness in diverse environmental conditions.

14.2.3 � Optimization for Performance

The optimization of nanocomposites is a critical aspect of harnessing their full 
potential in environmental remediation. This involves careful consideration of vari-
ous parameters, including composition, structure, and properties, to tailor nanocom-
posites for specific applications and enhance their overall performance.

•	 Composition Optimization

Tailoring the composition of nanocomposites is a meticulous process involving 
the selection of the most suitable combination of nanoparticles and matrix materi-
als. This section delves into the intricate relationship between the choice of materi-
als and the overall properties of nanocomposites. Composition optimization is a 
crucial step in achieving desired outcomes in pollutant removal. Different types of 
nanoparticles, ranging from carbon-based to metal-based, and various matrix mate-
rials, whether organic, inorganic, or hybrid, offer distinct advantages. Understanding 
how the composition influences the stability, reactivity, and adsorption capacity of 
nanocomposites is essential for designing materials that are effective in specific 
environmental remediation scenarios (Guerra et al. 2018; Alvarez-Torrellas et al. 
2019; Liu et al. 2019). Strategies for optimizing composition are explored, provid-
ing insights into the factors that contribute to the success of nanocomposites in pol-
lutant removal applications.

•	 Structural Optimization

The structural arrangement of nanoparticles within the matrix material exhibits a 
vital role in determining the accessibility of active sites. Well-organized structures 
with controlled distribution enhance the stability and reactivity of nanocomposites. 
This section delves into the importance of structural optimization, emphasizing how 
the spatial arrangement of nanoparticles influences their exposure to pollutants. The 
controlled distribution of active sites ensures efficient interaction with contami-
nants, maximizing the efficacy of nanocomposites in environmental remediation. 
Strategies for achieving structural optimization, such as precise control during syn-
thesis processes, are discussed.

•	 Property Optimization

A crucial component of optimization is adjusting the intrinsic characteristics of 
nanocomposites. The performance of nanocomposites can be improved by adjust-
ing characteristics including reactivity, surface area, and particle size. In order to 
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optimize properties, controlled synthesis methods and post-synthesis treatments are 
investigated. For example, to improve their adsorption capabilities, carbon-based 
nanocomposites can be heated or chemically treated. The understanding of how 
these properties influence pollutant removal efficiency is essential for designing 
nanocomposites with optimized performance.

•	 Functionalization Strategies

Surface functionalization emerges as a powerful strategy for optimizing the per-
formance of nanocomposites. In order to improve the interaction of nanoparticles 
with specific contaminants, particular functional groups are introduced onto their 
surface. The section examines several functionalization techniques and how they 
affect the contaminants’ affinity for nanocomposites. Nanocomposites can be fine-
tuned to show improved adsorption capabilities and reactivity by functionalizing the 
surface chemistry. The versatility of functionalization strategies adds a layer of 
adaptability to nanocomposites, allowing them to address a broad array of pollut-
ants in diverse environmental conditions.

•	 Adapting for Specific Applications

The adaptability of nanocomposites for specific applications is a key aspect of 
optimization. Tailoring nanocomposites to address particular pollutants or environ-
mental conditions requires a nuanced understanding of the factors influencing their 
performance. This section explores how the optimization process extends beyond 
general properties to consider the specific requirements of environmental remedia-
tion projects (Shahabuddin et al. 2016; Liu et al. 2018; Cardoso et al. 2021). The 
adaptability of nanocomposites involves customizing their composition, structure, 
and properties to meet the challenges posed by different pollutants and environmen-
tal matrices. Strategies for adapting nanocomposites for specific applications are 
discussed, emphasizing the importance of a targeted and context-specific approach 
in optimizing their effectiveness.

14.3 � Fabrication and Design

•	 The successful deployment of nanocomposite materials in environmental reme-
diation relies heavily on meticulous fabrication and thoughtful design. This sec-
tion embarks on a comprehensive exploration of the intricacies involved in the 
creation of nanocomposites, emphasizing composition adjustment, structural 
considerations, and property optimization. As we delve into the realm of fabrica-
tion and design, we uncover the innovative strategies that researchers employ to 
tailor nanocomposites for specific environmental challenges.
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14.3.1 � Composition Adjustment

Tailoring the composition of nanocomposites is a pivotal step in designing materials 
with targeted properties for effective pollutant removal. This subsection delves into 
the strategies and considerations involved in adjusting the composition, choosing 
appropriate nanoparticles and matrix materials, and achieving the desired synergy 
for optimal environmental remediation.

•	 Material Selection and Compatibility

The selection of nanoparticles and the matrix material is fundamental to the com-
position of nanocomposites (Singh et al. 2013; Modi et al. 2022). This chapter scru-
tinizes the characteristics of various nanoparticles, ranging from carbon-based 
materials like CNT and graphene to metal oxide-based nanoparticles. Understanding 
the compatibility and synergies between different nanoparticle and matrix combina-
tions is paramount in crafting nanocomposites with enhanced stability and reactivity.

•	 Tailoring for Specific Pollutants

Environmental pollutants exhibit diverse characteristics, and tailoring nanocom-
posite compositions to specific pollutants requires precision in design (Bashir et al. 
2019, 2020b; Kumar and Thakur 2020; Thakur et al. 2022a; Kaya et al. 2023a, b). 
For instance, the discussion unfolds how carbon-based nanocomposites can be tai-
lored to adsorb organic pollutants, while metal-based nanocomposites leverage 
catalytic properties for the degradation of specific contaminants. The ability to fine-
tune compositions allows researchers to address a spectrum of pollutants with 
unparalleled specificity.

•	 Synergistic Effects

The synergistic effects arising from the judicious combination of nanoparticles 
and matrix materials are explored in this subsection. Metal oxide-based nanocom-
posites, for example, capitalize on the stability of metal oxides combined with the 
reactivity of nanoparticles, showcasing how a harmonious interplay between com-
ponents can elevate the overall performance of nanocomposites in environmental 
remediation.

•	 Responsive Nanocomposites

The dynamic nature of environmental conditions necessitates the development of 
responsive nanocomposites. These materials are more adaptable and efficient 
because they can change their characteristics in response to environmental changes 
(Seliem et al. 2020; Castro-Muñoz et al. 2021). The chapter delves into the design 
principles behind responsive nanocomposites, outlining how changes in factors 
such as pH, temperature, or pollutant concentration trigger adaptive responses, 
ensuring sustained effectiveness in diverse environmental contexts.
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14.3.2 � Structural Considerations

Beyond composition, the structural arrangement of nanoparticles within the matrix 
plays a crucial role in determining the accessibility of active sites and overall stabil-
ity. This subsection explores various structural considerations, encompassing con-
trolled synthesis methods and templated approaches, to optimize the architecture of 
nanocomposites for environmental applications.

•	 Controlled Synthesis Methods

Achieving a well-defined structure within nanocomposites requires precision in 
synthesis methods. The controlled synthesis of carbon-based nanocomposites, for 
example, can enhance their adsorption capacities by ensuring uniform dispersion 
and optimal structural arrangements.

•	 Templated Approaches

Templated approaches represent a strategic method to guide the assembly of 
nanoparticles within the matrix material. Templated approaches are instrumental in 
achieving specific structural architectures, influencing properties including surface 
area and porosity. Understanding the nuances of templated strategies allows for the 
deliberate design of nanocomposite structures tailored to desired applications in 
pollutant removal.

•	 Nanocomposite Morphologies

The morphology of nanocomposites, influenced by structural considerations, is a 
crucial factor in determining their functionality. Different morphologies, such as 
core-shell, hollow, or layered structures, offer unique advantages in pollutant 
removal processes. For instance, core-shell structures in metal-based nanocompos-
ites can enhance catalytic efficiency, while layered structures in graphene-based 
nanocomposites provide increased surface area for adsorption.

•	 Hierarchical Nanocomposites

Hierarchical nanocomposites, featuring multiscale architectures, represent an 
advanced approach to structural design. Hierarchical arrangements enhance the 
accessibility of active sites, facilitate mass transfer, and improve overall stability.

14.3.3 � Property Optimization

Optimizing the inherent properties of nanocomposites is imperative to fine-tune 
their performance for specific environmental challenges. This subsection delves 
into the strategies employed to optimize properties, including surface area, particle 
size, reactivity, and conductivity, ensuring that nanocomposites stand at the pinna-
cle of efficiency in environmental remediation.
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•	 Manipulating Particle Size

Particle size is a critical parameter influencing the properties of nanocomposites. 
This section discusses how manipulating particle size, through techniques like ball 
milling or chemical vapor deposition, can impact the surface area and reactivity of 
nanoparticles (Fan et al. 2021; Shathy et al. 2022). Tailoring particle size becomes 
especially crucial in optimizing adsorption capacities and catalytic activities, 
enhancing the overall pollutant removal efficiency of nanocomposites.

•	 Enhancing Surface Area

The high surface area of nanocomposites is a key factor in their effectiveness. 
Strategies to enhance the surface area, such as creating porous structures or utilizing 
nanosheets, are explored in this subsection. Carbon-based nanocomposites, with 
their inherent porosity, exemplify how maximizing surface area contributes to supe-
rior adsorption capacities (Bashir et al. 2020a, c; Thakur et al. 2022b; Sharma et al. 
2023; Thakur and Kumar 2023a, b).

•	 Tuning Reactivity

The reactivity of nanocomposites, particularly in catalytic and photocatalytic 
applications, is a critical property. Metal-based nanocomposites leverage the cata-
lytic properties of nanoparticles, and metal oxide-based nanocomposites exhibit 
photocatalytic capabilities.

•	 Conductivity Optimization

In certain nanocomposites, especially those with carbon-based materials, con-
ductivity is a crucial property. Enhanced conductivity facilitates efficient electron 
transfer, a key factor in catalytic reactions.

•	 Functionalization Strategies

Surface functionalization emerges as a versatile strategy for property optimiza-
tion. By introducing specific functional groups to nanoparticle surfaces, researchers 
can tailor nanocomposites for targeted applications (Thamer et al. 2020; Kocijan 
et al. 2022). The ability to functionalize nanocomposites enhances their affinity for 
specific pollutants, expanding their applicability in diverse environmental contexts.

14.4 � Types of Nanocomposites

The diverse landscape of nanocomposites unfolds through this exploration of vari-
ous types specifically engineered for environmental remediation. Each category, 
such as carbon-based, metal-based, and metal oxide-based nanocomposites, brings 
forth unique properties, synthesis methods, and applications. This section traverses 
the intricacies of these types, delving into the nuances that make them indispensable 
tools in the pursuit of sustainable pollutant removal.
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14.4.1 � Carbon-Based Nanocomposites

Carbon-based nanocomposites represent a groundbreaking category with unparal-
leled versatility and unique physicochemical properties. The carbonaceous compo-
nents, including graphene, carbon nanotubes, and activated carbon, serve as the 
cornerstone for their exceptional adsorption capacities and reactivity in environ-
mental remediation. Graphene is a special two-dimensional nanomaterial with 
exceptional properties made up of a single sheet of carbon atoms arranged in a 
hexagonal lattice. The high surface area, excellent conductivity, and mechanical 
strength of graphene contribute to its effectiveness in adsorbing pollutants and cata-
lyzing degradation reactions. Carbon nanotubes, cylindrical structures of rolled-up 
graphene sheets, possess unique electronic, mechanical, and adsorption properties. 
Delving into the synthesis techniques and applications of carbon nanotube-based 
nanocomposites, this subsection unravels how their inherent characteristics enhance 
pollutant adsorption and catalytic activities. Their tubular structure provides an 
extensive surface area for interactions with pollutants, making them formidable 
agents in environmental remediation. Activated carbon, characterized by a highly 
porous structure, emerges as a stalwart adsorbent in nanocomposites (Bekru et al. 
2023; Shan et al. 2023). The porous nature of activated carbon facilitates pollutant 
adsorption through physical and chemical mechanisms. The subsection explores 
how tailored activation processes and hybridization with other materials enhance 
the pollutant removal capabilities of activated carbon-based nanocomposites.

•	 Challenges and Future Perspectives in Carbon-Based Nanocomposites

While carbon-based nanocomposites showcase immense potential, challenges 
such as aggregation, scalability, and cost hinder their widespread application. This 
section critically examines these challenges and envisions future research direc-
tions. Strategies to overcome aggregation issues, scale up production, and enhance 
cost-effectiveness are discussed, providing a comprehensive overview of the current 
landscape and the trajectory of carbon-based nanocomposites in environmental 
remediation.

14.4.2 � Metal-Based Nanocomposites

Metal-based nanocomposites leverage the catalytic properties of metal nanoparti-
cles to drive pollutant degradation reactions. Iron-based nanocomposites, particu-
larly those incorporating zero-valent iron (ZVI) nanoparticles, exhibit remarkable 
reactivity in pollutant degradation. This subsection elucidates the synthesis tech-
niques and applications of iron-based nanocomposites in environmental remedia-
tion. The redox properties of iron nanoparticles make them effective in transforming 
pollutants through reduction or oxidation reactions, providing a sustainable 
approach to remediation (Youssef et al. 2019; Kar et al. 2020). Silver nanoparticles, 
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known for their antimicrobial properties, find applications in nanocomposites for 
environmental remediation. Their antimicrobial activities extend the scope of these 
nanocomposites to address microbial pollution in water bodies. Copper-based nano-
composites emerge as catalytic guardians in environmental remediation. This sub-
section unravels the synthesis techniques and applications of copper-based 
nanocomposites, emphasizing their catalytic activities in pollutant degradation. 
Copper nanoparticles facilitate the breakdown of pollutants through redox reactions 
and adsorption, showcasing their potential in diverse remediation scenarios.

•	 Challenges and Future Perspectives in Metal-Based Nanocomposites

Despite their catalytic prowess, metal-based nanocomposites face challenges 
related to stability, selectivity, and potential toxicity. This section critically exam-
ines these challenges and outlines future research directions. Strategies to elevate 
the stability of metal nanoparticles, improve selectivity in pollutant removal, and 
address potential toxicity concerns are discussed, providing insights into the evolv-
ing landscape of metal-based nanocomposites for environmental applications.

14.4.3 � Metal Oxide-Based Nanocomposites

Metal oxide-based nanocomposites amalgamate the stability of metal oxides with 
the reactivity of nanoparticles, offering a versatile and synergistic approach to envi-
ronmental remediation. Titanium dioxide (TiO2) stands as a flagship in metal oxide-
based nanocomposites, renowned for its photocatalytic properties (Chavan et  al. 
2015; Olteanu et al. 2019; Oyewo et al. 2020). The photocatalytic prowess of TiO2 
enhances its efficiency in breaking down pollutants and emerging contaminants, 
marking it as a sustainable solution for environmental remediation. Zinc oxide 
(ZnO), with its multifunctional properties, takes center stage in metal oxide-based 
nanocomposites. Because of its unique properties, including its broad bandgap and 
vast surface area, ZnO can be used to solve a number of environmental issues. Iron 
oxide-based nanocomposites, incorporating materials like magnetite (Fe3O4) and 
hematite (α-Fe2O3), bring magnetism into the realm of environmental remediation. 
This subsection elucidates the synthesis techniques and applications of iron oxide-
based nanocomposites, emphasizing their magnetic properties for facile separation 
and recovery. The magnetic responsiveness of iron oxide nanoparticles enhances the 
recyclability and efficiency of these nanocomposites in pollutant removal.

•	 Challenges and Future Perspectives in Metal Oxide-Based Nanocomposites

While metal oxide-based nanocomposites offer a synergistic approach to reme-
diation, challenges such as agglomeration, photocatalyst recovery, and scalability 
persist. This section critically assesses these challenges and envisions future direc-
tions for research. Strategies to mitigate agglomeration, improve photocatalyst 
recovery methods, and scale up production are discussed, providing a comprehen-
sive outlook on the evolving landscape of metal oxide-based nanocomposites.
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14.5 � Applications in Environmental Remediation

Nanocomposites have transcended the realm of laboratory curiosities to become 
pivotal players in addressing the escalating environmental challenges. This section 
discusses the application of nanocomposites for the elimination of organic pollut-
ants, heavy metals, and dyes.

14.5.1 � Heavy Metal Remediation

When it comes to eliminating heavy metals from a variety of environmental matri-
ces, nanocomposites are incredibly effective. They may bind heavy metal ions pre-
cisely and selectively because of their large surface area and particular surface 
chemistry. Ion exchange, chelation, and adsorption mechanisms in nanocomposites 
help remove metals like lead, cadmium, and mercury precisely. For instance, in an 
experiment, Dan et  al. (2023) explored the adsorptive capabilities of a graphene 
oxide/SiO2 nanocomposite-based adsorbent. The sorption of Cr (VI) and MB ions 
from wastewater was carried out using the graphene oxide and SiO2 nanocomposite. 
Furthermore, the synthesized nanocomposites’ antibacterial potential was exam-
ined. In their lab, adsorption studies were carried out with different variables, and 
the Langmuir isotherm model was used to evaluate the maximum capacities of the 
adsorbent. The highest adsorption capabilities for MB and Cr (VI) ions were deter-
mined to be 555.50 and 181.81 mg/g, correspondingly. The adsorption study find-
ings showed that the graphene oxide/SiO2 nanocomposite performed according to 
the order MB > Cr (VI). Furthermore, research on the nanocomposites’ antibacterial 
activity against both gram-negative and gram-positive bacteria demonstrated how 
successful it was in getting rid of bacteria, highlighting its potential for application 
in multipurpose water purification procedures. Similarly, Sharma et al. (2014) Using 
the sol–gel method, polyaniline gel was combined with the inorganic precipitates of 
Th(IV) tungstomolybdophosphate (TWMP) to create Polyaniline Th(IV) TMTPP 
(PANI/TWMP). A comprehensive characterization was performed using FTIR, 
XRD, SEM, and TEM methods. The study demonstrated that PANI/TWMP had a 
higher ion exchange capacity (1.07  meq/g) than both its inorganic counterpart 
TWMP (0.78  meq/g) and organic counterpart PANI (0.30  meq/g). Additionally, 
PANI/TWMP showed thermal stability at 400  °C, retaining 53.27% of its ion 
exchange capacity. Remarkable antibacterial activity toward Staphylococcus aureus 
was shown by the nanocomposite. In order to separate Cu2+ and Pb2+ selectively, the 
paper also examined the possible uses of PANI/TWMP in the evaluation of danger-
ous heavy metals in the environment. The material’s efficient ion exchange capacity, 
thermal stability, and antimicrobial properties make PANI/TWMP a versatile candi-
date for water remediation and environmental analysis.

Yaqoob et al. (2021) focused on the fabrication of a cellulose-derived graphene-
polyaniline (GO-PANI) composite anode to enhance electron transfer rates 
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Fig. 14.3  The process of transforming biomass into graphene oxide (GO), ultimately results in the 
synthesis of the GO-polyaniline (GO-PANI) nanocomposite. (Adapted from Yaqoob et al. (2021) 
under CCBY 4.0)

(Fig. 14.3). The anode’s efficiency in Benthic microbial fuel cells (BMFCs) is char-
acterized by a range of electrochemical and physicochemical approaches. Using 
sweet potatoes as an organic substrate, the GO-PANI anode demonstrated a peak 
current density of 87.71 mA/m2 during polarization behavior and 15.13 mA/m2 in 
closed-circuit settings with an external resistance of 1000 Ω. The unaltered gra-
phene anode performed four times as well as the enhanced one. Additionally, the 
GO-PANI anode demonstrated superior restoration effectiveness of 65.51% for 
Cd(II) and 60.33% for Pb(II) when compared to the unmodified graphene anode.

Remediation efficacy for Cd (II) reached 14% (GO) and 23% (GO-PANI) using 
sweet potato waste, while for Pb (II), it stood at 11% (GO) and 16% (GO-PANI). 
Figure 14.4 shows that the removal efficacy for Pb (II) in tapioca proved 7% (GO) 
and 11% (GO-PANI), while the remediation efficiency for Cd (II) was 10% (GO) 
and 16% (GO-PANI). In conclusion, tapioca proved less effective than sweet potato 
trash in both the cadmium and lead cleanup processes.

Chavan et  al. (2015) utilized polydimethylsiloxane (PDMS) foams, which 
undergo appropriate modifications to render the hydrophilic state, facilitating the 
penetration of polluted water into their volume. The surface of the foams was 
adorned with ZnSe colloidal nanocrystals (NCs), serving as active components that 
capture the metal ions. When the nanocomposite foams were immersed in Pb2+ or 
Hg2+-contaminated water, the heavy metal ions were effectively eliminated. The 
term “cation exchange reaction” refers to this process. The removal rate for Pb2+ 
ions surpasses 98% in the studied concentration range of 20–40 ppm, whereas the 
removal rate for Hg2+ ions is close to 100%. It is significant because over 95% of 
both metal ions are eliminated in the first hour of the reaction, even if it ends after 
24 h. Furthermore, the color of the foams alters the way that heavy metal ions are 
trapped, making it simple to identify their existence in water. The produced foams 
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Fig. 14.4  Depiction of the impact of organic substrates, specifically (a) potato and (b) tapioca 
waste, over energy production and the efficacy of remedial through benthic microbial fuel cells 
(BMFCs). (Adapted from Yaqoob et al. (2021) under CCBY 4.0)

proved adaptable for application in various water remediation circumstances due to 
their good elastic characteristics and heat resistance. Similarly, Youssef et al. (2019) 
presented a novel approach for the preparation of cross-linked nanocomposite films 
comprising polyvinyl alcohol (PVA) and functionalized multiwalled carbon nano-
tubes (f-MWCNTs) at varying concentrations. The inherent limitations of multi-
walled carbon nanotubes (MWCNTs), such as poor water solubility, inadequate 
surface chemistry, inflexibility, and incapacity to form film composites indepen-
dently, hinder their widespread application. To overcome these drawbacks and 
enhance their suitability, the MWCNTs are modified and blended with PVA, lever-
aging the advantages of both materials. This process creates hydrophobic films that 
are highly recyclable and capable of efficiently removing bacteria, fungi, pesticides, 
and heavy metals from wastewater. Citric acid was used to crosslink the f-MWCNTs/
PVA composite, resulting in a powder that was subsequently placed on Petri dishes 
and dried at 60  °C to form nanocomposite films. According to the experimental 
findings, the elimination efficiency of heavy metals rises as f-MWCNT concentra-
tions rise, reaching an ideal efficiency of 8%. Moreover, higher pesticide capture is 
correlated with higher f-MWCNT concentration. Significant antibacterial activity is 
indicated by greater inhibition zones produced by increased loadings of f-MWCNTs 
in the nanocomposites, according to antimicrobial tests against a variety of bacterial 
and fungal species. These findings establish the potential of these nanocomposite 
films as a promising and economically feasible technology for wastewater treatment.

14.5.2 � Organic Pollutant Removal

The catalytic functionalities of nanocomposites come to the forefront in the reme-
diation of organic pollutants. Nanocomposites, especially those incorporating metal 
nanoparticles, catalyze the degradation of organic compounds through oxidation 
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and reduction processes. Surface functionalization enhances their adsorption capac-
ities, setting the stage for subsequent catalytic transformations. In an experiment, 
Akintunde et al. (2022) focused on the evaluation of visible-light-driven photocata-
lysts for the treatment of emerging contaminants in water and wastewater. The 
research particularly looked into the photocatalytic activities of nanocomposites, or 
GCN/ = Ag2CrO4, that result from the coupling of silver chromate (Ag2CrO4) and 
graphitic carbon nitride (GCN). The ability of the nanocomposites to degrade 
organic pollutants and inactivate microorganisms was assessed using an imperial 
blue light-emitting diode (LED). Methyl chlorophenoxy propionic acid (MCPP or 
Mecoprop-P) and 2,4-dichlorophenoxyacetic acid (2,4-D) were two of the targeted 
organic pollutants found in the herbicide KillexR. The bovine serum albumin (BSA) 
protein and the SARS-CoV-2 spike protein were also added. The results demon-
strated that the GCN/Ag2CrO4 nanocomposites could degrade 2,4-D and Mecoprop-P 
by more than 85% in just 120 min. The BSA protein was completely broken down 
in 20  min, and 77.5% of the SARS-CoV-2 protein was destroyed in 30  min. 
Additionally, the nanocomposites decreased cellular ATP (cATP), total coliforms, 
and E. coli in wastewater treatment plants’ (WWTPs’) secondary effluent by more 
than one log after an hour of imperial blue LED irradiation. The investigation 
showed how efficiently the photocatalyst responded to light-induced degradation of 
specific pollutants. While the interaction strength of released metal ions of GCN/
Ag2CrO4 to protein and ATP functional sites contributed to protein breakdown and 
cATP reduction, reactive oxygen species (ROS) assisted in disinfecting E. coli and 
total coliforms.

Balu et al. (2018) explored the photodegradation of MB dye in the existence of 
visible light utilizing SnS2 (tin sulfide) produced via a facile hydrothermal method-
ology. To increase the photocatalytic efficacy, core-shell patterned SiO2@α-Fe2O3 
nanocomposites were applied to the SnS2 flowers. The work focused on the photo-
catalytic properties of the SnS2-SiO2@α-Fe2O3 nanocomposites by monitoring the 
MB breakdown. The results showed that the photocatalytic efficiency was signifi-
cantly improved, particularly for the 15-wt% SiO2@α-Fe2O3 nanocomposites on 
SnS2 flowers. As semiconductor materials, such as SnS2, have been shown to exhibit 
effective photocatalytic properties, they were helpful for the photodegradation of 
organic pollutants. SiO2@α-Fe2O3 nanocomposites’ core-shell structure signifi-
cantly improved the material’s overall performance. Figure 14.5a illustrates the % 
of remaining MB dye in the media subjected to visible light irradiation for various 
nanocomposites, including Fe2O3, SnS2, SnS2-SiO2@α-Fe2O3, and SiO2@Fe2O3 
(SSF-15  wt%). Following 100  min, the dye degradation efficiencies were 19%, 
42%, 48%, and 96%, correspondingly. Furthermore, specimens were taken at regu-
lar intervals throughout visible-light irradiation to determine the catalytic perfor-
mance of the SnS2-SiO2@α-Fe2O3 nanocomposite via phenol degradation (25 ppm). 
The excellent photocatalytic destruction of phenol was demonstrated by the same 
nanocomposite, as evidenced by the decrease of the characteristic phenol peak at 
270  nm. This proves that SnS2-SiO2@α-photocatalytic Fe2O3’s activity, not the 
dye’s sensitization, is responsible for the dye’s deterioration. The 
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Fig. 14.5  (a) Degradation percentage and residual dye over various time intervals (5–100 min) 
under visible light irradiation for α-Fe2O3/SnS2/SiO2@α-Fe2O3/SnS2-SiO2@α-Fe2O3. (b) ln (C/Co) 
versus time plot. (c) Photodegradation efficacy of SSF-15 wt% with different active species (scav-
engers). (d) Reusability assessment of the SSF-15 wt% nanocomposite. (Adapted from Balu et al. 
(2018) under CCBY 4.0)

SnS2-SiO2@α-Fe2O3 nanocomposite has an excellent performance in photodegrad-
ing dye and phenol under visible light, as evidenced by the reported degradation 
efficiencies.

Shan et al. (2023) introduced a novel eco-benign Ag2O/Fe3O4 magnetic nano-
composite, synthesized through a simple coprecipitation technique. This nanocom-
posite increases broad-spectrum responsiveness and efficiency by efficiently 
coupling photocatalysis and Fenton processes, in addition to establishing a type II 
heterojunction. The Ag2O/Fe3O4 (10%) nanocomposite showed remarkable degra-
dation ability against organic dyes when exposed to visible light, achieving a 
remarkable 99.5% breakdown of 10 mg/L methyl orange (MO) in less than 15 min. 
Its ability to degrade different dyes effectively while retaining high stability across 
several testing cycles demonstrates its adaptability. The Ag2O/Fe3O4 (10%) 
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nanocomposite’s ease of recovery with magnetic force is highlighted by magnetic 
testing. This novel method offers a viable plan for building high-efficiency photo-
catalytic systems to combat organic dye-related water pollution. Similarly, Bekru 
et al. (2023) demonstrated how to create (rGO-ZnO)/CuO nanocomposites (NCs) 
with the help of a microwave (MW) for effective (photo)catalytic uses. The results 
showed the formation of rod-like (rGO-ZnO)/CuO NCs having a nanoscale diame-
ter. These NCs displayed well-matched band locations across CuO and rGO-ZnO as 
well as enhanced light absorption. Additionally, catalytic reduction studies utilizing 
4-nitrophenol (4-NP) and photocatalytic breakdown studies utilizing MB produced 
outstanding results. The rate parameters for the breakdown of MB were 
0.02213 min−1 during 105 min and 0.468 min−1 during 8 min for 4-NP elimination. 
Therefore, the deliberate insertion of CuO onto ZnO nanorods (NRs) at the (rGO-
ZnO)/CuO NCs interface shows promise as a useful technique for creating extremely 
powerful photocatalysts.

Shabelskaya et  al. (2023) deliberated a straightforward one-stage synthesis 
method for creating organic-inorganic composite materials featuring cobalt (II) and 
iron (III) oxide compounds exhibiting a developed substrate. The goal was to com-
prehend how the surface of biochar forms the cobalt(II) ferrite (CoFe2O4) structure. 
Specifically, rice husks, pea kernels, and sunflower husks are the sources of the 
biochar. Notably, this study marks the first-time production of composite materials, 
cobalt ferrite/biochar, using these agricultural byproducts. The suggested process 
for creating composite materials involved the chelate complex synthesis of transi-
tion component cations using citric acid over the outermost layer of biochar, fol-
lowed by their subsequent heat degradation. The produced materials showed high 
adsorption effectiveness, particularly in terms of removing chromium (VI) ions in 
water solutions. Of all the substances tested, the sunflower husk biochar composite 
material based on CoFe2O4 demonstrated the highest adsorption capability, with a 
rate of adsorption of 6.98 mg/g. These findings demonstrate the enormous possibili-
ties of biochar composites that utilize CoFe2O4 for practical industrial wastewater 
management applications. Furthermore, Soltani et al. (2023) examined the produc-
tion of zinc oxide nanoparticles (ZnONPs) utilizing extract from the rind of a scal-
lions plant and their potential uses as a photocatalyst to remove organic contaminants 
from wastewater and as a nanofertilizer for plants. According to macroscopic meth-
ods, the ZnONPs had a mix of round and rod-shaped shapes, including cylindrical 
particles measuring between 40 and 100 nm and rod-shaped particles larger than 
200 nm. The existence of carbonyl and hydroxyl groups is shown by the distinctive 
bands of ZnONPs at 400–800 cm−1 that are visible in infrared spectroscopy. The 
diameter of roughly 200 nm is obtained by evaluating the hydrodynamic size using 
a particle size analyzer (PSA). The produced ZnONPs show promise as a nano 
adsorbent for the removal of methylene blue dye and antibiotics (ampicillin) from 
simulated wastewater, as well as a micronutrient for plant growth. ZnONP-treated 
seeds outgrow control seeds in terms of germination and seedling growth, demon-
strating the benefits of ZnONPs as a nano-nutrient source in agriculture. Additionally, 
ZnONPs exhibit efficient ampicillin and MB dye cleanup in UV light in wastewater 
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simulation conditions. This study identifies ZnONPs as a viable nano-based nutrient 
resource for agricultural uses and demonstrates their efficacy in the photocatalytic 
elimination of organic pollutants from wastewater.

14.5.3 � Dye Remediation

In the realm of dye contamination, nanocomposites showcase their versatility 
through both adsorption and photodegradation mechanisms. The high surface area 
and specific interactions within nanocomposites facilitate the adsorption of dye 
molecules, providing an effective means of removal. Additionally, nanocomposites 
with photocatalytic properties harness solar energy to drive the degradation of dyes, 
offering a sustainable approach to remediation. In a research, Kocijan et al. (2021) 
presented a novel method for creating TiO2/reduced graphene oxide (rGO) nano-
composites that may be used to photocatalytically break down dyes in water-based 
solutions. Ti–O–C bond formation enables the synergistic integration of TiO2 and 
rGO, providing a rare chance to create nanocomposite photocatalysts with improved 
visible light absorption. This change makes it possible to activate photodegradation 
in both the visible and UV portions of natural sun energy. A hydrothermal process 
accompanied by a calcination process was used to create TiO2@rGO nanocompos-
ites containing various rGO contents (5 and 15  wt%). Using artificial solar-like 
radiation, the breakdown of MB and RhB dyes was used to evaluate the photocata-
lytic efficacy of these nanocomposites. In comparison to the produced TiO2 photo-
catalyst, findings showed that TiO2@rGO nanocomposites greatly improve the 
breakdown of RhB and MB. In particular, the TiO2@rGO nanocomposite having a 
higher rGO content (15 wt%) works better after 2 h of exposure to solar-like light, 
achieving 99.8% destruction of RhB and 98.1% deterioration of MB. The enhance-
ment was caused by the TiO2@rGO nanocomposites’ bandgap decreasing as the 
rGO concentration increased. Pristine TiO2 particles exhibit a wider energy gap (Eg) 
of 3.15 eV, whereas the nanocomposites’ Eg values were 2.71 and 3.03 eV, corre-
spondingly. These findings demonstrate the potential of graphene-based TiO2 nano-
composites as incredibly efficient solar light-driven photocatalysts for water 
purification applications.

Heidari et al. (2019) explored the application of a photo-Fenton catalyst in the 
textile wastewater, specifically an AC/CoFe2O4 (AC/CFO), for the removal of dye. 
This study aims to assess the effectiveness of chemical oxygen demand (COD) and 
phenol removal by adjusting critical parameters like pH (from 3 to 11), reaction 
duration (from 1 to 50 min), quantity of persulfate (from 1 to 9 mM/L), and quantity 
of AC/CFO nanocomposite (from 0.1 to 0.9 g/L). The best eradicated rates of reac-
tive red 198 and COD in actual wastewater were achieved at 98% and 100%, cor-
respondingly, after ideal conditions were established. The ideal parameters were as 
follows: pH of 6.5; 0.3 g/L of AC/CFO; 25 min for the reaction; and 5 mM/L of 
persulfate under continuous (30 W) UV light irradiation at ambient temp. The out-
comes demonstrate this system’s excellent efficacy and feasibility as a wastewater 
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remediation strategy for organic contaminants. This method’s affordability, simplic-
ity of use, use of resources that are readily available on Earth, and possibility for 
reuse are noteworthy features. This photo-Fenton-like catalyst system provides a 
viable and eco-friendly alternative to other sophisticated oxidation techniques for 
the removal of organic contaminants from textile effluent. Similarly, Kocijan et al. 
(2022) introduced the immobilization of titanium dioxide (TiO2) nanoparticles 
(NPs) and reduced graphene oxide (rGO)-TiO2 nanocomposite on glass sheets for 
the photocatalytic degradation of methylene blue (MB) under various radiation 
sources, including ultraviolet and simulated solar radiation. Utilizing titanium isop-
ropoxide precursor and a simple hydrothermal process, the rGO-TiO2 and TiO2 NPs 
nanocomposite was created. Calcination was then used. Using the spin-coating 
technique, the produced photocatalysts were applied to glass sheets. To improve 
film adherence on the glass surface, ethylene glycol was added. The photocatalytic 
activity was investigated in both simulated solar radiation and UV light. Additionally, 
the effects of several water matrix (milli-Q, stream, reservoir, and seawater) and 
reactive elements (·OH, h+, and e−) on the immobilized rGO/TiO2 nanocomposite’s 
photocatalytic effectiveness were carefully evaluated. The relative results of pho-
tolysis, photocatalytic degradation, and methylene blue (MB) dye adsorption in a 
milli-Q water medium exposed to UV-A and simulated solar light irradiance are 
shown in Fig. 14.6a. Taking into account both UV and simulated solar irradiation, 
the photolytic and photocatalytic efficiency for MB degradation were assessed for 
the immobilized rGO/TiO2 nanocomposite, bare TiO2, and a control without a cata-
lyst. The photolytic degradation of MB dye is illustrated in Fig. 14.6b, which shows 
that, in the exclusion of a catalyst, after 120  min of simulated solar irradiation, 
roughly 11.5% degradation takes place in a milli-Q water medium. Interestingly, no 
photolytic degradation of MB dye is observed under UV-A irradiation. This is likely 
due to the fact that UV-A light does not provide enough energy for breaking apart 
an intricate organic substance like MB dye. However, when photolysis takes place 
under simulated sun irradiation, MB dye only slightly degrades. This implies that 
the destruction of complex organic contaminants like MB is probably better suited 
for simulated solar radiation due to its increased energy density.

Abualnaja et al. (2021) examined the removal of methyl orange (MO) dye under 
varied circumstances using a polymeric composite, poly(acrylonitrile-co-styrene) 
P(AN-co-St), saturated with adsorbents, including sulfonated and multiwall carbon 
nanotubes (MWCNTs). MWCNTs were produced using a cost-effective chemical 
vapor deposition (CVD) technique, and P(AN-co-St) and SP(AN-co-St) were 
employed in a novel nanocomposite copolymer blend. The results of the experiment 
demonstrated that the efficacy of P(AN-co-St)/MWCNTs for MO removal increased 
at acidic pH circumstances (pH 3 and 5) at a stirring rate of 140  rpm, a sorbent 
weight of 0.01 g, and a mean dye concentration of 20 mg. According to the Langmuir 
model, the maximum sorption capacities for P(AN-co-St)/MWCNTs, SP(AN-
co-St), and P(AN-co-St) composites were determined to be 121.95, 48.78, and 
47.84 mg/g, respectively. Several different isotherm models, including Freundlich, 
Temkin, and Halsey, were used to assess the experimental results. The sorption 
mechanism was better explained by the pseudo-second-order model. Similarly, 
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Fig. 14.6  (a) Assessment of MB absorption, photolytic degradation, and photocatalytic break-
down in milli-Q water, an aqueous media, as exposed to UV-A and simulated solar irradiation (S) 
for different periods of irradiation. (b) Following 120 min, the photodegradation yields MB. (c) 
The relationship between reaction time and −ln [MB]/[MB]0. The immobilized rGO/TiO2 nano-
composite photocatalyst facilitates photocatalytic processes, as shown by the kinetic rate constants 
(d). (Adapted from Kocijan et al. (2022) under CCBY 4.0)

Thamer et al. (2020) To overcome the difficulties posed by the high swelling char-
acteristics and difficult recovery of certain hydrogels employed as adsorbents for 
the removal of pollutants from wastewater, a novel porous nanocomposite hydrogel 
was created in situ. The found hydrogel nanocomposite, which relies on chitosan-
grafted-polyacrylic acid/oxidized electrospun carbon nanofibers (CT-g-PAA/O-
ECNFs), was made using an in situ grafting polymerization process. With this 
nanocomposite hydrogel, methylene blue (MB) could be cheaply and effectively 
removed from contaminated water thanks to its highly reusable adsorption charac-
teristics. The effect of adding O-ECNFs on the hydrogel’s ability to swell was inves-
tigated in both distilled water and MB solution at a pH of 7. The impact of many 
parameters on the adsorption process was examined, including the O-ECNFs ratio, 
temperature, beginning concentration, pH, contact duration, and investigation. The 
adsorption isotherm and kinetics were also examined in the study utilizing a variety 
of non-linear models. The results indicated that adding O-ECNFs to the hydrogel 
network improved its efficacy in removing MB dye while decreasing its capacity to 
swell. The adsorption process was pH dependent, and the Freundlich isotherm 
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model and the pseudo-second-order model (PSO) both provided good explanations 
for the adsorption and kinetic findings. It is noteworthy that the recently created 
adsorbents demonstrated recyclability for a minimum of five cycles while retaining 
their adsorption capability. Their capacity for useful uses in water filtration is fur-
ther demonstrated by the fact that they could be readily retrieved without losing 
their prior weight.

14.6 � Pollutant Removal Mechanisms

The utilization of nanocomposites in environmental remediation signifies a transfor-
mative approach to addressing pollution challenges. This chapter delves into the 
intricacies of pollutant removal mechanisms, focusing on the versatile applications 
of nanocomposites in tackling heavy metals, organic compounds, and emerging con-
taminants. Heavy metals, notorious for their persistence and toxicity, find targeted 
solutions through nanocomposites, utilizing adsorption, chelation, precipitation, and 
ion exchange processes. The nuanced interactions between nanocomposites and 
heavy metals, governed by surface chemistry and nanoparticle attributes, are explored 
to comprehend efficient and selective removal strategies. In the realm of organic 
compounds, nanocomposites with catalytic functionalities demonstrate remarkable 
efficacy. Surface functionalization enhances adsorption capacities, setting the stage 
for catalytic transformations that break down organic pollutants through oxidation 
and reduction processes (Vasu et al. 2021; Dan et al. 2023). Figure 14.7 depicts the 
overarching procedure of photocatalytic eradication employed for organic pollutant 
removal in H2O. The intricate process involves the utilization of photocatalysts to 

Fig. 14.7  Depiction of the fundamental process of photocatalytic degradation targeting organic 
pollutants in water. (Adapted from Alahmadi (2022) under CCBY 4.0)
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initiate the breakdown of organic pollutants, harnessing the energy from incident 
light. This figure serves as an illustrative guide, offering a visual representation of the 
key steps and interactions within the photocatalytic degradation mechanism. In this 
process, photons from input light are absorbed by the photocatalyst, which is typi-
cally made of semiconductor materials like zinc oxide (ZnO) or titanium dioxide 
(TiO2), creating electron-hole pairs. Following redox interactions with oxygen and 
water, these charge carriers generate reactive oxygen species (ROS), including super-
oxide radicals (·O2

−) and hydroxyl radicals (·OH). These ROS are essential for oxi-
dizing and breaking down the organic contaminants in the water. The illustration 
continues on to outline the phases of pollutant deterioration, highlighting the role that 
the produced ROS plays in converting complex organic compounds into less hazard-
ous byproducts. Additionally, it provides a visual narrative of the overall photocata-
lytic process, guiding the viewer through the sequential events that contribute to the 
effective remediation of organic pollutants in water.

Similarly, Shathy et al. (2022) described the mechanochemical–calcination pro-
cess used to characterize and create a novel boron-doped ZnO/TiO2 (B-ZnO/TiO2) 
nanocomposite photocatalyst. During sunlight irradiation, the photocatalytic ability 
of B-ZnO/TiO2 was assessed in comparison to conventional TiO2, ZnO, B-ZnO, and 
ZnO/TiO2 in the elimination of methylene blue (MB) dye. Approximately 95% of 
the MB was removed under ideal circumstances, which included a pH of 11, a 
B-ZnO/TiO2 quantity of 30, a 15-min operating time, and an MB level of 
15 mg/L. According to scavenger examinations, the active components in MB deg-
radation were O2

− and OH radicals. Figure  14.8 shows how B-ZnO/TiO2 

Fig. 14.8  Depiction of the schematic diagram depicting the photocatalytic degradation mecha-
nism of B-ZnO/TiO2. (Adapted from Shathy et al. (2022) under CCBY 4.0)
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nanocomposites aid in the photocatalytic breakdown of MB. Both ZnO and TiO2 
underwent an alteration from the valence band (VB) to the conduction band (CB) 
when exposed to natural light, producing electrons (e−) and holes (h+). In compari-
son to TiO2 (−0.14  eV), ZnO had a greater negative conduction band minimal 
(ECB) value (−0.16 eV). In order to improve the dispersion of charges, a small 
number of electrons (e−) migrate from the CB of ZnO to the CB of TiO2, and holes 
(h+) migrate from the VB of TiO2 to the VB of ZnO. When oxygen (O2) and water 
(H2O) are present in the MB solution, O2 and H2O are converted into ·O2

− and ·OH 
radicals, accordingly, by electrons (e−) and holes (h+). Scavenger investigations 
have confirmed that the most active species in charge of the photocatalytic break-
down of MB molecules are ·O2

− and ·OH radicals. These radicals react with MB dye 
because of their strong oxidation capabilities, producing carbon dioxide (CO2), 
H2O, and other environmentally safe byproducts.

Addressing the dynamic landscape of emerging contaminants requires adaptable 
remediation approaches. The variety of nanocomposites makes them indispensable 
resources for reducing the adverse effects of contaminants whose properties are still 
being determined. The chapter explores how nanocomposites can be tailored to 
adapt to emerging contaminants through adsorption, catalysis, and targeted func-
tionalization strategies. By unraveling the pollutant removal mechanisms for emerg-
ing contaminants, the potential of nanocomposites to provide agile and effective 
solutions in the face of evolving environmental challenges becomes apparent (Falah 
and Mackenzie 2020; Pandis et  al. 2022). The pollutant removal mechanisms 
employed by nanocomposites showcase their versatility in addressing diverse pol-
lutants. The ability to tailor nanocomposites for specific applications through com-
position, structure, and functionalization strategies is a hallmark of their efficacy. 
Whether adsorbing heavy metals, catalyzing the degradation of organic compounds, 
or adapting to emerging contaminants, nanocomposites exhibit dynamic responses.

14.7 � Challenges and Prospects

The development of nanocomposites for environmental remediation introduces a 
spectrum of challenges and opportunities, as explored in this chapter. In addressing 
hurdles faced in synthesis, application, and scalability, precision in nanocomposite 
synthesis without compromising scalability is a significant challenge. Achieving 
uniform dispersion of nanoparticles, controlling size and morphology, and ensuring 
reproducibility require meticulous design, balancing precision with scalability for 
real-world applications. Stability and durability challenges arise as nanocomposites 
face harsh environmental conditions, variable pH, and co-existing pollutants. Their 
long-term behavior and resilience under dynamic conditions necessitate compre-
hensive understanding and strategic development. Environmental and health con-
cerns emerge as nanocomposites are deployed, raising questions about potential 
impacts, release of nanoparticles, persistence, and bioaccumulation. Navigating 
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these unknowns demands a thorough examination of fate, transport, interactions, 
and effects on ecosystems and human health. Scalability and cost-effectiveness 
present formidable challenges, hindering large-scale adoption due to issues such as 
high production costs, specialized equipment needs, and limited scalability of effec-
tive laboratory synthesis methods.

Navigating uncharted waters in regulatory frameworks poses a challenge as 
nanocomposite technology evolves faster than regulatory adaptation. The lack of 
standardized testing protocols, risk assessment guidelines, and clear regulatory 
pathways hampers responsible and sustainable nanocomposite development. 
Bridging the gap between technological innovation and regulatory adaptation 
becomes crucial for navigating these challenges responsibly. Amidst challenges, 
opportunities for advancement in nanocomposite technology abound. The tunable 
design of nanocomposites for targeted applications is a key opportunity, enabling 
tailored composition, structure, and properties to address specific pollutants with 
enhanced efficiency. Integration with smart technologies offers real-time monitor-
ing, adaptive strategies, and autonomous nanocomposites for dynamic environmen-
tal adjustments. Sustainable synthesis approaches align with green chemistry goals, 
utilizing eco-friendly precursors and reducing energy-intensive processes. Multi-
functional nanocomposites provide synergistic solutions, combining adsorption, 
catalysis, and photocatalysis functionalities to address a broader spectrum of pollut-
ants comprehensively. Interdisciplinary collaboration emerges as a crucial opportu-
nity, fostering collaboration among diverse experts to accelerate understanding, 
establish standardized protocols, and inform responsible nanocomposite deploy-
ment. The chapter thus unveils a landscape where challenges necessitate strategic 
solutions, and opportunities offer avenues for transformative advancements in the 
field of nanocomposite-based environmental remediation.

14.8 � Future Outlook

In envisioning the future of nanocomposite materials for environmental remedia-
tion, their prospects are rooted in precision and tailorability. As synthesis techniques 
advance and understanding of nanomaterial interactions deepens, the prospect of 
designing nanocomposites with unparalleled specificity for targeted environmental 
solutions emerges. This tailored approach opens avenues for highly efficient and 
customized remediation strategies. Moreover, the future sees nanocomposites 
evolving into multifunctional platforms, integrating various remediation mecha-
nisms within a single material. This multifunctionality allows nanocomposites to 
simultaneously address a wide range of pollutants, providing comprehensive solu-
tions to complex environmental challenges. The future of nanocomposites is largely 
dependent on sustainability, with green synthesis techniques becoming more and 
more popular. The development of environmentally sustainable nanocomposites 
aligns with global initiatives for responsible material development, reducing the 
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environmental footprint associated with production. In the realm of smart and 
autonomous systems, the future envisions nanocomposites integrating sensors, 
responsive materials, and data-driven algorithms for real-time adaptability. By 
offering flexible and self-regulating solutions that increase productivity while 
reducing unexpected environmental effects, these smart technologies offer the abil-
ity to completely transform environmental remediation.

Furthermore, it is expected that nanocomposites would contribute to the circular 
economy, emphasizing reusability and recycling. Designing nanocomposites with 
efficient recovery and recycling strategies contributes to sustainable practices, 
aligning with the broader goal of transitioning towards a circular economy. Moving 
beyond theoretical potential, the future of nanocomposites involves real-world 
applications and field studies. Evaluating their performance in diverse environmen-
tal settings through field studies and pilot projects provides valuable insights, bridg-
ing the gap between theoretical potential and practical efficacy. Advancing 
environmental remediation technologies using nanocomposites also entails integra-
tion with existing methods. The prospect of combining nanocomposites with tradi-
tional remediation techniques creates synergistic approaches that enhance overall 
efficiency. Collaboration among researchers, industries, and regulatory bodies is 
pivotal for advancing environmental remediation technologies responsibly. 
Establishing standardized testing protocols, risk assessment methodologies, and 
regulatory frameworks contributes to the responsible development and deployment 
of nanocomposites. Furthermore, the future involves addressing emerging pollut-
ants and staying ahead of environmental challenges. Anticipating and proactively 
addressing novel and emerging contaminants positions nanocomposites as adapt-
able tools in the ongoing battle against evolving pollutants. Public awareness and 
acceptance are integral to the future success of nanocomposite technologies in envi-
ronmental remediation. Transparent communication, education, and engagement 
efforts are essential in building public understanding and trust, facilitating the 
responsible deployment of nanocomposite technologies. In conclusion, the future 
outlook of nanocomposite materials envisions transformative roles in precision, 
multifunctionality, sustainability, smart systems, circular economy practices, real-
world applications, collaboration, addressing emerging pollutants, and fostering 
public trust. As these technologies continue to mature, nanocomposites are poised 
to become indispensable tools in the pursuit of a sustainable and resilient global 
environment.

14.9 � Conclusion

In the evolving landscape of environmental remediation, nanocomposite materials 
stand as beacons of innovation and promise, offering transformative solutions to 
complex challenges. As this chapter delves into the multifaceted dimensions of 
nanocomposite development, from their unique physicochemical properties to their 
applications and challenges, it becomes evident that these materials hold the key to 
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shaping the future of environmental remediation technologies. The exploration of 
nanocomposite properties, intricately tied to their physicochemical characteristics, 
surface chemistry, and optimization for performance, lays the foundation for under-
standing their prowess in pollutant removal. The design and fabrication of nano-
composites, as discussed in the context of composition adjustment, structural 
considerations, and property optimization, underscore the importance of precision 
engineering to unleash their full potential. Metal/oxide-based and carbon-based 
nanocomposites emerge as versatile categories, each with distinct advantages, syn-
thesis methods, and applications in environmental remediation. As nanocomposites 
transition from laboratory experiments to real-world applications, the significance 
of their matrix becomes increasingly apparent. The stability and reactivity of nano-
composites are significantly influenced by the matrix material, which can be either 
organic, inorganic, or hybrid. The nuanced interactions between nanoparticles and 
the matrix material, influenced by surface chemistry, charge interactions, and com-
patibility, further highlight the intricacies of designing effective nanocomposite sys-
tems for environmental remediation. Applications of nanocomposites in 
environmental remediation, spanning adsorption processes, catalytic applications, 
and photodegradation, underscore their versatility in addressing a spectrum of pol-
lutants. The mechanisms of pollutant removal, with a specific focus on heavy met-
als, organic compounds, and emerging contaminants, reveal the adaptability and 
innovation embedded in nanocomposite technologies. The synergy between nano-
composites and existing remediation methods creates a holistic approach, promis-
ing enhanced efficiency and effectiveness in tackling environmental pollution.

However, this journey is not without its challenges. The hurdles in nanocompos-
ite development, ranging from synthesis precision and scalability to stability, envi-
ronmental concerns, and regulatory frameworks, require careful consideration. 
Overcoming these challenges demands collaborative efforts, interdisciplinary 
research, and a commitment to responsible innovation. It necessitates the develop-
ment of sustainable synthesis approaches, the integration of smart technologies for 
real-time monitoring, and the establishment of best practices for nanocomposite 
deployment. Yet, within these challenges lie opportunities for advancement. The 
tunable design of nanocomposites for targeted applications, the integration with 
smart technologies, the development of sustainable synthesis approaches, and the 
creation of multi-functional nanocomposites present avenues for overcoming cur-
rent limitations. The circular economy prospects, real-world applications, and col-
laboration for standardization contribute to the maturation of nanocomposite 
technologies. Looking ahead, the future of nanocomposite materials in advancing 
environmental remediation technologies appears promising. Precision, tailorability, 
multifunctionality, sustainability, smart systems, circular economy practices, real-
world applications, collaboration, addressing emerging pollutants, and fostering 
public trust collectively define the path forward. These materials are not merely 
agents of change; they are architects of a sustainable and resilient environmen-
tal future.
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