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TLC thin-layer chromatography 
TNB trinitrobenzene 
TNT trinitrotoluene 
TP total phosphorus 
TPI Terras Pretas de Índios 
TPRS two-photon Rayleigh scattering 
TSS total suspended sediments 
VOC volatile-organic compounds 
VOMs volatile organic materials 
WB wheat bran 
WT water temperature 
XPS x-ray fluorescence spectroscopy 
XPS x-ray photoelectron spectra 



 
 
 
 
 
 

 

Foreword
 

Knowledge is an ever-expanding domain, and scientific 
enquiry forms an important part of it. Production of 
scientific literature, even though at times repetitive, 
serves its purpose of outreaching to the stakeholders. 
An important task of science, besides the theoretical 
construct it builds up, is to give solutions to the 
problems and help humankind to live in harmony with 
the environment. The ever-increasing population and 

the fight for finite resources has built up a strained relationship between 
humans and the environment. Since resource exploitation cannot be halted, 
the next best thing to do is to explore the scientific methods of limiting 
or eliminating damage to the environment so as to provide the Earth with 
sustainable use of resources. This book is one such attempt to bring together 
techniques (using nanotechnology) to obtain the objective of reducing harm 
to the environment, particularly in Indian conditions. 

Rapid urbanization/industrialization, while not being given necessary 
attention to sustainability, has converted a large array of organic and inorganic 
substances into a serious risk to living beings. Environmental pollution has 
become a worldwide threat that severely affects ecosystems in a negative way. 
Air, soil, and water polluted by persistent contaminants such as pesticides and 
heavy metals require urgent attention, and efficient strategies to deal with 
pollutants aiming for remediation are extremely necessary. 

The nanotechnology field offers interesting tools to deal with pollution, 
and this book is dedicated to exploring approaches and methods involving 
nanomaterials, both to detect contaminants and also to clean and restore 
polluted spots. 

The book Nanotechnology for Environmental Pollution Decontamina
tion: Tools, Methods, and Approaches for Detection and Remediation 
includes 17 chapters and is divided into six parts to allow readers to have 
access to a comprehensive view on the theme. 

The introductory chapter, Nanoenzymes: Nouvelle Vague of Artificial 
Enzymes, is conceptualized by Indian authors to address a topic of nanopar
ticles containing enzyme-like features capable of catalyzing reactions 
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efficiently to achieve a specific goal, such as nanoremediaton, which has 
been receiving increasing attention over recent years. 

The first part of the book, Environmental Pollution, contains two chapters 
dedicated to exploring threats to human beings arising out of organic 
and inorganic environmental pollution. The first one, Organic Pollutants 
Threatening Human Health, contributed by Brazilian authors, reviews organic 
pollutants’ negative impacts, and Chapter 2, which is written by authors from 
Pakistan, reviews the harmful consequences related to inorganic contaminants. 

The second part, Nanotechnology and Nanosensors, presents three chap
ters and addresses the different types of nanosensors (nanomaterials used in 
devices to detect analytes) to detect environmental pollution. Chapter 3 has 
been written by authors from Indonesia and reviews these different types of 
nanosensors, emphasizing the technology advances on their performance for 
environmental pollutant detections. Chapter 4, produced by Indian authors 
is focused on nanosensors that contain nanomaterials from which chemical 
constitution is based on carbon atoms. Chapter 5, also by Indian authors, 
addresses nanosensors containing nanomaterials from which chemical 
constitution is not based on carbon atoms. 

The third part, containing Chapters 6, 7, and 8, drafted by Indian authors, 
explores nanosensors containing biological material (enzymes, antibodies, 
whole microorganisms): the nanobiosensors to monitor environmental 
contamination. Chapter 6 discusses nanomaterials as strategic tools to 
promote an extremely responsive, active, and high-frequency detection 
of environmental contaminants. Chapter 7 reviews the importance, recent 
advancements, and key future challenges associated with noncarbon-based 
nanobiosensors regarding detecting pollutants, and Chapter 8 has a similar 
approach regarding carbon-based nanobiosensors. 

The fourth part also presents three chapters and is dedicated to the use of 
nanomaterials to remediate polluted areas. Chapters 9 and 10 were produced 
by Brazilian authors, and Chapter 11 by authors from Saudi Arabia, Tunisia, 
and China. Chapter 9 is dedicated to discussing the use of materials in 
nanoscale to treat contaminated water, Chapter 10 addresses the use of these 
materials to remediate polluted soil, and Chapter 11 is focused on nanoreme
diating air pollution. 

The fifth part contains Chapters 12 and 13 and discusses bioremediation 
using nanomaterials. Chapter 12, produced by an Egyptian author, focuses 
on the joint use of plants and nanomaterials, nanophytoremediation, to 
remediate environmental pollution. Chapter 13, written by an Australian 
author, addresses the use of microorganisms and nanomaterials to remediate 
pollution. 
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The sixth part explores the feasibility of nanotechnologies and contains 
two chapters. Chapter 14, produced by an Indian author, is dedicated to 
briefly reviewing the main aspects regarding safety of the use of these 
nanoscale materials. Chapter 15, on its turns, written by Indian authors, 
is dedicated to discussing the impacts of nanotechnology on the world’s 
economy. Chapter 16, written by authors from China and Morocco, discusses 
strategies of remediation using nanomaterials that should be biocompatible 
and environment friendly to ecosystems. 

The structure adopted to present the book chapters was designed to 
cover the most important aspects regarding the nanotechnology field as a 
very relevant contributor to offer strategic and efficient tools to remediate 
environmental pollutants, taking important steps on the path toward sustain
able development. Therefore, the book can act as a source of attraction to the 
global scientific community. The editors must be highly complimented for 
their sincere hard work in bringing this volume. 

—Prof. Mairaj Ud Din Sheikh 
Department of Geography 

Sri Pratap College 
Srinagar, Jammu and Kashmir, India 
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Preface
 

Human actions have been ignoring sustainability principles to promote rapid 
industrialization/urbanization, which has severely impacted ecosystems world
wide in a negative way. 

Organic and inorganic environmental pollutants generated at high levels 
have caused contamination of water, soil, and air, and have been threatening 
the lives of living beings. Strategies to reduce and eliminate the deleterious 
effects of environmental pollutant are, therefore, necessary in an urgent 
basis. 

Diverse solutions are being developed in this regard; however, the 
nanotechnology field possesses enormous potential to provide materials in 
nanoscale that are designed specifically to perform efficiently a desirable 
task and at a low cost. 

When it comes to environmental pollution, nanomaterials are useful not 
only to remediate the polluted areas but also to detect pollutants by means of 
sensors and also monitor the quality of environmental restoration performed 
by nanotechnologies or nanobiotechnologies. 

This book is an attempt to offer undergraduate students and researchers 
an extensive and comprehensive knowledge on nanotechnology that can be 
applied to pollution detection and remediation, assisted or otherwise, by 
biological strategies from a biotechnological point of view. 

There are 17 chapters in this book that address themes such as nano
zymes; organic and inorganic pollutants threatening human health; different 
types of carbon-based and noncarbon-based nanomaterials in nanosensors 
and nanobiosensors to detect environmental pollution; nanomaterials to 
specially deal with water, soil, or air pollution; and assisted nanoremediation 
promoted by plants (nanophytoremediation) or microorganism (e.g., mycor
rhizal fungus promoting in situ nano-phyto-mycorrhizo-remediation; and 
also to address; aspects related to a macroperspective of nanoremediation 
highlighting economy aspects related to nanotechnology, safety aspects on 
the use of nanomaterials, and also sustainability aspects related to the use of 
nanomaterials for strategies of environmental restoration. 
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We are extremely grateful to all the authors who have contributed various 
chapters in this book and to AAP for their generous cooperation in publishing 
this book. 

—Dr. Fernanda Maria Policarpo Tonelli 
Dr. Rouf Ahmad Bhat 

Dr. Gowhar Hamid Dar 
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CHAPTER 1

Organic Pollutants Threatening 
Human Health
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ABSTRACT

Persistent organic pollutants (POPs) are a worldwide concern due to their 
bioaccumulative nature and persistence for a long period of time, resulting 
in large-scale environmental contamination. These pollutants are extremely 
resistant to biodegradation and subject to transfer over long distances via 
the atmosphere. They may be present even in regions with no historical 
use. POPs can bioaccumulate in adipose tissue due to their lipophilicity 
and can seriously affect the nervous, hepatic, reproductive, and hormonal 
systems of the contaminated organisms, including plants, animals, and 
humans. Therefore, they are responsible for various lethal diseases and 
environmental problems. The diversity of diseases due to POPs includes 
diabetes, endocrine disorders, cancer, and cardiovascular, and reproductive 
problems. As to achieve sustainability and safety in relation to the integrity 

Nanotechnology for Environmental Pollution Decontamination: Tools, Methods, and Approaches for 
Detection and Remediation. Fernanda Maria Policarpo Tonelli, Rouf Ahmad Bhat, &  
Gowhar Hamid Dar (Eds.)
© 2023 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)
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of public and environmental health, monitoring the effects of POPs and 
taking measures to mitigate the negative consequences is imperative. 

1.1 INTRODUCTION 

Technological and economic advances run parallel to the extraction of 
natural resources. The nature of the impacts from this relationship on the 
natural world and human health is not fully understood. Over time, natural 
resources are used indiscriminately for the success of economic activities. A 
primary consequence of this is environmental pollution, which is a serious 
concern that is discussed by researchers, government entities, and society in 
general (Alharbi et al., 2018; Rauert et al., 2018; Encarnação et al., 2019). 

In recent decades, there has been an increase in the concentration of 
hazardous substances released into the environment from human activities, 
such as from the agricultural and industrial sectors (Guo et al., 2019). It is 
estimated that approximately 394,000 chemical substances are commercially 
available, and since the last decade, it has been found that around 2000 new 
substances enter the market each year (CAS, 2020), with spending on such 
chemicals projected to reach 14 billion dollars by 2050 (OPAS, 2018). The 
chemical landscape is constantly changing with new products and substances 
replacing the old ones, and the quantities produced and used vary according 
to their effectiveness and demand. 

A diversity of pollutants can be found in the majority of environments. 
Among these, those resistant to degradation, whether through chemical, 
biological, or photolytic reactions are of the most important in the context 
of human and environmental health. These products are called persistent 
organic pollutants (POPs) and are composed of industrial chemicals (PCBs, 
polychlorinated biphenyls, PBDEs, PFOS, etc.), pesticides, and residues 
from industrial processes (dioxin and furano) (Alharbi et al., 2018; Guo et 
al., 2019). POPs are a class of carbon-based organic chemicals that are highly 
stable, bioaccumulative, and with progressive accumulation capability along 
the food chain (Guo et al., 2019). 

Such molecules can be transported over long distances crossing over 
international borders, and their presence has been detected in places without 
any historical use (Alharbi et al., 2018). A large number of synthetic 
chemicals became commercially available in large quantities after the 
Second World War (Encarnação et al., 2019). Though synthetic chemical 
production rate is not directly causative of POP release into the environment 
and human exposure. Some chemicals are degradation products, such as 
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hexachlorocyclohexane (HCH), resulting from the degradation of lindane, and 
p, p′-DDE (dichlorodiphenyldichlorethylene), a DDT metabolite; however, it 
is an indicator of the potential impact on human health and the environment 
(Encarnação et al., 2019). 

An increasing number of reports on the impact of POPs on the endocrine 
system underline the concerns regarding POP exposure and human health 
(Encarnação et al., 2019). Such concerns are highlighted by the increasing 
number of studies that have reported environmental and ecological 
occurrences (Durante et al., 2016; Gaur et al., 2018; Fernandes et al., 2019). 

1.2 WHY ARE POPS DANGEROUS? 

POPs are synthetic organic chemical substances, distinguished by their unique 
chemical and physical characteristics, such as semivolatility, persistence, 
bioaccumulation, and toxicity (CETESB, 2020). Such physicochemical 
properties determine the environmental fate of POPs (Torre et al., 2016). 

POPs are semivolatile and evaporate slowly (Durante et al., 2016). In 
this sense, they are carried by the air currents, reaching long distances in the 
atmosphere until they reach lower temperatures. When this occurs, POPs 
condense and precipitate to reach the earth’s surface and accumulate in the 
ecosystems in soil and water, including in regions where there is no historical 
use. (Alharbi et al., 2018). Therefore, polar regions are the most affected regions 
by POP contamination. Thus, although POPs can be produced and applied in 
tropical and temperate regions, high concentrations of these substances, such 
as PCBs used in transformers and pesticides (such as DDT and toxafene), have 
been identified in ecosystems and humans in the polar regions where POPs 
have never been used (CETESB, 2020). As POPs have different volatilization 
capacities, they migrate through environments at different speeds, and 
contaminate watercourses and migratory species, thereby increasing the global 
reach of these compounds (Durante et al., 2016). The propagation of POPs 
around the world by air and ocean currents symbolizes that they are not only a 
local toxic threat but also a global issue (Yilmaz et al., 2020). 

Some substances can remain in the environment for long periods without 
any change in their composition, demonstrating a resistance to biological 
and chemical degradation (Alharbi et al., 2018; Guo et al., 2019). Persistence 
is based on the measure of half-life, that is, the time required for half of the 
substance to be degraded, whether in hours, days, months, or even years 
(CETESB, 2020). Thus, adopting an average half-life of 60 days as an 
example, we will have 50% of the initial value measured after that period, 
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falling by another 50% after another 60 days, and so on until the residue is 
no longer considered dangerous. So, persistence is defined from the time 
of emission to the point at which the contaminant is no longer dangerous. 
Furthermore, according to the Stockholm Convention, a contaminant is 
persistent if its half-life is greater than 2 months in water, more than 6 months 
in sediment and soil, and more than 2 days in the air. This persistence favors 
the dispersion of pollutants by volatilization, leaching or carryover, which 
contaminates air, water, and consequently soil and plants, and then animals 
and humans, which is the mechanism characterizing biomagnification or 
bioaccumulation (Li et al., 2021). 

The persistent nature of POPs combined with their lipophilic characteristics 
means they have a high degree of toxicity to humans (Yilmaz et al., 2020). 
These compounds can bioaccumulate along the food chain, through diet or 
through the airway and lodge in adipose tissue, allowing these compounds 
to persist in biota that have a low metabolism rate (Rolle-Kampczyk et al., 
2020). Consequently, the elimination of contaminants through excretion or 
biotransformation is also low. Consequently, they can reach concentrations 
that have harmful effects on human health and the environment. Evidence 
of bioaccumulation is given in some regions, where the presence of POPs is 
detected (regardless of whether there is local production or use), highlighting 
that these substances enter the food chains and accumulate in fish, birds, 
marine mammals, and humans (CETESB, 2020). 

Exposure to these pollutants causes multiple health problems, such as 
hormonal disorders, cancer, cardiovascular diseases, obesity, reproductive 
and neurological diseases, learning difficulties, immune system dysfunction, 
susceptibility to disease, and diabetes (Alharbi et al., 2018). In addition, these 
pollutants are teratogenic (Guo et al., 2019). Many studies have described 
the mechanisms of POPs that lead to the development of various diseases 
and health problems, thus establishing through laboratory studies that POPs 
are toxic agents and represent an evident danger to human health (Guo et al., 
2019; Kuang et al., 2020; Yilmaz et al., 2020) (Table 1.1). 

1.3 ORIGIN OF POPS 

POPs are largely of an anthropogenic origin, such as from pesticides used 
in agriculture to industrial production of chemical compounds. Some 
compounds, such as dioxins and furans can have a natural origin, they can 
also be released into the environment through volcanic activities or forest 
fires (Jacob and Cherian, 2013) (Fig. 1.1). 



 
 TABLE 1.1 Health Problems Resulting from Pollution Caused by Persistent Organic Pollutants (POPs).

POPs Health problems References 

Dichlorodiphenyltrichloroethane
(DDT), hexachlorobenzene (HCB)
and polychlorinated biphenyls (PCBs)

DDT

DDT and chlordane 

Chlordane and PCBs

Pentabromodiphenyl ether (PBDEs)

HCB, HCHS, DDT, Mirex, and PCBs 

Dioxins

Endosulfan

Endosulfan

HCB

Mirex 

842 cases associated with type 2 Diabetes

Association between p, p' DDT level and body mass index and waist 
circumference.

May adversely affect survival after breast cancer diagnosis. 

Serum concentrations are associated with the risk of lung cancer in the
general population.

Risks associated with neurotoxicity. 

Low doses similar to current exposure levels can increase the risk of type 2
diabetes, possibly through endocrine disruption

Dioxin compounds can cause disruption and differentiation of tissue, 
cellular and biochemical processes

Can induce oxidative stress and mitochondrial injury, activate autophagy, 
induce inflammatory response, and lead to endothelial dysfunction.
This indicates that exposure to endosulfan is a potential risk factor for
cardiovascular disease

Reduces fertility levels in male animals, induces DNA damage leading to 
undesirable processing of broken DNA ends 

Exposure can contribute to the development of endometriosis, affecting the 
parameters of inflammation and invasion of human endometrial cells

Among women aged 45–55 years, serum mirex was positively associated
with menopause 

Wu et al. (2013) 

Elobeid et al. (2010)

Parada et al. (2016)


Park et al. (2020)


Martin et al. (2017)
 

Lee et al. (2010)


Haffner and Schecter 

(2014)


Zhang et al. (2017)


Sebastian and Raghavan

(2017)


Chiappini et al. (2016)


Grindler et al. (2015) 
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 TABLE 1.1 (Continued) 

POPs Health problems References 

Chlordecone Risk of prostate cancer Multigner et al. (2010) 

Chlordane, heptachlor and mirex Potential to disrupt fertilization, blastocyst implantation or even the Wrobel and Mlynarczuk 
duration of pregnancy of animals. (2017) 

Furans Potentially carcinogenic to humans Kanan and Samara (2018)

Aldrin Potential to cause damage in the early stages of spermatogenesis in Wrobel et al. (2015); 
animals Das Neves et al. (2018) 
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FIGURE 1.1 Classification of POPs according to origin. 

Source: Adapted from Curtean-Bănăduc (2016). 
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POPs are introduced to ecosystems through direct pesticide applications, 
industrial waste, and as by-products of industrial processes of industries such 
as agriculture, forestry, horticulture, industries, and medicine, (Alharbi et 
al., 2018; Guo et al., 2019). Therefore, they are routinely detected in human 
systems and the environment (Yilmaz et al., 2020). 

The source of the most representative POPs can also be compiled into 
intentional and unintentional substances. Synthetic substances produced as 
by-products of the chemical manufacturing industry like HCB, HCH, or as 
flame-retardants (PCBs, hexabromobiphenyl) are classified as intentional. 
Substances classified as unintentional are the result of industrial processes or 
the combustion of materials (dioxins and furans) (Liu et al., 2008; Zhang et 
al., 2010; Ferreira, 2013). The main sources of anthropogenic POP pollution 
(Curtean-Bănăduc, 2016) are summarized in Figure 1.2. 

1.4 PRIORITY POLLUTANTS 

POPs are toxic components that interact with the body. This contamination 
occurs by ingestion of food and drinking contaminated water (Liu et al., 2016), 
and can occur by inhalation or contact with the skin (Ye et al., 2015; Wrobel 
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and Mlynarczuk, 2017). Inside the organism, it is absorbed, distributed to 
tissues, stored, biotransformed, and excreted (Rolle-Kampczyk et al., 2020; 
Bhuvaneswari et al., 2021). 

FIGURE 1.2 Main sources of anthropogenic pollution of POPs. 

POPs include the following classes of substances: organochlorinated pesti
cides (OCP), PCBs, perfluorinated compounds (PFCs), brominated compounds 
(BFR), dioxins and furans (Curtean-Bănăduc, 2016). Most of these components 
are limited and restricted globally based on the Recommendations of the Stock
holm Convention on POPs, an international treaty aimed at deliberating on and/ 
or safe disposal of these pollutants as well as controlling their production and 
use, to which Brazil is a signatory. Thus, the Stockholm Convention implements 
measures to prevent the release of POPs into the environment in order to mitigate 
contamination. The main POPs are presented in Table 1.2. 

1.4.1 ALDRIN 

Aldrin is a broad-spectrum insecticide belonging to the cyclodiene class of 
organochlorinated pesticides. Very toxic in nature, it is volatile, bioaccumu
lative due to its high lipophilic properties and it persists in the environment 



 
 

 

 

 

TABLE 1.2 Main POPs Classified at the Stockholm Convention.

Chemical Annex Use Molecular Chemical 
formula structure 

Aldrin A Pesticide	 Persistent organochlorine insecticide (DT50 ̴ 365 C12H8Cl6 
days) that was mainly used to control
soil-dwelling insects 

Chlordane A Pesticide	 Organochlorine insecticide once commonly used to C10H6Cl8 
control a range of pests 

Chlordecone A Pesticide A banned insecticide that is effective against leaf- C10Cl10O 
cutting insects but less effective on sucking pests 

DDT B Pesticide	 A banned insecticide, highly persistent in soil (4–30 C12H9Cl5 
years), that was used to control insect vectors of
disease, especially malaria 

Decabromodiphenyl ether A By-product It is one of the commercial formulations of PBDEs. It C12Br10O 
(c-DecaBDE) is widely used as brominated

flame-retardants in furniture 

Dioxins C By-product	 Burning processes, such as commercial or municipal C12H4Cl4O2 
waste incineration produce dioxins. Chlorinated
dioxins have 75 different forms 
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  TABLE 1.2 (Continued) 

Chemical Annex Use  Molecular Chemical 
formula structure 

Furans C By-product	 Found in cigarette smoke, and is used in the C4H4O 
production of resins and lacquers, agrochemicals, and
pharmaceuticals. There are 135 different chlorinated 
furans 

Endosulfan A Pesticide	 An isomer mixture of alpha- and beta-endosulfan C9H6Cl6O3S 
which is an insecticide and acaricide, used to control
sucking, chewing and boring insects

Heptachlor A Pesticide	 Insecticide once used to kill termites, ants, and other C10H5Cl7 
insects in agricultural and domestic situations

Hexabromobiphenyl A Industrial An industrial chemical that has been used as a flame- C12H4Br6 
chemical retardant mainly in the 1970s 

Hexabromo- A Industrial Used as flame-retardant additive, providing fire C12H18Br6 
cyclododecane (HBCDD) chemical protection during the service life of vehicles, buildings

or articles, as well as protection while stored

HCB A and Pesticide/ A chlorinated hydrocarbon fungicide used to control C6Cl6 
C industrial bunt and a pesticide transformation product

chemical 
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 TABLE 1.2 (Continued) 

Chemical Annex Use  Molecular Chemical 
formula structure 

HCH A Pesticide/ A broad-spectrum insecticide used mainly during seed C6H6Cl6 
by-product treatment to control phytophagous and  

soil-inhabiting insects

Lindane A Pesticide Lindane has been used as a broad-spectrum insecticide C6H6Cl6 
for seed and soil treatment, foliar applications, tree
and wood treatment, and against ectoparasites in both
veterinary and human applications

Mirex A Pesticide  This insecticide is used mainly to combat fire ants, C10Cl12 
and it has been used against other types of ants and 
termites. It has also been used as a flame-retardant in 
plastics, rubber, and electrical goods 

PBDEs A Industrial Additive flame-retardant. Commercial mixture of C12H5Br5O 
chemical pentaBDE is highly persistent in the environment,

bioaccumulative and has a high potential for long-
range environmental transport

Pentachlorobenzene A Pesticide/ PeCB was used in PCB products, in dyestuff carriers, C6HCl5 
(PeCB) industrial as a fungicide, a flame-retardant and as a chemical

chemical intermediate, for example, previously for the
production of quintozene

Pentachlorophenol (PCP) A Pesticide PCP has been used as herbicide, insecticide, fungicide, C6HCl5O 
and its salts and esters algaecide, disinfectant and as an ingredient in

antifouling paint 13 
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  TABLE 1.2 (Continued) 

Chemical Annex Use  Molecular Chemical 
formula structure 

PCB	 A and Industrial These compounds are used in industry as heat C12H10-nCln 
C chemical exchange fluids, in electric transformers and

capacitors, and as additives in paint, carbonless copy
paper, and plastics 

Polychlorinated A and Industrial PCNs make effective insulating coatings for electrical C10H8Cl4 
naphthalenes (PCNs) C chemical wires. Others have been used as wood preservatives,

as rubber and plastic additives, for capacitor
dielectrics and in lubricants

Source: Stockholm Convention (2020), PPDB (2020).

Annex A: measures are necessary to eliminate the production and use of these POP

Annex B: restriction measures are necessary in the production and use of these POP

Annex C: measures are needed to reduce the emission of such unintentional POP 
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for up to three decades after application (Jhamtani et al., 2018). Aldrin under
goes biotransformation in the environment, turning into dieldrin (Najam and 
Alam, 2015). It is banned and restricted in several countries through the 
Stockholm Convention in the 1970s. It is still detected in the environment at 
high concentrations (Jhamtani et al., 2018). 

Aldrin acts as an endocrine disruptor, interfering with the release and 
synthesis of hormones (Yilmaz et al., 2020). Aldrin inhibits hormonal action 
throughout the chorion, increasing the risk of abortions or premature births 
in cattle, necessitating the use of chorionic villus hormones to support 
pregnancy in animals (Mlynarczuk et al., 2020). Studies conducted in Jordan 
in the Middle East have verified pesticide residues in the yolk and white 
of 95% of the eggs tested, with mean concentrations of 0.067 and 0.058 
mg/kg, respectively (0.02 mg/kg maximum egg residue limit according to 
the European Commission, 2016), demonstrating the inappropriate use of 
pesticides in home gardens, thus exposing the environment to pollution, 
representing a risk to human health (Alaboudi et al., 2019). Aldrin is highly 
toxic to humans and animals, causing seizures, instability, and excitation of 
the central nervous system (Jhamtani et al., 2017). 

1.4.2 CHLORDANE 

Chlordane is an organochloric pesticide that is persistent in the environment 
and is volatile, bioaccumulative, and highly toxic (Xiong, 2017). Chlordane 
was used in agriculture for termite control and was banned in 1988 in the 
USA (Parada et al., 2016). 

Zebrafish larvae exposed to chlordane have low survival rates, delayed 
development and hatching times, reduced embryonic productivity, and abnormal 
heart rate and blood flow. These results suggest that exposure to chlordane in 
ecosystems causes direct morphological effects and phenotypic changes related 
to development and reproduction (Xiong, 2017). Chlordane has been associated 
with the incidence of breast cancer and subsequent mortality in women. 
Organochlorinated compounds are lipophilic, and in humans, breast tissue is rich 
in adipose tissue, causing bioaccumulation in this region (Parada et al., 2016). 

1.4.3 CHLORDECONE 

Chlordecone is an organochloric and lipophilic insecticide and is highly 
persistent in soil (Fournier et al., 2017). It was widely applied in banana 



 

 
 
 
 
 
 
 

 

16 Nanotechnology for Environmental Pollution Decontamination 

plantations in the French Caribbean, Guadeloupe, and Martinique between 
1970s and 1990s. With extremely slow degradation, chlordecone is still 
detected in soils in these regions (Benoit et al., 2020). In addition to 
soil, this pollutant has been found in surface and groundwater, coastal 
ecosystems, terrestrial ecosystems, and aquatic food chains. (Benoit 
et al., 2020). This persistence in the soil can lead to contamination of 
animals, mainly ruminants, since during grazing, soil injection may occur 
(Fournier et al., 2017). 

It is classified as a carcinogenic and can interfere with the development of 
babies by affecting cognitive and motor development when exposed during 
pregnancy or breastfeeding (Fournier et al., 2017). Chlordecone is toxic to 
the reproductive system, neurotoxic, and disrupts the endocrine system due 
to its estrogenic properties in vitro and in vivo (Multigner et al., 2016). This 
pollutant was found in the umbilical cord blood of neonatal children and was 
associated with growth irregularities in boys up to 3 months and girls from 8 
to 18 months, mainly in relation to height (Costet et al., 2015). 

1.4.4 DICHLORODIPHENYLTRICHLOROETHANE 

Dichlorodiphenyltrichloroethane (DDT) is an organochlorinated pesticide 
that is persistent in the environment, has high solubility in lipids and there
fore has a bioaccumulation capacity, and can biomagnify in food chains 
(Mahugija et al., 2018). It was the first synthetic insecticide, and was used 
in agriculture and in the fight against insect-borne diseases, subsequently, 
negative impacts on the environment and human health have been verified 
(Thi Thuy, 2015). 

This pesticide gained negative notoriety with the book “Silent Spring” 
by Rachel Carson. Carson associates DDT with reduced eggshell thickness, 
resulting in reproductive problems and bird death. In this sense, recent studies 
have reported that exposure can result in neurotoxic, carcinogenic, and 
immunologic effects and negative effects on reproductive function in free-
ranging chickens in the northern area of KwaZulu-Natal (Thompson et al., 
2017). Even in past life exposures, DDT is still detectable among Canadians 
and has been associated with dysfunction of the respiratory system (Ye et al., 
2015). South Africa is one of the few countries that still actively sprays DDT 
to control the malaria vector (Gerber et al., 2016; Mahugija et al., 2018). 
Assessments in the muscle tissue of tiger fish, collected in the Kruger National 
Park region of South Africa, showed organochlorine bioaccumulation, and 
among them DDT was found at very high levels, surpassing those already 
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registered in South Africa’s freshwater systems. This is of serious concern to 
local populations that consume and depend economically on fishing (Gerber 
et al., 2016). 

1.4.5 DECABROMODIPHENYL ETHER 

Decabromodiphenyl ether (c-deca-BDE) is a commercial formulation of 
PBDEs. C-deca-BDE is mainly used in textiles and invariably in electrical 
and electronic products (Andrade et al., 2017). Due to its physicochemical 
properties, including hydrophobicity and lipophilicity, it has high persistence 
and sorption. C-deca-BDE is bioaccumulative in the environment, resulting 
in adverse effects on human health and the ecosystem (Kim et al., 2017). 
BDE-209 is the main analog of c-deca-BDE and is listed as a chemical of 
concern. C-deca-BDE has been under review in the USA since 2010, and 
some states have restricted its manufacture and use (Andrade et al., 2017). 

c-DecaBDE tends to accumulate in household dust, and thus, can 
pose serious health risks, as they find their way into the human body 
through possible emissions (Maddela et al., 2020). BDE-209 (analogous 
to c-deca-BDE) has thyroid toxicity, endocrine, reproductive, behavioral, 
and neurological disorders as well as pulmonary disorders (Maddela et 
al., 2020). In a recent study, a link between neurobehavioral toxicity and 
BDE-209-induced visual dysfunction was observed in zebrafish larvae 
(Zhang et al., 2020). 

1.4.6 DIOXIN 

Dioxin-like compounds (DLCs) are composed of two benzene rings 
connected by two oxygen atoms and consist of four to eight chlorine atoms. 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), one of the most toxic dioxins, 
is persistent and has wide dispersion and potential for bioaccumulation in the 
food chain (Tavakoly Sany et al., 2015). 

TCDD has serious toxicological effects, such as immune system disorders, 
teratogenesis, and induction of tumors (Tavakoly Sany et al., 2015). Evidence 
of reduced reproductive performance with adverse effects on subsequent 
generations in rodents and zebrafish exposed to TCDD was observed. Such 
changes are characterized by epigenetic changes in the placenta and/or sperm, 
suggesting that this effect can occur with human exposure (Viluksela and 
Pohjanvirta, 2019). 
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1.4.7 FURAN 

Isomer 2,3,7,8 or tetrachlorodibenzo furan and dibenzofurans (PDCFs) are 
structurally similar to dioxins and share many of their toxic effects (Kanan 
and Samara, 2018). They are persistent and are the by-products of the 
synthesis or combustion of chlorine-based compounds (Rawn et al., 2017). 

The main route of exposure is ingestion. A study aimed at establishing 
the Canadian national estimates of maternal and child exposure to environ
mental contaminants found that in 1017 human milk samples collected, 298 
had traces of PCDFs (average of 2.1 pg/g lipid) accompanied by other POPs 
(Rawn et al., 2017). PCDFs are classified as toxic and carcinogenic (Kanan 
and Samara, 2018). 

1.4.8 ENDOSULFAN 

Endosulfan is a synthetic organochlorinated insecticide that is persistent in 
the environment, with a bioaccumulation capacity, volatility, and toxicity 
(Kumar et al., 2016). This insecticide has been widely used for crops in 
the last three decades. It degrades microbially and endosulfan sulfate is 
the primary metabolite, which presents toxicity analogous to the original 
compound and is harmful to several organisms (Supreeth and Raju, 2017). 

It is an acute neurotoxic compound for insects, mammals, and humans 
(Lakroun et al., 2015). In addition, there are reports of serious poisonings 
and fatal cases of human contamination by ingestion (provoked), for doses 
above 260 mL of endosulfan (Patočka et al., 2016). It has been associated 
with cases of environmental contamination, soil and water pollution, and 
metabolic dysfunctions in living organisms (Mudhoo et al., 2019). In a study 
that investigated the physiological and molecular aspects of endosulfan, it was 
found that in addition to reducing fertility levels in male animals, the endosulfan 
induced DNA damage (Sebastian and Raghavan, 2017). In addition, there is 
no antidote for endosulfan poisoning (Menezes et al., 2017). Furthermore, the 
potential neurotoxic effects of endosulfan were investigated in mice by Lee et al. 
(2015). After a single neonatal exposure (0.1 or 0.5 mg/kg body weight) during 
a critical period of brain development, the researchers found that the pesticide 
could induce changes in neuroprotein levels, which is important for normal 
brain development, in addition to causing neurobehavioral abnormalities that 
persist in adulthood (Lee et al., 2015). 

Cardiovascular problems may also be linked to endosulfan. This pesticide 
can induce oxidative stress and mitochondrial lesions, activating autophagy, 
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leading to an inflammatory response that causes endothelial dysfunction 
via the AMPK/mTOR pathway. This indicates that exposure to endosulfan 
poses a potential risk for cardiovascular disease (Zhang et al., 2017). In the 
environment, it can cause an imbalance in food chains due to its toxicity 
to animals. Tests carried out on tilapia revealed that endosulfan negatively 
affected the liver function, including liver enzymes and plasma proteins, in 
addition to reducing the number of red blood cells and white blood cells. 
Endosulfan decreased the transcription levels of glutathione S-transferase 
(GST) mRNA and altered the normal histological structure of the liver, gills, 
and spleen of affected fish (Hussein et al., 2019). 

1.4.9 HEPTACHLOR 

Heptachlor is a synthetic organochloric insecticide used against insects, ants, 
and termites (Bhuvaneswari et al., 2021). It is persistent in the environment, 
nonsoluble in water, bioaccumulative, volatile, and toxic (Martínez-Ibarra et 
al., 2017). 

Heptachlor residues or their biotransformation products have been found 
in environmental and biological matrices, such as breast milk, semen, serum, 
follicular fluids, liver, muscle tissue, adipose tissue, kidney, and human 
blood after exposure (Bhuvaneswari et al., 2021). Research with rats that 
were exposed to the compound through oral consumption during pregnancy 
and lactation indicated that heptachlor induced female reproductive changes, 
such as increased female anogenital distance, delayed vaginal opening, and 
reduction in progesterone production. Consequently, exposure to heptachlor 
may pose a risk to the reproductive health of humans (Martínez-Ibarra et 
al., 2017). This pesticide causes cellular oxidative damage, which interferes 
with the formation of the human proximal renal tubule. This oxidative stress 
may be responsible for the activation of growth factor signaling that leads to 
kidney damage through epithelial transition to the mesenchyme (Singh et al., 
2019). Researchers suggest that a biotransformation product of heptachlor, 
heptachlor epoxide, is linked to inducing Lewy pathology. This disease is 
characterized by the progressive loss of mental function by the develop
ment of Lewy bodies, which culminates in Parkinson’s disease (Zhang et 
al., 2020a). Studies on human aging in Honolulu-Asia revealed that the 
prevalence of Lewy pathology almost doubled in the presence of heptachlor 
epoxide in the samples of occipital and temporal lobes from frozen human 
brains compared with samples where the pesticide was not applied (30.1% 
vs. 16.3%, P<0.001) (Ross et al., 2019). 
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1.4.10 HEXABROMOBIPHENYL 

Hexabromobiphenyl is lipophilic, persistent, and highly stable and can travel 
long distances in the environment and can bioaccumulate, resulting in the 
potential risk of contamination of the environment and food chains (Liu et al., 
2016). It belongs to a class of additive type brominated flame-retardants. It is 
used in several products, including paints, plastics, textiles, and electronics 
to reduce its flammability (Rantakokko et al., 2019). 

Every day, we are exposed to this type of pollutant by means of fine 
particles in suspension (Rantakokko et al., 2019). Research conducted 
in Beijing, Tianjin-Hebei region, China, verified the presence of these 
pollutants in atmospheric particle samples, denoting that human exposure by 
inhalation can cause adverse reactions, and that children are more likely to 
be contaminated than adults (Zhang et al., 2019). Liu et al. (2016) measured 
hexabromobiphenyl in human milk in China and found a positive correlation 
between human milk and consumption of foods of animal origin (Liu et al., 
2016), highlighting the biomagnification capacity of these pollutants. 

1.4.11 HEXABROMOCYCLODODECANE 

Hexabromocyclododecane (HBCDD) is a persistent compound that occurs 
in different environments, and therefore in various bioaccumulative matrices 
(Koch et al., 2015). It can leach or volatilize, enter the environment, and 
consequently contaminate humans (Drage et al., 2017). It is a brominated 
flame-retardants, highly efficient in reducing flammability, and is used in 
products, such as textile upholstery, rigidly shaped plastics, polystyrene 
foam, and polypropylene resin in household appliances, and as a textile 
coating additive (Drage et al., 2017). 

From an environmental point of view, it is a ubiquitous compound, 
the occurrence of which has been observed in fish and seafood species of 
the Mediterranean Sea (Chessa et al., 2019). Toxicity studies conducted 
with Caenorhabditis elegans revealed that chronic exposure to HBCDD 
at concentrations greater than 20 nM influenced growth, locomotion, lipo 
fuscin accumulation, and cellular apoptosis of nematodes, with increased 
levels of stress-related gene expression (Wang et al., 2018). A positive 
linear correlation was found between HBCDD (lipid weight concentra
tions) and trophic levels based on hydrogen isotopes in aquatic organisms 
(Liu et al., 2020). 



 

 

 

21 Organic Pollutants Threatening Human Health 

1.4.12 HEXACHLOROBENZENE 

Hexachlorobenzene (HCB) is an organochlorine pesticide that is similar to 
dioxins. it is stable and therefore persists in the environment. It accumulates 
in the food chain, and has been found in adipose tissue, breast milk, blood, 
and umbilical blood (Chiappini et al., 2016). For long, it has been used as a 
fungicide, it is still released into the environment as a waste by-product of 
various industrial processes (Miret et al., 2019). 

HCB is an endocrine disruptor that mainly induces toxic effects on the 
reproductive system (Specht et al., 2015). Experimental studies indicate 
that exposure to organochlorines can interfere with hormonal regulation 
and immune function, and therefore can cause endometriosis (Chiappini et 
al., 2019). HCB acts as an endocrine disruptor in the thyroid, uterus, and 
mammary gland, and has been classified as possibly carcinogenic to humans. 
It acts by stimulating the proliferation of preneoplastic cells, migration, inva
sion, and metastasis, in addition to angiogenesis in breast cancer (Miret et 
al., 2019). Contaminant exposure can induce porphyria, nephrotoxicity, and 
oxidative stress hepatotoxicity both in laboratory animals (female Sprague-
Dawley rats and adult male Wistar rats) and in humans (Khan et al., 2017; 
Starek-świechowicz et al., 2017). 

1.4.13 HEXACHLOROCYCLOHEXANE 

Hexachlorocyclohexane (HCH) isomers are organochlorinated compounds 
that pose potential risks to humans and the ecosystem. They are persistent in 
the environment, have a capacity for bioaccumulation and biomagnification, 
and can be transported over long distances (Di et al., 2018). HCHs were 
used between 1940s and 1980s in the production of insecticides (Kuang et 
al., 2020). 

Studies carried out with samples of human milk in the city of Jinhua in 
China revealed the presence of β-hexachlorocyclohexane (β-HCH) in 36.4% 
of the analyzed samples. A positive correlation was detected between the 
presence of HCB residues and the decrease in birth weight of children (Kuang 
et al., 2020). Assessments to determine the risk of food exposure for adults 
and children to pollutants were carried out in five cities in India (Bangalore, 
Bhubaneswar, Guwahati, Ludhiana, and Udaipur). HCBs were detected in 
some of the bovine milk samples, indicating contamination which is likely 
due to agricultural and animal husbandry practices (Gill et al., 2020). In 
this study, it was verified that children are comparatively more exposed to 
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pesticides than adults are, when body weight is taken into account, meaning 
that the risk of cancer was also higher for children. 

1.4.14 LINDANE 

Lindane (γ-hexachlorocyclohexane, γ-HCH) is an isomer of HCH with 
insecticidal properties and is persistent, bioaccumulative, and toxic (Zhang 
et al., 2020b). It is very stable in freshwater and saltwater environments 
(Yuksel et al., 2016). For each ton of lindane, 8–12 tons of HCH isomer 
residue is generated. A considerable amount of this compound is currently 
disposed of as waste in unmanaged landfills, constituting one of the most 
common and easily detectable pesticides in the environment (Wacławek et 
al., 2019). 

Lindane is highly toxic to fish, bees, and aquatic invertebrates. This 
pollutant acts as an endocrine disruptor, causing hormonal imbalance in 
exposed fish, causing the breakdown of steroidogenesis in ovaries and causing 
a reduction in egg production (Yuksel et al., 2016). Lindane is also a risk for 
the central, reproductive, and endocrine nervous system in the fish and human 
being (Yuksel et al., 2016; Wacławek et al., 2019). Research conducted in 
northeastern South Africa, investigating the presence of pesticides in the 
muscle tissue of catfish (Clarias gariepinus), found a variety of POPs, 
including γ-HCH, highlighting the risk to human health when consuming 
contaminated fish (Barnhoorn et al., 2015). 

1.4.15 MIREX 

Mirex is a synthetic organochlorinated pesticide that is volatile, toxic, and is 
highly persistence in the environment, and it has a bioaccumulation capacity 
(Gandhi et al., 2015). Initially, it was used as an insecticide to control ants, 
termites, and other insects. It was later used as a flame-retardant for plastics, 
rubbers, and electrical materials (Wohlers et al., 2019). Mirex is absorbed 
by the skin of animals and because of its high lipophilicity, it has a tendency 
for biomagnification (Wrobel and Mlynarczuk, 2017). Photodegradation of 
Mirex results mainly in photomirex, which is equally stable in the environ
ment (Gandhi et al., 2015). 

The most common adverse effect attributed to mirex is endocrine disrup
tion. This xenobiotic can inhibit the secretion of testosterone, estradiol, and 
progesterone, and stimulates the production of oxytocin in cattle. In this 
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sense, it unbalances the hormonal system by altering the secretory function 
of ovarian cells, indicating that there is potential for this insecticide to hinder 
fertilization, blastocyst implantation, or even gestation time (Wrobel and 
Mlynarczuk, 2017). Mirex is toxic to a variety of aquatic biota animals and 
is considered a carcinogen to humans (Gandhi et al., 2015). This pesticide is 
also associated with maternal and infant thyroid hormone disorders, which 
can alter child development (Yamazaki et al., 2020). 

1.4.16 PENTABROMODIPHENYL ETHER 

Polybrominateddiphenyl ethers (PBDEs) are a large group that includes tetra-, 
penta-, hexa-, hepta-, and octa-bromodiphenyl ethers. PBDEs have high 
persistence in the environment, a bioaccumulation capacity, and toxicological 
potential (Chou et al., 2019). Brominated flame-retardants are used in house
holds and electronic furniture (Parry et al., 2018). Studies reveal that these 
pollutants can leach and reach greater depths in the soil due to the persistence 
of these compounds. In addition, they can be absorbed by cultures that will 
later be consumed by humans (Chou et al., 2019). 

Exposure to PBDE during fetal development is associated with deficien
cies in the performance of executive functions and attention deficits. therefore, 
they are considered neurotoxic. Prenatal and postnatal exposure to PBDE 
negatively affects externalization behavior (e.g., hyperactivity and conduct 
problems) (Vuong et al., 2018). Biomonitoring data indicate that in recent 
years, concentrations of PBDEs have increased in wild animals and humans. 
The body load of PBDEs is three to nine times higher in babies and children 
than in adults due to exposure via breast milk and household dust. Tetra-, 
penta-, and hexa-BDEs are the most commonly found isomers in humans 
(Linares et al., 2015). Studies show that PBDEs can cause changes in homeo
stasis, delay in neurodevelopment, and can cause changes in the reproductive 
system, and cause cancer (Linares et al., 2015; Chou et al., 2019). 

1.4.17 PENTACHLOROBENZENE 

Pentachlorobenzene (PeCB) is part of the chlorobenzene group and partici
pates in the composition of the HCB of technical grade. It is persistent, has 
bioaccumulation potential, and is very toxic (Wiltschka et al., 2020). In 
synthetic dyes, PeCB is discharged into watercourses during the treatment of 
textile dyeing effluents (Yuan et al., 2020). 
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PeCB, among other organochlorines, was observed in the maternal serum 
collected during delivery and in the umbilical cord blood of newborns in 
Tarragona (Spain). In all these cases, the highest concentrations were 
observed for women with higher levels of schooling and social class (Junqué 
et al., 2020). This greater exposure may be linked to different eating habits, 
since these groups tend to have a higher proportion of fish and seafood 
in their diet (Junqué et al., 2018). PeCB and others are invariably present 
in textile dyeing effluents, and represent an ecological risk to the aquatic 
ecosystem and impacts human health and the environment (Wiltschka et al., 
2020; Yuan et al., 2020). 

1.4.18 PENTACHLOROPHENOL, ITS SALTS, AND ESTERS 

Pentachlorophenol (PCP) (2,3,4,5,6-PCP) and its sodium salt (Na-PCP) are 
hydrocarbons of the chlorophenol family (Cheng et al., 2014; Lopez-Echartea 
et al., 2016). Volatile, persistent, stable metabolites, with a bioaccumulative, 
and biomagnification capacity (Verbrugge et al., 2018). They have been 
used as a preservative for wood, herbicide, insecticide, biocide, disinfectant, 
defoliant, anti-sap, and as antimicrobial agents since 1930 (Cheng et al., 2014; 
Lopez-Echartea et al., 2016). 

PCP alters oxidative phosphorylation, which interferes with cellular 
respiration and results in increased metabolism (Verbrugge et al., 2018). 
High levels of this pollutant have been found in free-range eggs. The source 
of contamination in the poultry farm was from wood treated with PCP, 
which was used as a structural component in the 1940s. This highlights the 
persistence, bioaccumulation, and biomagnification characteristics inherent 
to chlorophenenols (Piskorska-Pliszczynska et al., 2016). Widespread use 
of PeCP in areas endemic to schistosomes enabled occupational exposure 
to PeCP, which increased the incidence of cancer in the Chinese population 
targeted by biomonitoring (Cheng et al., 2014). 

1.4.19 POLYCHLORINATED BIPHENYLS 

Polychlorinated biphenyls (PCBs) are artificial chlorinated aromatic hydro
carbons that are persistent, lipophilic, can bioaccumulate, and therefore 
undergo biomagnification (Fu et al., 2018). The polychlorinated biphenyl 
family consists of 209 individual PCBs or “congeners,” although in reality, 
only 130 congeners have been found in commercial chemical formula
tions (CETESB, 2020). They are used as dielectric fluids in transformers, 
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condensers, hydraulic lubricants, paints, and adhesives, among others 
(Dhakal et al., 2018). PCBs can undergo biotransformation in animals and 
plants, resulting in hydroxylated PCBs (OH-PCBs), which are less persistent 
(Dhakal et al., 2018). In mammalian metabolism, PCBs are converted into 
hydroxyl, methylsulfonyl, and sulfated metabolites, which are persistent in 
human blood (Grimm et al., 2015). 

A study of the spatial distribution of PCBs was carried out in rivers in 
Northeast China through the evaluation of fishing products. PCBs, among 
others, were the main pollutants with detection rates of 100%. The health risk 
assessment showed that the consumption of fish from these areas would pose 
a carcinogenic risk to humans (Fu et al., 2018). Biomonitoring performed 
on serum samples from 46 individuals from rural (Columbus Junction area 
in East Iowa) and urban (East Chicago) communities to characterize the 
population’s exposure levels to PCBs, verified the presence of OH-PCBs in 
human serum. Such fact can lead to bioactivation of electrophilic metabo
lites, interference in the hormone signaling process, inhibition and influence 
on hormone transport, classifying this PCB biotransformation product as an 
endocrine disruptor (Dhakal et al., 2018; Grimm et al., 2017). Underlining 
the risks to the ecological system caused by PCBs, research conducted in 
Iran found that at least five commercially important fish species are contami
nated with this xenobiotic. From this perspective, there are human health 
risks attributed to the dietary incorporation of locally caught fish (Ranjbar 
Jafarabadi et al., 2019). Epidemiological evidence indicates that exposure to 
POPs, such as PCBs, increases the risk of developing diabetes, hypertension, 
and obesity. Furthermore, such comorbidities are important for the onset and 
progression of cardiovascular diseases (Perkins et al., 2016). 

1.4.20 POLYCHLORINATED NAPHTHALENES 

Polychlorinated naphthalenes (PCNs) are classified as chlorinated polycyclic 
aromatic hydrocarbons (Fernandes et al., 2017). They are a global concern 
because of their persistence, toxicity, and tendency for bioaccumulation (Wu 
et al., 2018). PCNs are used as stabilizers, dosolants, and flame-retardants 
(Gu et al., 2019). Polychlorinated naphthalenes may be produced accidentally 
concomitantly with dibenzo-p-dioxins and dibenzofurans during industrial 
processes and released in the form of gases, which can pose risks to human 
health and the environment (Yang et al., 2017). 

Cod liver oil is a very popular food supplement; however, researchers have 
found high levels of PCN contamination in samples from the North Atlantic. 
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Although fish oils currently produced are subject to rigorous purification 
processes, in the Baltic region, cod liver oil harvested and consumed locally 
continues to contribute considerably to the food intake of these contaminants 
(Fernandes et al., 2017). In the analysis of soil samples collected from an 
industrial area and surrounding residential area in Shandong Province, 
China, extremely high concentrations of PCNs were observed in the two 
soil samples. This finding was related to the carcinogenic risk for workers 
and residents (Wu et al., 2018). Reports of serious or even fatal effects on 
humans and animals, according to the degree of exposure, are warnings of 
PCN intoxication manifestations of PC. Among the earliest records of PCN, 
poisoning is an incident that occurred at the end of the Second World War 
(1939–1945). A group of six individuals inadvertently consumed a technical 
product containing PCNs (referred to as “chlorinated paraffin”), which 
was mistakenly replaced for butter in a meal. Contamination can cause 
disruption of the gastrointestinal system with abdominal pain, neuropathy, 
and depression, followed by chloracne (Fernandes et al., 2017). 

1.5 EMERGING CONTAMINANTS AND ACTIVE PHARMACEUTICAL 
INGREDIENTS 

There are several emerging contaminants that have aroused global concern, 
including new brominated flame-retardants, organophosphate flame-retar
dants, polar pesticides, triclosan, synthetic musks, bisphenol-A, perchlorate 
and polycyclic siloxanes, PFCs, and illicit drugs (Covaci et al., 2012). 

Pharmaceutical products or active pharmaceutical ingredients (APIs), 
such as antibiotics, are a group of emerging contaminants that have received 
remarkable attention in the last decade (Kar et al., 2018). Although in small 
concentrations, the increasing and widespread use of APIs in hospitals and 
as prescribed by doctors has resulted in the continuous introduction of APIs 
and their metabolites into the environment. This new scenario is due to the 
continuous development of advanced instruments and improved analytical 
methodologies that have enabled the detection of these compounds as micro-
contaminants, at low levels, in different environmental matrices. Traces of 
APIs have been found in groundwater and surface water that are used to 
supply drinking water. Therefore, there has been concern about the poten
tial risk to human health due to exposure to pharmaceutical waste through 
drinking water (Kar et al., 2018). However, there is no evidence that any 
serious risk may arise from low concentrations of pharmaceuticals found in 
drinking water. Nonetheless, the impacts of long-term and low-level exposure 
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to a blend of APIs and their metabolites on ecosystems and human health 
are not understood and requires considerable research attention (Jelić et al., 
2012). As a result, the environmental risk assessment of medicines should be 
carefully evaluated, especially in hospital effluents and urban sewage. 

1.6  INDEXES/OBTAINING FEES 

In order to adequately assess the risk of adverse effects that POPs may have 
on human health, it is necessary to obtain data in both acute and chronic toxic 
effects as well as the levels of exposure through diet studied with regards 
to the general population, those that consume considerable quantities, and 
sensitive subjects (Oancea, 2016). 

Humans can be exposed to POPs both directly and indirectly. Direct 
exposure can be obtained as follows (Oancea, 2016): 

•	  Inhalation: for volatile and semivolatile compounds. 
The exposure factor CE (mg/m3) can be calculated according to the  
formula: 

CE = (CA × TE × FE × DE)/(TM × 365), 
where CA  = air concentration (mg/m3), TE = time of exposure (h/day), 
FE = frequency of exposure (days/year), DE = exposure duration of 
(years), TM = averaging time (years). 

• 	 Ingestion from soil: considered to be the main POP exposure path. 
The exposure through ingestion can be calculated according to the 
following formula: 

Exping = (CS × 10−6 × FE × VIS)/(BW× 365), 
where CS = soil concentration (mg/kg), FE = frequency of exposure 
(days/year), VIS = rate of ingestion from soil (mg/day), GC = body-
weight (kg). 

• 	 Skin absorption from soil 
Exposure through skin absorption can be calculated according to the 
formula: 
Expderm = (CS × 10−6 × FA × FAD × FE × AS)/(GC× 365), 

where CS = soil concentration (mg/kg), FA = soil adherence factor 
(mg/cm), FAD = skin absorption ratio (nonunit), AS = surface area 
(cm2/day), GC = bodyweight (kg). 
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Indirect exposure can be achieved as follows: 

• 	 Diet 
The dietary exposure can be calculated with the following formula: 

Expdiet = VIA × CA/GC 
where VIA = rate of ingestion from food (kg/day), CA = concentration 
in food (mg/kg), GC = bodyweight (kg). 

• 	 Contaminated drinking water 
The drinking water exposure can be calculated according to the 
following formula: 

Expwater = ∑VIAp × CAp/GC 
where VIAp = rate of ingestion from water (L/day), Cap = concentra
tion in water (mg/L), GC = bodyweight (kg). 

The acute or chronic toxic effects determined by humans upon exposure 
to POP depend on several factors, such as exposure dose, absorption and 
distribution mechanism, metabolism, excretion capacity, and health condi
tion of the body. 

Chronic exposure to chemicals in the diet occurs daily, for a long  
period, or throughout life. The estimation of chronic intake will depend  
on the availability and quality of the data involved in its calculation; the  
closer to reality of the data, the more significant the result will be (Jardim  
and Caldas, 2009). 

While chronic risk assessment estimates the average food intake over a long  
period, acute risk assessment assesses exposure through consumption of a single  
meal or for 24 h (Jardim and Caldas, 2009). The importance of acute exposure  
to pesticides was recognized in the early 1990s in California after reports of  
poisoning from the consumption of highly contaminated food due to inadequate  
application of POPs in the field (Goldman et al., 1990; Maff, 1993). More  
recently, human intoxication from organophosphate insecticides and carbamates  
present in the diet has been reported (Tsai et al., 2003; Mendes et al., 2005). 

1.7 FINAL CONSIDERATIONS 

We have made great progress in the use of toxic molecules and have 
achieved effective applicability for products in terms of reducing the impact 
on nontarget organisms as well as recommendations for dwindler doses to 
achieve the proposed objectives. However, we have a wide variety of POPs 
that concern society due their environmental dispersal. 
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Factors such as climate change can alter the persistence rates of these 
compounds in nature, a phenomenon which should be carefully evaluated. 
Similarly, new eating habits direct society to consuming supplements 
beneficial to health, but which, even of “natural” sources, can be sources of 
contamination by POPs. 

Because POPs are synthetic chemicals that are semi-volatile/volatile, 
persistent, toxic and have a tendendy for bioaccumulation, they are found 
ubiquoutsly in the environment. Consequently, POPs pose a serious problem 
to human health through environmental exposure. 

With a global population of 8 billion people, that continues to increase, 
and current and future demands for water and energy growing, topics such 
as food security, public health risk, water scarcity, and mass migrations put 
pressure on the sustainability of all sectors of the society. It is essential that 
strategies are established to monitor the effects of POP on the health of the 
population and a safe policy for waste disposal is determined. It is evident 
that measures should be adopted in the short, medium, and long terms to 
decrease the use and coexistence with POPs residues to avoid the potential 
effects on society and the environment, both in abiotic environments as well 
as for microorganisms, fauna, and flora. 
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ABSTRACT

This chapter aims to convey the risk levels of major inorganic pollutants 
(heavy metals or potentially toxic elements) to human lives. The mobilization 
of these potentially toxic elements (PTEs) through numerous anthropogenic 
activities have badly contaminated the environment. Since these PTEs are 
nonbiodegradable, they are accumulated into the human food chain and 
results in negative effects on human health. This phenomenon exerts some 
serious environmental health implications with concerns on the agricultural 
produce and quality as well as health of organisms living in the environment. 
Some pollutants are mutagenic, endocrine disruptors, carcinogenic, and 
teratogenic, while some trigger neurological changes in organism’s behavior. 
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Because of their negative effects, due consideration is also required for the 
remediation of PTE-contaminated sites. Many limitations such as higher 
initial costs, expensive labor, resource modification, and disturbance in 
native soil microflora are the negative points while using various available 
chemical and physical methods for this purpose. Phytoremediation (use of 
plants species for chemical removal from contaminated sites) is a cheaper, 
economical, and safe approach to be practiced in PTE-contaminated soils 
when compared with physical and chemical methods of remediation. This 
chapter allows readers to get cost-effective ideas about the remediation of 
PTEs removal. This chapter also discusses the occurrence of PTEs, their 
sources, and their removal techniques with future recommendations. 

2.1 INTRODUCTION 

Unusual pollution is a natural phenomenon, but pollution levels due to human 
activities of goods production has emerged as a main cause of pollution in 
the environment. Heavy metals or potentially toxic substances currently 
contain high environmental toxic substances (PTEs). These exist naturally 
on the surface of the earth, with anthropogenic practices, such as smelting, 
refining, electrification, power processing, energy delivery, sewage disposal, 
melting efficiency, and intensive agriculture (Tepanosyan et al., 2017). Due 
to agricultural practices, farming, and environmental processes, PTEs are 
released in the environment. They could be found in lakes, ponds, and dams, 
which are actually the most likely to be the sources of PTEs in the world. 
Certain nutrients remain in the atmosphere for a long time, and due to their 
high availability in water, can concentrate on the entire food chain and have a 
detrimental effect on birds that feed on aquatic habitats (Kumar et al., 2019). 
The unrestricted use of inorganic fertilizers, sewage, animal waste, and fertilizer 
in agricultural systems also increases the number of PTEs in agricultural land. 
Studying the presence of PTEs on agricultural soil is important because of 
the mutation and accumulation in the human body through the use of plants, 
animals and the use of their products. The increase in natural threats and the 
effects of chemical pollution on water and soil have been identified over the 
past 100 years as a result of intensified crop production, as well as international 
conservation practices around the world. In addition, due to the excessive use 
of agrochemicals and PTE-loaded fertilizer and amendments such as sewage 
sludge, cultivated concentrations have contributed to the introduction of 
PTEs into the soil (Zhang et al., 2018). Therefore, it is important in policy 
formulation and could assist in developing strategies to reduce the imposition 



 

 
 
 
 
 
 

  
 
 
 
 
 

  
 
 
 
 

 

 

41 The Risk of Inorganic Environmental Pollution to Humans 

of PTEs on agricultural land. The agribusiness is a simple example of 
agriculture, and in its production phase, it is one of the industries that process 
agricultural products as raw materials. This was built based on intensive 
farming. Through the incorporation of large amounts of organic chemicals 
based fertilizer and pesticides, there has been increased soil contamination 
caused by PTEs, such as cadmium (Cd), copper (Cu), zinc (Zn), nickel (Ni), 
chromium (Cr), lead (Pb), and arsenic (As) (Yuan et al., 2021). When PTEs 
join the human food chain, soil and water pollution by PTEs contributes to 
crop losses and adverse human health effects. High levels of PTEs in the soil 
can adversely affect plant growth. However, certain types of plants, without 
showing signs of stress, can accumulate PTEs and endanger human health. In 
addition to large quantities of plants, plants can have a combination of both 
PTEs and nutrients (El-Meihy et al., 2019). Their contamination could be the 
cause by irrigation with contaminated water, improper use of organic (natural 
and unconventional) pesticide-based pesticides. There are some research 
indicators for the assessment of the extent and intensity of soil and carcass 
contamination in environmental studies. These indicators are used to compare, 
measure, monitor, and control the effects of pathogens (He et al., 2019). 

Biological variants are used as bioindicators in many trophic phases to 
provide evidence of potential adverse effects of exposure to contaminants. 
Monitoring of metals in bird species is important in assessing their well
being, and at the same time, in assessing how polluted their habitats are. 
Various psychological, metabolic, reproductive, growth, and behavioral 
disorders of various types are associated with exposure to high levels of iron 
(Fe). In addition, it is responsible for oxidative damage, as the most expensive 
dosage processes that contribute to oxidative stress are toxins from the body 
and excretion from the body. High levels of PTEs can lead to shrinkage of 
the egg shell, infertility and self-harm, adverse developmental outcomes, 
and embryonic malformations and bird deaths, both of which contribute to 
human loss. For example, by reducing their growth or body weight, exposure 
to Cd, mercury (Hg), and selenium (Se) negatively affects bird health and 
ultimately harms longevity and reproductive success. Mercury implanted in 
the body tissues will adversely affect reproduction, especially in species with 
a high trophic stage, such as fish-eating birds (Grúz et al., 2018; Bada and 
Omotoriogun, 2019). 

Of particular importance in Europe are the colonial herds; their conser
vation status has been greatly improved over the past 30 years and now 
several herdsmen have been protected. However, a variety of species are at 
risk of conditions that overwhelm local and European authorities, such as 
drought and loss of habitat in winter migrants in Africa, improvements in 
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food supply and quality of water and food in Southern Europe, and pollution 
and deforestation of adequate breeding grounds in Italy. Since almost all 
animals feed on aquatic animals and are unable to count and classify toxic 
toxins, water pollution can be a significant risk factor for adults and chicks. 
Many bird tissues like feathers, liver, bones and eggs have been used to track 
and expose birds (Egwumah  et al., 2017). Among these, feathers have many 
advantages because, without damaging their well-being, they can be easily 
and repeatedly collected from the same person, and their storage does not 
require refrigeration. In contrast, feathers represent local pollutants than 
other tissues in the case of wolves, because the chicks eat deer collected near 
the colony, and large amounts of material are deposited in the feathers during 
the breeding season (Liang  et al., 2016). 

It is well known that people are exposed to PTEs through food (food and 
drinking water) and respiration (air pollution). For such chemicals, however, 
skin sensitivity should not be reduced. In terms of skin contamination, 
while most of the chemicals used during textile processing are washed, the 
remaining amounts of these compounds may and may not be released during 
consumer use. Nitrogen (N) is one of the most important biogeochemical 
elements, as well as trace elements (Co, Zn, Fe, Cu, etc.), and represents 
important inputs for agricultural sustainability. In trees, plants, wildlife, 
human waste, such as sewage sludge, ammonium nitrate fertilizers, and 
industrial-grade N-compounds, and car compounds released after rain, the 
N-nitrate form (NO −

3 ) is found. It usually exists in groundwater and surface 
water as a natural resource, but as N levels rise, the causes are primarily 
associated with anthropogenic influences. In fact, while there are many 
N-factors that can contribute to the fight against groundwater pollution, 
human actions are the cause of NO −

3  level rise to a dangerous level (Motevalli  
et al., 2019; Rahmati  et al., 2019). The groundwater contamination is an 
environmental problem because it is a low-toxic compound, but it is harmful 
to human health as it is reduced to nitrite (NO −

2 ), which causes diseases, 
such as methemoglobinemia in children and adult stomach cancer. Nitrate 
in groundwater can be found in a variety of agricultural sectors. Due to 
the volume of this mineral fertilizer, which is greater than the needs of the 
crop, NO − 

3 leaching from cultivated fields to water occurs (groundwater 
and surface water). Therefore, the main source of global water pollution is 
the use of farmland. Therefore, to protect water from NO −

3  contamination 
from agricultural products, the European Union’s Directive 91/676/EEC 
defines the appropriate level of NO −

3  pollution in groundwater with a limit 
of 50 mg/L. Therefore, it has been established. ways to monitor and track 
groundwater and enforce measures to promote groundwater safety. 
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2.2 ENVIRONMENTAL POLLUTANTS 

A common concern with the environment is air pollution from natural and 
uncommon pollution. Several of these pollutants are extremely persistent 
and replicate legal levels beyond the atmosphere. They are particularly toxic 
and can be obtained by contaminating food chains to the highest trophic 
areas. Pollution involves some development in the environment, but the 
use is limited to reflecting any degradation, chemicals and environmental 
degradation. Human lives are affected by these types of releases either by 
direct or indirect mechanisms. Pollution is a subset of xenobiotic chemicals 
released by anthropogenic processes entering the atmosphere and are present 
at a higher concentration of “natural levels.” Pollutants are often classified as 
perishable and nonperishable: decaying organic matter consists of compost 
and organic matter that are easily separated under normal conditions. Those 
that are not exposed to microorganisms, for example, PTEs, plastics, and 
soaps are nonperishable compounds. The exponential population growth, 
industrial expansion, and city sprawl has contributed to the massive release 
in the xenobiotic chemical atmosphere. A significant amount of toxic 
chemicals produced by factories that are widely used to improve agricultural 
production in developed countries (Hashemi et al., 2017; Zhang et al., 2019). 

2.2.1 ORGANIC POLLUTANTS 

Excessive use of unconventional materials has led to widespread and long-term 
environmental issues over the past few decades. In fact, the widespread use of 
pesticides in the agricultural and public health sectors around the world has led 
to many cases of food poisoning, agricultural land, and water shortages. And 
several years after its introduction, fossils of pesticides known to be extinct 
still survive. Organic pollutants include some pesticides, aromatic compounds 
and phenyls based compounds (Alharbi et al., 2018). 

2.2.2 INORGANIC POLLUTANTS 

A number of intentional or unintentional chemicals are released into the soil 
or bodies of water on a daily basis. Some of them are important for having 
a purpose while most of them are challenging because of their long-term 
persistence and resistance to corruption. This category of pollutants include 
PTEs including metal and metalloid and radionuclides. Unusual pollutants 
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are more likely to be present in the ground and in groundwater from the 
leakage of a polluted resource field, such as waste management and mining 
facilities. Pollutants from these sources will flow through the groundwater 
flow, resulting in a phase-polluted water farm. Among the rare toxins, heavy 
metals and metalloids are in close proximity to PTEs and PTEs are a major 
concern due to their high toxicity in low-concentration areas. They may be 
attached to solid soil layers or easily accessible by organic matter for extrac
tion (Mishra and Maiti, 2017). 

2.3 INORGANIC POLLUTANTS: ORIGIN AND TYPES 

Inorganic emissions from various sources of air, water, and soil. Standing 
stores include fossil fuel emissions, processing plants and factories, as well 
as sheds and other types of fuel-fired heating systems. Traditional biomass 
burning is a major cause of air pollution in developed and poor countries. 
Standard biomass includes wood, plant waste, and manure. Mobile services 
include cars, boats, and ships. Controlled agricultural fire helps in good 
forest management activities. Controlled or determined temperatures are 
a common practice used for forest conservation, planting, regeneration of 
plains, or removal of greenhouse gases. Fire is a common phenomenon of 
nature for both trees and grasslands, and a controlled fire can be a forest 
tool. Controlled temperatures encourage appropriate forest trees to sprout, 
thus rejuvenating the forest. Sources from nonfire processes occur. They are 
all available in oil-based oils, hair spray, varnish, aerosol sprays, and other 
solvent. Waste collection in landfills, which produce methane. Methane 
(CH4) is highly flammable and can cause air to explode. It also acts as an 
asphyxiant, and in a closed space, can remove oxygen. If oxygen concen
tration is reduced by migration to less than 19.5%, asphyxia or congestion 
may occur. Atomic resources, such as nuclear bombs, toxic agents, rocket, 
and biological warfare result in radioactive pollutants. An important source 
of nitrogen oxides can be from agriculture due to inadequate agricultural 
management (Dubovina et al., 2018; Salvo et al., 2018). 

As water is important for health, it poses health risks due to its flow and 
improved access to health. The climate of natural rocks and soil primarily 
adds to the inanimate pollution of water. Disposal of industrial waste, 
construction and sewage containing minerals, PTEs, and trace elements (Cd, 
Pb, As, Cr etc.) have also reduced the water supply over the past few years 
and has adversely affected the human health. 
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2.4 TYPES OF INORGANIC POLLUTANTS 

2.4.1 POTENTIALLY TOXIC ELEMENTS AND ALIKE ELEMENTS 
(METALLOIDS) 

Any chemical substance that has a relatively high density and toxicity in 
low concentrations is called PTEs. Hg, Cd, As, Cr, thallium (Tl), and Pb are 
examples of heavy metals. There are common parts on the surface of the 
earth. There is no need to weaken or kill them. PTEs reach our bodies only 
in limited amounts through food, drinking water, and air. Any PTE (e.g., 
Cu, Se, Zn) is important as criteria for maintaining the body’s metabolism. 
However, they can contribute to tackling toxicity at higher altitudes. For 
example, their toxicity can be caused by contamination of drinking water, 
high concentration of air near the outlets, or ingestion by food chain. As they 
appear to be compacted, PTEs are toxic. Compared with the concentration 
of atmospheric chemicals, the bioaccumulation shows an increase in the 
concentration of chemicals in the body of organisms over time. Whenever 
they are taken and processed faster than demolished (made into bodies) or 
extracted, compounds combine into living organisms (Rehman et al., 2018). 

Potentially hazardous substances can reach the water system through 
industrial and consumer waste, or by acid rain that breaks down the soil and 
deposits heavy metals in streams, wetlands, water, and groundwater. Another 
PTE types is the substance having properties in-between PTEs and semi-liquid 
PTEs (metalloids). Examples of these are boron (B), As, Hg, and Antimony 
(Sb). Table 2.1 describes the inorganic pollutants and their sources. 

2.4.1.1 HUMAN HEALTH RISKS 

There has long been concerns about the pollution of PTEs due to their 
toxicity to plants, animals, and humans as they lack biodegradability. They 
have a remarkable effect on the colors and texture of aquatic animals that 
through biomagnification enters the human food chain and eventually affect 
humans. Toxicity levels of the pollutant depends on the type of pollutant, its 
role in organism’s body, and the organ it affects or toxin it produces. PTEs 
in drinking water are often linked to human toxins by Pb, Fe, Cd, Cu, Zn, 
and Cr. They are needed in the body in small amounts but can also be toxic 
in large doses (Fig. 2.1). They form one important group of environmental 
hazards if any. Some PTEs like Cu are important in tracking devices, but they 



 

 

 
 

 

 
 
 

 
 

 
 

TABLE 2.1 Inorganic Pollutants and Their Sources.

Contaminants Sources References 
Inorganic fertilizers Used in agriculture Farmer (2018),
(e.g., nitrates and phosphates etc.) Garzon-Vidueira et al. (2020)
Sulfides Mined minerals produce and sulfides when combined with water Quevedo et al. (2020) 

and action of microorganism 
Heavy metals (PTEs) Motor vehicles, acid mine drainage Tepanosyan et al. (2017)
Arsenic Pesticides, chemical wastes, mining bi-products Zhang et al. (2017)
Cadmium Industrial discharge, metal plating, Ni–Cd batteries, mining waste Kubier et al. (2019)
Chromium Metal plating industries, tanning process Hausladen et al. (2018)
Lead Plumbing, mining, coal, gasoline Li et al. (2020) 
Mercury Mining, industrial waste, coal Sundseth et al. (2017)
Zinc Metal plating industries, industrial waste Olukosi et al. (2018)
Nickel Sewage, industrial waste or mine washing Meshram and Pandey (2018) 
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show toxicity when there are too many amounts in drinking water. Cr, Cu, 
and Zn can cause noncarcinogenic risks, such as neurologic involvement, 
headaches, and liver disease when they exceed their safety standards. There 
is also evidence that exposure to low-dose of toxins can cause cancer to 
different body organs. The scientist found an increased risk of dying from 
lung cancer due to exposure to dust and fog containing Cr. Cd in diets due 
to the consumption of contaminated rice and other foods results in kidney 
damage and different types of cancers which are serious and long-lasting, 
as exposure can also cause many health problems. These include skin, 
respiratory, cardiovascular, vascular, abdominal, hematological, hepatic, 
renal, neurological, growth, reproductive, immunological, genotoxic, 
mutagenetic, and carcinogenic effects (as liver cancer) (Ali and Khan, 2018; 
Liu et al., 2018; Amqam et al., 2020). 

FIGURE 2.1 Potentially toxic elements and their risks to human health. 

2.4.2 RADIOACTIVE SUBSTANCES 

Radioactive substances produce rays and known as physical pollution sources. 
They decrease the quality of living due to the release of radioactive material 
during the explosion and exploration of nuclear weapons, nuclear production, 
and termination of operations, radioactive mines, waste management and 
waste disposal, and risks at nuclear power plants. Naturally occurring 
radioactive materials and technologically advanced radioactive materials 
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contain materials which are usually industrial waste or products derived from 
organic matter, such as uranium, thorium, and plutonium and any of their 
decay products, such as radium and radon. Naturally occurring radioactive 
material is found in the lower concentrations in the earth’s crust and pollute 
the environment when humans do mining and some natural processes, such 
as radon gas leaks into the atmosphere or by groundwater depletion (Steffan 
et al., 2018; Fadlallah et al., 2019). 

2.4.2.1 HUMAN HEALTH RISKS 

Radioactive pollution is accompanied with the ionizing radiation emissions 
of high-energy particles or gamma radiation that has a high frequency and 
therefore high energy. Particles or high-energy electromagnetic radiation 
penetrates into the human body and causes ionization of molecules present 
in the body. This ionizing radiation is a serious threat to human health. 
These free radicals that are formed react with the components of the living 
organism, causing the destruction of proteins, membranes, and nucleic acids 
(Vieira et al., 2020). Depending on the intensity and duration of exposure to 
ionizing radiation, its effects on a living organism may be accompanied by 
mild, moderate, or even fatal consequences. Low-level exposure may induce 
only superficial effect and mild skin irritation. The short-range exposure 
which occurs for few days provokes the loss of hair or nails, subcutaneous 
bleeding, and impairment of cells. The long but low-intensity exposure leads 
to nausea, vomiting, diarrhea, and bruises. The acute exposure to ionizing 
radiation is characterized by the damage of DNA cells that results in cancer, 
genetic defects, and even death (Li et al., 2018). 

2.4.3 NUTRIENT POLLUTION 

Pollution is a common thread that connects many problems along the coast 
of nations, including eutrophication, harmful algal flowers, dead areas, fish 
stocks, certain shellfish toxins, loss of seaweed and kelp beds, the destruction 
of certain corals, and even other animals, marine mammals, and seabirds. 
More than 60% of our rivers and coastal areas in all the coastal states of 
the United States have been moderately polluted. This degradation is worse 
in the mid-Atlantic, southeast and in the Gulf of Mexico. Over the past 40 
years, pollution control laws have significantly reduced the release of toxic 
substances in our coastal waters. It is known that (1) benthic chlorophyll 
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distribution is strongly associated with the total N and phosphorus (P) in 
water, (2) nutrient uptake in many rivers and streams, (3) bioassays typically 
show N alone or concert responses with P autotrophic (primary production 
and chlorophyll) and heterotrophic (respiratory) responses, (4) both hetero
trophic and autotrophic processes are influenced by the presence of N and 
P, and (5) Transmission of cyanobacteria generally appears to be unable to 
fully satisfy the N limit in rivers and streams where P is present above the N 
level. This suggests that the control of N and P should be considered in the 
management of streams (Glibert et al., 2018; Sarma et al., 2020). 

The livestock from agriculture sector provide up to one-third human 
protein requirements and a major employment provider in developing 
countries. While it offers such great benefits to people, livestock mistreatment 
can have serious environmental consequences that have not been addressed 
adequately in many emerging economies. About 60% of the world’s 
biomass is harvested annually to support all human activities consumed by 
the livestock industry, making it impossible to distribute such large-scale 
resources to the industry. Nitrogen from animal waste that falls directly into 
the surface water or nitrogen is regenerated in the air as ammonia can be one 
major source of N from agricultural activity to coastal waters (Shortle and 
Horan, 2017). 

2.5 MANAGEMENT OF INORGANIC ENVIRONMENTAL POLLUTANTS 

Air, land, and water pollution caused less than 9 million deaths in 2016, or 
16% of all deaths worldwide. About 92% of all deaths related to pollution are 
found in developing countries, with the poor, the marginalized, and the very 
young are affected by the health effects of pollution. The economic burden is 
enormous in 2016, air pollution occurring alone costing the global economy 
US$ 5.7 trillion or 4.8% of global GDP (Bennett et al., 2018). 

The deterioration of environmental health due to rapid industrializa
tion, urbanization, and increasing human pressure, is a major concern for 
developing countries, including India. Environmental pollution (soil, water, 
and air) is a toxic waste from various natural and anthropogenic activities 
and its adverse effects on biodiversity require further research to reduce and 
solve these problems effectively. Compared with conventional remediation 
methods, modern methods are much higher and more effective in removing 
large amounts of natural and uncommon pollution from contaminated 
sources (Fig. 2.2). 
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FIGURE 2.2 Remediation approaches for contaminants. 

2.5.1 CHEMICAL MANAGEMENT 

The identification and removal of hazardous environmental pollutants is 
indeed a major challenge in this age of industrial development. Changing 
the old way of managing progressively in the study of nanoparticles will go 
a long way in overcoming this problem. Because of the unique features of 
this process, such as surface area, size, photoelectronic, photocatalytic, and 
absorptivity properties, nanoparticles are considered to be the most useful and 
important source for the detection and repair of hazardous pollutants. 

The preparation of inorganic ions and metals of natural clay particles and 
metal oxides has been tested. PTEs such as Cu, Cd, Ni, and Pb are better 
absorbed by oxidized hydroxylated carbon nanotubes (CNTs). The best 
adsorber for organometallic elements has been developed in the form of various 
pure CNTs. CNTs act as adsorbent for a wide variety of organic compounds, 
such as dioxin and its metabolites, polynuclear aromatic hydrocarbons (PAHs), 
chlorophenols, chlorobenzenes, and bisphenol A (Xue et al., 2017). 

Advertising material will be of great help and comfort in use to solve 
this problem. While the adsorption capacity of any nanomaterial depends on 
the height of the structure and the surface characteristics. For this, the most 
advanced carbonaceous nanoparticles are graphene oxide and graphene. 
Theoretically, a certain area in graphene is high and it contains active 
groups, which show their potential in adsorption. In the past, air and water 
pollution controls have been based on graphene or composite compounds. 
The different active groups of graphene make it more acidic, making it more 
exposed to alkaline chemicals and cations. Graphene has a hydrophobic 
surface and due to its high oku-π interaction, it has a greater tendency to 
chemical reactions. Different nanocomposites can be made by converting 
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graphene oxide or graphene with iron or natural oxides, which increases the 
adsorptive tendency and isolation efficiency (Ali et al., 2019). 

The use of different sorbents and adsorbents such as biochar for envi
ronmental management has been the cause of the world’s recent interest in 
advancing biochar production technology and its management. The use of 
biochar in the soil has great potential for enhancing extended and long-lasting 
carbon stability due to the fact that biochar carbon is very restorative and has 
a fragrant structure. The recurring biochar condition persists in the soil from 
1000 to 10,000 years and helps to increase soil storage and pollution regula
tion. Recently, biochar application to contaminated soil has been considered 
as a tool to rectify soil contaminated by PTEs. It has more surface and has a 
porous structure. Biochar, a carbon-rich natural substance, has been widely 
used in the formation of particles for carbon recovery, soil fertility, and 
environmental remediation. Synergistic methods of biochar in composite 
membranes have been proposed to determine the superior membrane 
efficacy in the treatment of pollutants. Multifunctional biochar composite 
membranes not only effectively prevent pollution problems caused by using 
the biochar particle as a sorbent but can also be produced on a large scale, 
demonstrating the great potential for practical use. The promising ability to 
extract biochars to eliminate pollution depends on its connected structures, 
surface chemistry, surface area, and porous structure, which differs signifi
cantly from the immature material and the proposed conditions for pyrolysis 
(Wu et al., 2017; Zhu et al., 2017; Wang et al., 2019). 

2.5.2 BIOLOGICAL APPROACHES 

The most harmful factors affecting aquatic and human lives are hazardous 
metals and organic color dyes. The biological technique can be used for their 
remediation is known as microbial fuel cell (MFC), the most hopeful, envi
ronment friendly, and an emergent technology. In this biological remediation 
method, which involves microbial role, an electric current is generated 
along with treatment of aquatic pollutants. While discussing about the MFC 
technology, it is clear that this technique provides an alternative with high 
potency in the area of wastewater management. Long-term useable green 
energy sources have been introduced by this technology, and the researchers 
are actively focusing on this methodology as biodegradable matter and 
waste material are used in MFC devices as fuel to operate the device. Some 
important parts of MFC device include electrodes, variety of microbes, and 
MFC design. These parts have an important participation in the removal of 
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pollutants caused by dyes from water and reduction of heavy metals from 
highly toxic area making that less toxic. To check the working efficiency 
of the MFCs devices for water treatment different researches have been 
conducted (Yaqoob et al., 2020). 

Many living organisms could be used in the degradation and detoxification 
of major aquatic pollutants. The green algae (Chlorella) has been used for 
metal biosorption. Bioremediation of toxins through plant is also considered 
the most important way of bioremediation of the biosphere. Moreover, 
phytochelatins and metallothionein can detoxify the PTEs. It shows that 
plants have the ability in the reclamation of air, soil, and water (Shrestha et 
al., 2019). 

2.5.2.1 TYPES OF BIOREMEDIATION 

Plants and microbes use a variety of methods to repair contaminated areas. 
Bioremediation, specifically phytoremediation technology can be catego
rized on the basis of the process and its functionality as follows: 

2.5.2.1.1 Mycoremediation 

Recently, algae have become a material for the natural purification of polluted 
water and polluted areas. They are able to accumulate/remove toxins from 
the body nutrients, PTEs, pesticides, and other nontoxic substances and 
inorganic matter, and radioactive material. Wastewater treatment programs 
with low algae have become increasingly important over the past 50 years, 
and it is now widely accepted that wastewater treatment methods work as 
standard treatments. These specific factors have made algal wastewater treat
ment systems less costly and inexpensive treatment systems, especially for 
municipal sanitation. In this way, 70% of oxygen demand, 66% of chemical 
requirements, 71% of total N, 67% of P, 54% of dry solids, and 51% of 
soluble solids are reduced (Prasad, 2017). 

2.5.2.1.2 Phytoextraction 

Phytoextraction, a common phytoremediation process, involves the removal 
of pollutants by plant roots by subsequent accumulation in the airborne plant 
parts. Parts of the aerial plants are harvested and removed, thus ensuring 
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permanent removal of metals, such as Pb, Cd, Ni, Cu, and Cr from sites 
they are unclean. However, it only applies to those sites that contain low to 
moderate levels of iron pollution because plant growth does not reside in 
highly polluted areas (Chin, 2020). 

2.5.2.1.3 Rhizofiltration 

This approach relies on the ability of plant roots to absorb and destroy 
metals or excess nutrients from aqueous plants (wastewater streams, 
nutrient regeneration systems). Rhizofiltration fixes metals, such as Pb, 
Cd, Ni, Cu, and Cr radioactive material (U, Cs, Sr). Efficient plants should 
produce a large amount of biomass root or root zone, be able to collect and 
tolerate a significant amount of target metals, include easy handling and 
low maintenance costs, and should have secondary waste that needs to be 
disposed of. Earth plants are more suitable for rhizofiltration because they 
produce longer, larger, and more common root systems with larger metal 
spells (Benavides et al., 2018). 

2.5.2.1.4 Phytostabilization 

In this way, plants are used to convert toxic soil compounds into less toxic 
species, which can be removed from the soil. Phytostabilization stops debris, 
prevents air and water erosion exposure, provides water control that reduces 
direct migration of contaminants into groundwater and disables physical and 
chemical pollution through root sorption and chemical rehabilitation through 
various soil amendments. Phytostabilization requires plants that can grow in 
contaminated soil and their roots must grow in a polluted environment, and 
to convert biological, chemical, or physical conditions in the soil that convert 
toxic metals into less toxic ones. Plant toxicity by plants can be improved by 
supplementing the soil with increasing soil organisms and pH (using lime), 
or by binding certain nutrients with phosphate or carbonate without the use 
of soil amendments (Visconti et al., 2020). 

2.5.2.1.5 Phytovolatization 

The use of plants to absorb PTEs and to convert them into flexible, nontoxic 
chemical forms for respiration is called phytovolatization. Some PTEs, such 



 

 

54 Nanotechnology for Environmental Pollution Decontamination 

as As, Hg, and Se may exist as natural gas types. Other plants that are naturally 
occurring or genetically modified, such as Chara canescens (musk grass), 
Brassica juncea (Indian mustard), and Arabidopsis thaliana have reportedly 
been able to absorb heavy metals and convert them into oxygen-rich species 
inside the plant and release them into space. Phytovolatization is mainly used 
for the extraction of mercury when mercuric ions are converted to nontoxic 
mercury elemental gas. However, unlike other remedial techniques, once 
impurities are removed by volatilization, one cannot control their migration 
(Guarino et al., 2020). 

2.5.2.1.6 Phytodegradation 

In phytodegradation, plants reduce pollution through metabolic processes 
and utilize rhizospheric associations between plants and soil insects. Plant 
enzymes that digest waste can be released into the rhizosphere, where they 
can play a major role in the conversion of pollutants. Enzymes, such as 
dehalogenase, nitroreductase, peroxidase, laccase, and nitrilase have been 
found in vessels and soil. In addition, natural compounds, such as blasting 
machines, chlorine-containing solvents, herbicides and insecticides and 
inorganic nutrients can also be undermined by this technology (Chlebek and 
Hupert-Kocurek, 2019). 

2.6 CONCLUSIONS 

In the human body, inorganic compounds play a very significant function. 
Some metals, including zinc, copper, and iron are very important to human 
survival. But they are considered highly hazardous compounds like other 
metals as they reach their allowable levels in the human body. There is 
no doubt, though, that these potentially dangerous chemicals have given 
comfort to human life, even though this calmness has resulted in human 
destruction. They affect the human body from soil malfunction to malfunc
tion. Both living organisms are changed by their detrimental consequences 
in every way. It is not enough for humanity to escape natural catastrophes, 
but man should somehow get rid of his own troubles. When we begin to 
stick to the ideals of sustainable development, we will prevent the impact 
of humanitarian crises on the environment. In order to avoid environmental 
contamination at the start, certain steps need to be taken. The degradation of 
potentially hazardous contaminants can be avoided by premature mitigation, 
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but once they enter the atmosphere, they must be resolved by intelligent 
action, and such steps may be to rid the environment of metals in an afford
able, simple, and permanent manner. Physical, chemical, and biological 
remediation steps are included. 
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ABSTRACT

The integration between nanomaterials and sensor devices allows for a 
various number of nanosensor construction and applications, including 
monitoring of environmental pollutions. Nanosensor is a smart alternative 
to the classical analytical instrument that allows highly sensitive, selective, 
and online detection of environmental pollutants with simple or less prepara-
tion. This chapter describes technology advances in nanosensors that utilize 
electrochemical, optical, colorimetric, and magnetic properties to improve 
the sensor analytical performance for environmental pollutant detections. 
Gold nanoparticles, magnetic nanoparticles, carbon nanotubes, quantum 
dots, etc., as nanomaterials have been actively investigated for nanosensor 
developments based on various transducer modes. The nanosensor tech-
nology will eventually create tiny sensing devices for rapid detection and 
screening of a wide range of environmental pollutants with high selectivity 
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and sensitivity at an affordable price that have become a smart analytical 
tool in environmental monitoring in the near future. 

3.1 INTRODUCTION 

Environmental pollutions from human activities often cause a severe effect 
globally, and many pollutants are harmful to humans, animals, and plants 
(Appannagari, 2017). Especially for humans, pollution causes morbidity and 
mortality (Manisalidis et al., 2020). In 2015, it was predicted that 9 million 
premature deaths, and 16% of all deaths in the world were due to diseases 
associated with environmental pollutions (Landrigan et al., 2018). Pollution 
is classified as human-made pollution and natural pollution. Human-made 
pollution is caused by human activity, where human-made pollution can 
be a trigger for biological pollution, such as our flood, etc. On the other 
hand, environmental pollution can also be categorized as water pollution, 
air pollution, land pollution, food pollution, etc. While natural pollution is 
often caused by natural phenomena, such as flood, drought, earthquake, etc. 
(Appannagari, 2017). 

Air pollution is defined as the presence of chemical compounds in 
atmospheric air, with toxicity at a high concentration that may be hazardous 
to animal vegetation, human. Air pollution decreases the quality of air. 
Common gases causing air pollution include sulfur oxide (e.g., SO2), 
nitrogen oxide (e.g., NO, NO2), and carbon monoxide (CO). For human, SO2 
gase may damage skin. CO gas has higher affinity for hemoglobin compares 
with oxygen causing carboxyhemoglobin. In the case of environmental 
pollutants causing health problems, polyaromatic hydrocarbon (PAH), 
persistent organic pollutants (POPs) (Ukaogo et al., 2020), incomplete 
combustion of organic material, etc. had caused cancer (Zamora-León and 
Delgado-López, 2020). 

Water pollution is a critical global public policy issue. Sometimes, 
pollutants at levels that could harm human has caused drinking water 
pollution (Ewuzie et al., 2020). The parameter of quality water include 
turbidity, total suspended sediments (TSS), dissolved oxygen (DO), 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), 
water temperature (WT), secchi disk depth (SDD), colored dissolved 
organic matters (CDOM), total phosphorus (TP), and sea surface salinity 
(SSS) (Gholizadeh et al., 2016). The effect of water pollutant can cause 
acute toxicity and genotoxicity for human (Bashar and Fung, 2020). 
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Classically, the determination of environmental pollution was done 
using chromatography technique, such as gas chromatography (GC) for air 
pollution, thin-layer chromatography (TLC), and high-performance liquid 
chromatography (HPLC) for water pollution (Parihar et al., 2020). However, 
these analytical instruments required sample preparation, lengthy proce
dures, relatively expensive, skilled personnel, and cannot be used in the field 
(Reis et al., 2009). Other approaches that have been developed currently 
are chemical sensors and biosensors employing nanomaterials that are often 
called nanosensors. 

A suitable nanosensor for analyzing the environmental pollution should 
be inexpensive, small, easy-to-operate, and portable that can be deployed 
in the field. During the last decades, nanosensors that can be employed in 
situ analysis have gained increasing concern in environmental pollution 
monitoring. In this chapter, we presented various nanosensors based on their 
transducers, such as electrochemical, optical, colorimetric, and magnetic/ 
acoustic, for the detection of environmental pollutants as target analytes. 

3.2 NANOSENSORS 

Nanosensors measure physicochemical change and convert it to signals 
that proportional to the analyte detected. They are nanoscale sensors that 
are constructed to about 10 nm in dimension and can detect a few attogram 
scales of masses. Today, there are various approaches proposed to create 
nanosensors. These include bottom-up assembly, top-down lithography, 
and molecular self-assembly (Peng et al., 2009). They are created to imitate 
the natural nanomaterials, such as DNA, membranes, proteins, and other 
biomolecules that could detect physicochemical changes in a minute via 
various detection mechanisms (Kuswandi, 2019). 

Nanosensors are used in different nanomaterials that could enhance 
detection at a very low level of harmful contaminants in foods associated with 
environmental pollution that could occur during processing, distribution, or 
handling (Jianrong et al., 2004). Currently, nanosensors have widely been 
considered as analytical tools in various fields, such as medicine, agriculture, 
the food industry, and the environment (Akimov et al., 2008). Nanosensors 
share the same basic principle of sensor, that is, a selective reaction with 
an analyte, signal generation from the physicochemical reaction with the 
recognized element, and the signal processing into measurable quantities as 
shown in Figure 3.1. In pollutant detection, the recognized element contains 
a reagent or bioreagent that could detect the target analyte of pollutants from 
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environmental samples. In nanosensor development, nanomaterials are used 
in the recognition element reagent in order to enhance the sensor analytical 
performance, such as sensitivity, selectivity, etc. 

FIGURE 3.1 Mechanism principles of nanosensor. 

Nanosensors have advantages in terms of specificity and sensitivity 
compared with sensor-based bulk materials, since their nanoscale properties 
of nanomaterial are not present in classical materials (Sadik et al., 2009). 
Nanosensors could improve specificity because they work at a scale similar 
to biological processes, capable of functionalization with reagents and 
biomolecules, so that the recognition processes could be improved, which in 
turn, increasing detectable signal. Increasing in sensitivity due to nanomate
rials have a high surface-to-volume ratio, as well as new physical features, 
such as nanophotonics or localized surface plasmon resonance. 

Nanosensors based on their applications can be classified into four 
classes, that is, chemical nanosensors, nanobiosensors, electrometers, and 
deployable nanosensors, as illustrated in Figure 3.2 (Agrawal and Prajapati, 
2012). Chemical nanosensor generally uses cantilevers and electronics 
with a capacitive signal to analyze the target analytes. This nanosensor 
is very sensitive to detect a target analyte as a single chemical species or 
biomolecule. Nanobiosensor is a biosensor based on nanomaterials which 
contains various types of biorecognition elements. Diverse kinds of nano
biosensors are developed, such as enzyme biosensor, cell-based biosensor, 
immunosensors and DNA biosensors (Kuswandi, 2019). Electrometer is a 
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mechanical electrometer in a nanometer scale that consists of a torsional 
resonator, a gate electrode, and a detection electrode that are employed 
to couple charge to the mechanical element. Deployable nanosensor is a 
chemical detection system that comprises a nanomaterial for sample collec
tion and concentration with a microelectromechanical-based chemical lab
on-a-chip detector. This nanodevice can be employed in homeland security 
that allows chemical agent detection in the air without human life risking 
by sending it up in the air. 

In the case of nanobiosensors, by using nanomaterials in the biosensor 
construction, some features, such as sensitivity, specificity, and rapid 
response are improved significantly (Jin et al., 2003). These features allow a 
wide range of the nanobiosensor applications in daily environmental moni
toring activities, for example, raw materials inspection, on-line process 
control, storage conditions monitoring, etc. In addition, the nanobiosensors 
could allow cost-effective improvements in environmental detection and 
monitoring. 

FIGURE 3.2 The nanosensors classification based on their applications can be grouped into 
four classes of applications, that is, chemical nanosensors, nanobiosensors, electrometers, and 
deployable nanosensors. 

3.3 NANOSENSOR MATERIALS 

Nanomaterials are important tools with physicochemical features that are 
specific because of their quantum-size phenomena when compared with 
traditional bulk materials (Willner and Vikesland, 2018). In addition, they 
also have very large surface area due to their nanosize (Buzea et al., 2007). 
For example, nanoporous carbon’s surface areas can reach up to 2000 sqm/g 
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(Promphet et al., 2015). Carbon nanotubes (CNTs) are content of unique 
variations of common graphite, with molecular tubes made up of hexago
nally bonded sp2 carbon atoms structure, with dimensions in the range 
1–50 nm, that is, single-walled carbon nanotube (SWCNT) or multiwalled 
carbon nanotube (MWCNT) (Mueller and Nowack, 2008). The surface area 
of SWCNT lies in the range of 400–900 sqm/g (Kurniawan et al., 2018). 
Zeolites, naturally occurring materials, have nanoscale pores, while anodic 
etching of monocrystalline silica using HF buffered with ethanol creates 
nanoporous silica. These nanomaterials have a high surface area-to-volume 
ratio (hundreds of sqm/cc) (Xiao and Li, 2008). 

The study of these different features allows the possibility to increase 
the sensitivity and selectivity of nanosensors. Interesting techniques have 
been developed on the improvement of electronic characteristics using 
metallic nanostructures (Agüí et al., 2008). These include the utilization 
of the nanostructured materials with specific shapes and dimensions, such 
as nanoparticles and quantum dots (0D), carbon nanotubes and nanowires 
(1D), and graphene sheets or metallic platelets (2D) orientations that show 
their features. Table 3.1 describes the different structure of nanomaterials 
based on their sizes, shapes, dimensions, and their applications. These 
nanomaterials provide increasing sensitivities in nanosensor, since their 
high surface-to-volume ratios that allow target analyte molecules to bond 
significantly that affect the bulk electrical characteristics of the structure. 
Because of their nanosize, they may be taken up by cells (Soares et al., 
2018), and thus these nanomaterials are promising candidates for in vivo 
sensing applications. In many cases, the nanosensors with inherent elec
trical features such as CNTs are particularly excellent and allow to improve 
the sensitivity of detection by themselves. Several sensing platforms have 
been constructed with nanomaterials that extremely change in sensor signal 
output (Jain, 2003). 

In the nanobiosensor technology, one of the most important advances 
has led to the employment of various nanoparticles, such as metal nanopar
ticles (He et al., 2008), carbon materials (Tortorich et al., 2018), quantum 
dots (Keçili and Hussain, 2018), oxide nanoparticles (Bhateria and Singh, 
2019), and magnetic nanomaterials (Haun et al., 2010). These are employed 
to improve the electrochemical signals of biocatalytic reactions that occur 
at the electrode/electrolyte interface. In addition, functional nanomaterials 
that are bound to biomolecules, such as proteins, nucleic acids, antibodies, 
aptamer etc., have been designed to detect and amplify transducer signals in 
nanobiosensor systems (Kuswandi, 2019). 



 TABLE 3.1 Structure of Nanomaterials Based on Their Size, Shape, Dimensions, and Their 
Applications. 

Dimension Direction of Example Shape Application 
confinement 

0D x, y, z Nanoparticles Photocatalytic activity 

1D x, y Rods, Wires, Tubes Wave guides 

2D x Nanofilms Components for PC, mobile 
Nanocoatings phone 

3D Nil Nanocomposite 
Bulk 
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In the last decade, the use of nanomaterials, such as nanoparticles, 
nanowire, nanotube, nanoneedle, nanosheet, nanocomposites, nanorod, 
and nanobelt, for nanosensor constructions have seen increased growth 
and development. Nanoparticles with surface modifications, such as gold 
nanoparticles (AuNPs), silver nanoparticles (AgNPs), Quantum dots (QDs), 
magnetic nanoparticles (MNPs), and CNTs can have specific target-binding 
features that provide high selectivity and sensitivity toward pollutants as 
target analytes. Various types of nanoparticles show different optical, fluo
rescence, and magnetic features, and interactions between these features 
allow nanoparticles as a great promising candidate for pollutants detection 
as given in Figure 3.3 (Peng et al., 2009). 

Table 3.2 describes the main types of nanomaterials that have been used 
for more improvement in the sensing mechanisms in nanosensor technology, 
either using a top-down or bottom-up approach (Kuswandi, 2019). Table 3.2 
highlights the advantage features of several nanomaterials used and some 
examples of applications (shown by corresponding references). The details 
of various nanobiosensors reported by the use of various nanomaterials, 
especially toward environmental pollutants, are discussed in the applications 
section, such as heavy metal ions, organic contaminants, and others. 

MNPs made up of iron and its oxides have been employed for specific 
and excellent magnetism detection events and interactions, such as magnetic 
resonance imaging (MRI) and other magnetism detection techniques. These 
MNPs can be incorporated with fluorescent molecules or can be created 
to deliver specific responses by coupling with externally applied magnetic 
fields. Similarly, nanostructures-based zinc and zinc oxide have been exten 
sively employed for biochemical phenomenon detection to be a more precise 
and sensitive scheme. These magnetic nanosensors have been used in the 



 

 FIGURE 3.3 A schematic features of AuNPs/GNPs, QDs, and MNPs for nanosensor 
applications toward environmental pollutants. 

Source: Reprinted with permission from Peng et al., 2009. © 2009 American Chemical Society. 
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optimized detection of organic pollutants and other target analytes (Koh and 
Josephson, 2009). Similarly, CNTs have also been employed and optimized 
to detect the biosensing processes that allow for rapid and sensitive detec
tion, since much better interactions between the target analyte and the biore
ceptor molecule have occurred. CNTs-based biosensors have been actively 
employed in body fluids, such as for glucose (Yogeswaran and Chen, 2008) 
and insulin detections (Qu et al., 2006). In addition, their application for 
pollutants detection have been reported in the literature (Badihi-Mossberg et 
al., 2007; Hussain and Keçili, 2020). 

3.4 SENSING TYPES 

A nanosensor generally consists of recognition elements that can be referred 
to as chemical or biochemical recognition elements or receptors attached to 
the transducer. The receptor interaction toward the target analyte is designed 
to create physicochemical events that can be converted proportionally 
into a quantifiable and processable signal, such as an electrical, optical, or 



 

 TABLE 3.2 Some Examples of Nanomaterials Used for Nanosensor Technology. 

No. Nanomaterial type Advantages 	 References 
1 Nanoparticles	 Possess good catalytic properties, aid Luo et al. (2006) 

in immobilization, and better loading of 
biomolecule as target analyte, 

2 Nanowires	 Good electrical and sensing features Pal et al. (2007) 
for biochemical sensing, better charge 
conduction, and high versatility 

3 Nanorods	 Can be coupled with MEMS, good Sawant and 
plasmonic materials for coupling with Sawant (2020) 
sensing phenomenon and size-tunable energy 
regulation, and induce specific field responses 

4 Carbon nanotubes	 Higher aspect ratios, better electrical Pumera et al. 
transducer, ability to be functionalized, and (2007) 
improved enzyme loading 

5 Quantum dots	 Excellent in fluorescence, including Huang et al. 
size-tunable band energy and quantum (2005) 
confinement of charge carriers 
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magnetic signal (Agrawal and Prajapati, 2012). In this regard, nanosensors 
are new generations of sensor types that allow sensing or detection of various 
target analytes, such as chemicals species, compounds, or microorganisms at 
absolute low levels with rapid response and high accuracy (Asmatulu and 
Khan, 2019). 

Nanosensors are classified on the basis of recognition element types or the 
mode of physicochemical transduction. Therefore, the type of nanosensors 
depend on the system of transducer mechanism, such as electrochemical, 
optical, colorimetric, and magnetic. Thus, nanosensor can be classified as 
electrochemical nanosensor, optical nanosensor, colorimetric nanosensor, 
and magnetic nanosensor (Agrawal and Prajapati, 2012) that are discussed 
in this chapter. 

3.4.1 ELECTROCHEMICAL TECHNIQUES 

In classical interfacial electrochemical techniques, these techniques can 
be classified into different subtypes on the basis of signal types, such as 
potentiometry, amperometry, voltammetry, and colorimetry, as given in 
Figure 3.4. This electrochemical reaction occurs between electrode and 
target analyte that measures in terms of the transduced signal, for example, 
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a potential or current (Sabahudin Hrapovic et al., 2003). This signal is quan
tified directly and is proportional to the concentration of the target analyte 
in the sample. Therefore, in electrochemical nanosensor, the integration 
of recognition elements employing nanomaterials with electrochemical 
transducer occurs, other developing technique such as electrochemical 
impedance spectroscopy is also involved. Numerous electrochemical 
sensing devices, such as amperometric, voltammetric, conductometric, and 
electrochemical luminescence are employed in electrochemical nanosen
sors (Zhu et al., 2015). 

FIGURE 3.4 Schematic diagram of classical interfacial electrochemical techniques. 

In the electrochemical sensing mechanism, the chemical reaction takes 
place in which electron moves between two electrodes in an electrochemical 
cell containing an analyte. This reaction is called oxidation–reduction reaction 
(redox). The electrons flow between the two atoms in the redox reaction 
produce an electrical signal. Here on one side, electrons keep moving into 
the electrode, and on the other side, it is moving out of the electrode. The 
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electrochemical nanosensors utilized in the detection of pollutants as target 
analytes have been used for heavy metals, textile dye compounds, pesticides, 
and herbicides detections (Hussain and Keçili, 2020) 

Nanotechnology has great potential to increase selectivity and sensitivity 
in electrochemical sensor development as it synergies the catalytic activity 
effects among biocompatibility and conductivity to enhance the transducer 
amplification and read-out signal (Zhu et al., 2015). The voltammetric sensor 
is a versatile electroanalytical approach for the determination of pollutant 
substances. The mechanism of the voltammetric sensor measurement is 
based on a potential waveform function that was applied to the electrode. 
This method was successfully determined for various pollutants, such as 
herbicide, heavy metal, a pharmaceutical compound, etc. (Kuswandi, 2019). 

The amperometric sensor is a specific electrochemical technique involving 
oxidized or reduced reaction (redox reactions) of certain chemical species as 
target analytes are driven at a constant applied potential on the inert metal 
electrodes. The target analytes are called electroactive species. Generally, 
an amperometric cell consists of two or three electrodes, that is, a working 
electrode, a counter electrode, and a reference electrode. In this cell type, 
a metal, such as platinum or gold, is usually used as the working electrode, 
where it works as the recognition element in amperometric nanosensor 
(D’Orazio, 2003). 

A conductometric sensor measures the current produced through the two 
electrodes in a conductometric cell. This sensor detects and measures the 
resistance changes so that the target analyte is allowed to restrict the charge 
that flows through it. Generally, in an electrochemical setup, a target analyte 
allows the current to pass through between two electrodes, that is, working 
and reference electrodes. Since the target analyte has high conductance and 
low resistance, it will enable more current to flow through, and the other way 
around, due to the presence of two electrodes the analyte restricts the flow of 
charge differently (Riordan and Barry, 2016). 

Besides interfacial electrochemical techniques, solid-state electrochemical 
approaches are also employed in electrochemical nanosensors, such as field-
effect transistors (FETs), as the first developed nanosensor of this type. These 
FETs have tunable characteristics and can be associated with the simple and 
quantitative detection system. They are using rod-shaped nanomaterials, 
such as nanorods, nanowires, nanotubes, nanoribbons, and nanotowers. In 
the case of pollutants as targeted analytes, the targeted analytes cling to the 
FET active area and this causes the impedance change and creates a signal 
(Kuila et al., 2011). Nanomaterial based on this shape provides enhanced 
sensitivity and current flow active area compared with the activities of other 
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nanoscale morphologies on the detector surface. In this case, the nanomaterial 
that is most commonly employed is silicon nanowires, since they have high 
sensitivity and are simple to be chemically modified or functionalized on 
their surface (Peng et al. 2009). 

Nanowires, for the first time, were used in the solid-state-based nanosensor 
system for sensitive and direct detection of chemical and the biochemical 
analyte in solution (Cui et al., 2001). This shows that electronic solid-state 
sensors using nanowire could detect 10 pM concentrations of a macromolecule, 
while further improvement to reach the detection limit of fM is also possible. In 
addition, nanosensors can be constructed and optimized for organic pollutant 
detection based on their conformational change. Here, the sensor sensitivity 
depends on the electrical resistance that originates from the silicon nanowire 
tips, producing quicker transfer of electron on the tip, compared with the 
sidewall. The nanosensor mechanism is based on permittivity and electrical 
resistance modification on the surface of the nanomaterials resulting from the 
attachment of the macromolecule as a target analyte. 

In addition, graphene and its derivatives are another popular nanomaterials 
for a solid-state electrical nanosensor. Graphene oxide was utilized for the low 
detection of hydrogen peroxide in a composite with horseradish peroxidase 
(HRP) and DNA (Zhang et al., 2010). Here, the composite was prepared on a 
glassy carbon electrode surface where the HRP reduces hydrogen peroxide, 
while the graphene oxide and DNA stabilize the HRP in order to allow trans
port of electrons to the electrode. By using this construction, this nanosensor 
was able to detect a low concentration of hydrogen peroxide (below 1 mM). 

3.4.2 OPTICAL 

Commonly, an optical nanosensor consists a recognition element where 
nanomaterials employed could react to the desired target pollutants, and 
a transducer element is used for signaling the interacting event with the 
target analyte. Here, the recognition elements, such as enzyme, antibody, 
DNA, aptamer, molecularly-imprinted polymers, and host-guest recognizer, 
attract more attention of many researchers to enhance the sensor’s analytical 
performance. The optical nanosensor produces a facile, rapid, and low-cost 
approach for sensitive and selective detection of pollutants. In direct 
optical nanosensors the analytes are detected directly via some intrinsic 
optical properties which include absorption or luminescence as applied in 
conventional optical sensors. Figure 3.5 shows various signaling for optical 
sensors (Yan et al., 2018) that are also employed in optical nanosensor. 
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FIGURE 3.5 Classification of optical nanosensor. 
Source: Adapted from McDonagh et al. (2008). 

Fiber optic nanosensor contains an optoelectric component such as LED, 
LD, photovoltaic cell, etc. Optoelectronic components produce light that 
travels through optical fiber, after that the light passes through modulating 
element that is measurand, then the light enters in the detector for signal 
processing and finally produces read out. The optical fiber consists of the core 
and cladding which have a different refractive index (Yadav and Srivastava, 
2018). Some of the optical fiber nanosensor head probes consist a nanometer-
size Fizeau interferometer doped with the vapochromic material, created 
onto the cleaved end of a multimode fiber optic pigtail (Cabanillas-Galán et 
al., 2008). The optical fiber nanosensor function is working using the bright 
red powders of the vapochromic material [Au2Ag2(C6F5)4(C6H5N)2]. 
Here, the vapocromic material changes in its optical characteristics, for 
example, color or refractive index upon exposure to organic vapors, such as 
air pollutants. The original optical signal recovery is reached as the analyte 
vapors are disappeared. 

An inactive and bioacceptable matrix has been used as a sensing element 
and an optical reporter in the fluorescence nanosensor developments (Chen 
et al., 2013). The sensing element of these nanosensors is a fluorophore, a 
material that emits fluorescence, which is selective and sensitive to the target 
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analyte such as pollutant. Several fluorescence nanosensors employing a 
polyacrylamide matrix have been developed to target analytes such as zinc 
(Sumner et al., 2002). Here, microemulsion polymerization techniques are 
used to prepare uniform sized nanoparticles. 

The organic polymerase silica sol–gels have been used as another 
important matrix in optical nanosensors. They are optically transparent, 
photostable, porous, high purity, thermally stable, and chemically inert 
material. For example, an oxygen-sensitive ratiometric sol–gel nanosensor 
has been developed by employing the probes encapsulated using biologically 
localized embedding (Xu et al., 2001). Here, the quenching of luminescence 
byoxygen has been used as the sensing mechanism in the sol–gel nanosensor 
response, it is determined from the ratio of fluorescence intensities 
([Ru(dpp)3]2+/Oregon Green 488-dextran). This nanosensor approach was 
further developed as ion-selective optode based on fluorescent indicator dyes 
for adequate sensitivity or selectivity to detect ionic species concentrations of 
the target analyte (Chan et al., 2001; Kuswandi et al., 2007). Here, an optical 
ionophore with a flanking optically visible agent acted as a reporter dye was 
developed for a high degree of selectivity for the particular target analyte. 
As one of the most commonly used sensing candidates, fluorescence-based 
nanosensors have been widely used in a broad range of applications (Yan et 
al., 2018). In fluorescence-based nanosensors, a spectrofluorophotometer is 
used for the analyte detection or the analyte is detected by the naked eye. 
This sensor has been employed for the signal change collection via on-site in 
field applications (Paterson and De La Rica, 2015). 

The basic principle of surface plasmon resonance (SPR) nanosensor 
construction layers rely on a strong electromagnetic field oscillation 
resonance, where the resonance is created at the interface between nanometal 
film and p-polarized incident light of a dielectric medium. These phenomena 
are creating a dark band profile in the light reflectivity at an incident angle 
and a specific wavelength. Revolutionary research on the blue LED based on 
III-V compound semiconductor construction allows the LED devices to emit 
all primary colors (RGB, red, green, and blue) (Prabowo et al., 2018). 

In nanosensor type, besides normal SPR, many nanosensors are 
working based on localized surface plasmon resonance (LSPR) function via 
variations in transducing of local refractive index of the LSPR extinction 
band maximum by wavelength modifications. Here, the extinction band is 
a direct excitation effect of the LSPR. For instance, LSPR nanosensors for 
Concanavalin A, a carbohydrate-binding protein, where the LSPR spectrum 
of the mannose-functionalized Ag nanosensor had an λmax of 662.4 nm 
(Yonzon et al., 2005). Here, Concanavalin A (19.8 μM) was introduced into 
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the flow cell and later followed by complete binding of the Ag nanosensor 
incubated at room temperature for 20 min. Then, the sample was rinsed in 
buffer solution and followed by a 6.7 nm red-shift of the LSPR λmax, where 
in this case, the LSPR λmax of silver nanotriangles was found at 669.1 nm. 

Besides LSPR, in optical nanosensors, Raman spectroscopy is often 
used. This type of optical nanosensor is based on a vibrational spectroscopic 
approach. This nanosensor allows discriminating between molecules with 
close resemblance, for example, glucose and fructose, as the structural isomers. 
Here, surface-enhanced Raman scattering (SERS) has been employed for 
rapid detection of Bacillus subtilis spores as a biological contaminant and as 
a harmless simulant for B. anthracis (Yonzon et al., 2005). 

3.4.3 COLORIMETRIC 

Colorimetric nanosensor is another type of optical nanosensor that works 
via a colorimetric basis or color change. Here, a chemical reaction or 
physicochemical change in the presence of the target analyte causes a color 
change to occur that can be detected optically or via naked eye. In the case 
of colorimetric nanosensor applications, AuNPs are employed for the detec
tion of environmental pollutants, for example, heavy metals (Willner and 
Vikesland, 2018; Ullah et al., 2018; Kuswandi, 2019), in this case, a color 
change indicates the presence of heavy metals. 

The development of colorimetric nanosensors have been increased in the 
last decades, these nanosensors are versatile, low cost, and can be printed 
on paper surfaces. In addition, the main advantages of these nanosensors 
include the color changes can be detected by naked eye or color changes 
could be measured easily using cameras, smartphones, scanner or other 
image capturing systems (Chen et al., 2014; Hidayat et al., 2019). Classically, 
the most common approaches to colorimetric nanosensors were proposed by 
(1) linking a chromophore with a receptor element based on nanomaterial by 
means of a covalent bond, (2) the use of competition assays between a dye 
bonded to a receptor and a certain analyte, and (3) the use of new molecular 
systems-based nanomaterials that undergo guest-induced chemical reactions 
coupled to a color change. Therefore, the integration of nanomaterials in the 
sensing systems has allowed to explore novel properties such as localized 
surface plasmon resonance. These colorimetric approaches include incor
porating nanomaterials in the recognition moiety as hybrid supramolecular 
chemistry, in the signaling group, such as AuNPs and QDs, or as vehicles 
for more complex events, such as aggregation/agglomeration processes, etc. 
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The most common nanoparticles used in the colorimetric method is 
AuNPs, since AuNPs-based colorimetric approach is a powerful assay for the 
colorimetric detection using naked eye detection for various target analytes, 
including pollutants, since the molar extinction coefficient are high (Cao et 
al., 2011). The AuNPs–LSPR is highly susceptible to their particle size and 
aggregation degree. When the target analyte is present, the color change occurs 
due to a change in the wavelength of AuNPs surface plasmon resonance as a 
result of dispersion change to the aggregation of AuNPs or the disassembly of 
aggregated AuNPs, as depicted in Figure 3.6 (Chen et al., 2018). Based on the 
aggregation and anti-aggregation strategies as the sensing mechanism toward 
analyte, colorimetric nanosensors based on AuNPs have been developed for 
pollutants detection, such as pesticides, where these colorimetric nanosensors 
have advantages, such as simple, rapid, user-friendly, low cost, and easily 
detected by naked eyes (Tseng et al., 2020). 

Many harmful gases as air pollutants could be detected by a color change 
such as by using the commercially available Dräger Tube. This portable 
device provides an alternative to the bulky and lab-scale systems since the 
device can be miniaturized to be employed for point-of-sample devices in 
field applications. For instance, many chemical pollutants are regulated by 
the EPA (Environmental Protection Agency), they need extensive monitoring 
to assay that the pollutant levels are within the allowed limits. In this case, 
the colorimetric nanosensors allow a tool for on-site and on-line monitoring 
of many environmental pollutants (El-Safty et al., 2008; Ullah et al., 2018; 
Kuswandi, 2019). 

3.4.4 MAGNETIC NANOSENSORS 

Magnetic nanosensors are based on the binding of MNPs to a sensor surface, 
where the nanoparticle magnetic fields alter the magnetic fields of the 
sensor, resulting in electrical current changes within the sensor, as shown 
in Figure 3.7. The mechanisms of magnetic nanosensor, where magnetic 
nanoparticles attach to the sensor surface, can be classified as direct labeling 
and indirect labeling. Direct labeling means that magnetic probes bind 
functionality to the sensor surface directly, while indirect labeling uses 
the principle of the sandwich mode. Magnetic nanosensors are employed 
via applications of labeled supports to the nanosensors, inserted inside the 
transducers. The MNPs are distributed into the material by attracting them 
using an external magnetic field on the sensor active surface (Slimani and 
Hannachi, 2020). However, MNPs labeled with different sensing mechanisms 



 

 FIGURE 3.6 Commonly used sensing strategies in the colorimetric nanosensor based on 
AuNPs. 

Source: Reprinted with permission from Hai Chen et al. (2018). © 2018 Elsevier. 
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and instrumentations can be categorized as magnetoresistive nanosensors 
and magnetic relaxation switches. 
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FIGURE 3.7 Schematic diagram of magnetic nanosensor. 

Magnetic relaxation switches made from iron oxide and polymeric 
coating as marker agents were proven to be magnetic resonance agents and 
are widely used for various target molecules as analytes. When used as a 
targeted marker, surface-modified nanoparticles bind specifically to the target 
molecules that produce local inhomogeneities in the applied magnetic field 
in tissues where molecular targets are present. Thus, these inhomogeneities 
were causing decreases or increases in the relaxation time, which in turn 
leads to changes in the contrast of magnetic resonance images in response to 
the target analyte. 

Magnetic nanosensors used magnetic nanoparticles, such as iron nanopar
ticles, cobalt nanoparticles, and many other elemental nanoparticles that have 
ferromagnetic properties. Magnetic nanosensors were developed to detect 
molecular interactions in aqueous solution. Based on target binding. these 
nanosensors allow changes in their spin-spin relaxation times of neighboring 
water molecules, which can be detected by magnetic resonance techniques, 
such as magnetic resonance imaging or nuclear magnetic resonance (Perez 
et al., 2004; Koh and Josephson, 2009). Magnetic nanosensors have been 
applied to many target analytes, that is, (1) DNA detection, (2) specific 
protein detection in solution via antibody-mediated interactions, (3) many 
enzymatic activities detection, such as proteases, methylases, and restric
tion endonucleases, And (4) a more complex target detection such as viral 
particles. (Perez et al., 2004). 

3.5 APPLICATIONS 

3.5.1 HEAVY METAL POLLUTANTS 

Heavy metal means any metallic element that possess high density, and 
even in trace concentration, it can be toxic for plants and animals (Rascio 
and Navari-Izzo, 2011). Furthermore, heavy metals, such as mercury (Hg), 
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arsenic (As), copper (Cu), cadmium (Cd), chromium (Cr), lead (Pb), nickel 
(Ni), and zinc (Zn) are mostly found as pollutant in the environmental 
samples (Li et al., 2019), the toxicity of heavy metals, such as mercury cause 
blindness, deafness, attention deficit, ataxia, and decrease the rate of fertility 
(Ayangbenro and Babalola, 2017). Minamata disease is one of the diseases 
caused by mercury, and also the mercury neurological syndrome is caused 
by methylmercury contamination. Clinical symptoms for Minamata disease 
include sensory disturbance in the distal extremities, ataxia, impairment of 
gait, loss of balance, speech and hearing, concentric constriction of the visual 
fields, muscle weakness, tremor, and nystagmus (Semionov, 2018). There
fore, the determination of heavy metal as environmental pollutant is critical 
for investigating and preventive risk of heavy metal pollution, especially for 
a human. Tabel 3.3 shows some examples of nanosensor applications for the 
determination of heavy metal as environmental pollutant. 

Besides chemical nanosensors, as given in Table 3.1, various nanoma
terials have been employed and integrated as nanosensors to improve their 
sensitivity and specificity to certain metal detection, for example, heavy 
metals. The nanomaterials that have been used are MWCNTs (Keçili and 
Hussain 2018; Jianrong et al., 2004), gold nanoparticles (Zhang et al. 2014; 
Vijitvarasan et al., 2015), silver nanoparticles (Roto et al., 2019; Chatterjee et 
al., 2009), silica mesoporous/nanospheres (Zhai et al., 2012), and graphene 
oxide (Promphet et al., 2015; Zhu et al., 2015). Therefore, in this section, the 
nanosensors for heavy metal ions are presented. 

MWCNT, modified with 2-amino thiophenol has been developed to 
detect Pb(II) ion in water samples using a potentiometric approach (Guo et 
al., n.d.). The MWCNT nanosensor functionalized with aminothiophemol 
showed excellent analytical performance for Pb(I) due to their strong 
covalent bond between the carbonyl group of MWCNTs and the amino 
group of aminothiophenol to create the solid framework binding with 
Pb(II). In another study, an electrochemical nanosensor for the detection of 
Pb(II), Hg(II), and Cd(II) ions has been developed based on the MWCNT 
functionalized with triphenylphosphine (Bagheri et al., 2013). Here, the 
carbon screen-printed electrode (CSPE)-on the MWCNT modified with 
phosphorus group of triphenylphosphine monolayer binds to the heavy 
metal ions. In this case, the nanosensor was successfully employed to 
detect trace metals with a low detection limit at the sub-pM level. A glassy 
carbon electrode modified with bismuth film/carboxylic acid-functionalized 
MWCNT-β-cyclodextrin-Nafion nanocomposite (Bi/CMWCNTs-β-CD-
Nafion/GCE) has been developed for the low detection of Pb(II) and Cd(II) 
ions (Zhao et al., 2016). This nanosensor has been successful for detecting 



  

 

 

   
 

 
 

 
 

 

 

 
 

  
  

  
  
 

 

 

 

 

TABLE 3.3 Some Examples of Nanosensor Applications for Heavy Metal Ions Detection.

Analyte	 Nanomaterial Type of nanosensor Limit of detection References 

Cu2+	 Carbon dots-based dual-emission silica nanoparticles Optical nanosensor 35.2 nM Liu et al. (2014) 

Hg2+	 Dithizone nanoloaded membrane Optical nanoensor 0.057 ppb Danwittayakul et al. (2008)

Pd2+ Carbon nanoparticle probes (CNPs) Optical nanosensor 58 nM Sharma et al. (2016)
Hg2+ 100 nM 

Hg2+	 Eu(III)-pyridine-2,4,6-tricarboxylic acid (PTA) on mobil Optical nanosensor 1×10−6 M Zhai et al. (2012)
composition of matter No. 41 (Eu(PTA)@MCM-41) 

Co2+	 Mesoporous silica monoliths nanoparticle on Optical nanosensor 0.24 ppb Shahat et al. (2015)
N,N`di(3carboxysalicylidene)-3,4diamino
5- hydroxypyrazole (MSNPs@DSDH)

Cu2+	 β-cyclodextrin-modified Iron (II,III) oxide on silica oxide Magnetic nanosensor 5.99 × 10-6 M Zhang et al. (2015)
(Fe3O4@SiO2_ 

Mn2+ Magnetic nanoparticles (MNPs) modified with polyacrylic Magnetic nanosensor 0.06 µg/L Lee et al. (2009)
Co2+ acid (MNPs- PAA) 0.04 µg/L
Cu2+ 0.6 µg/L
Zn2+ 0.6 µg/L
Pb2+ 0.06 µg/L 

Fe3+	 L-cysteine (L-Cys) capped Fe3O4@ZnO core-shell Magnetic nanosensor 3 nmol/L Li et al. (2016)
nanoparticles (Fe3O4@ ZnO@L-Cys) 

Hg2+	 Carbon paste electrode modified with substituted thiourea- Electrochemical 7.0 × 10−8 M Javanbakht et al. (2009)
functionalized highly ordered nanoporous silica nanosensor 

As3+	 Sodium 3-mercapto-1-propanesulfonate capped gold Electrochemical 0.48 µM Ottakam Thotiyl et al. 
nanoparticles with two different cationic polyelectrolytes, nanosensor	 (2012) 
the poly (diallyldimethylammonium chloride)
(Au/MPS-(PDDA- AuNPs) 
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 TABLE 3.3 (Continued) 

Analyte	 Nanomaterial Type of nanosensor Limit of detection References 

Hg2+ Carbon paste electrode modified with natural smectite- Electrochemical 60 nm Tonle et al. (2005) 
type clays grafted nanosensor 

Cd2+	 Mesporous mangan cobalt spinel oxide nanoparticles Electrochemical 37.02 nmol/dm Antunović et al. (2019)
(MnCo2O4 NPs) nanosensorPb2	 8.063 nmol/dm 
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trace levels of Pb(II) and Cd(II) ions in soil samples with excellent recovery 
that gives a high potential for its use in environmental pollutants detection. 

Gold nanoparticles (AuNPs) have been widely used for Hg(II) ion detec
tion in water sample via simple optical nanosensor based on colorimetry 
approach (Li et al., 2014; Ding et al., 2012; Zhou et al., 2014; Hongming 
Chen et al., 2015) with the detection level from nM to sub-nM level. This 
detection limit was much lower compared with the WHO detection limit 
for Hg(II) in a real water sample (Ding et al., 2012). The nanosensor colo
rimetric response was associated with the color change (commonly from 
ruby red to royal purple) of the AuNPs solution as a result of the AuNPs 
aggregation when Hg(II) was absent. When the Hg(II) ions present, the color 
of AuNPs solution could have appeared. In addition, AuNPs can also be used 
with electrochemical nanosensors for the determination of Pb(II) and Cu(II) 
ions (Wan et al., 2015). Here, AuNPs modified screen-printed electrode was 
developed for this purpose, where they have a good detection limit at ppb 
level for Pb(II) and Cu(II) ions. 

Another electrochemical nanosensor using graphene oxide–glassy carbon 
electrode with a monolayer of AuNPs functionalized with the chitosan was 
developed successfully for rapid and specific detection of Hg(II) (Gong et 
al., 2010). Here, the nanosensor employing square wave anodic stripping 
voltammetry with a very low detection limit for Hg(II) ions (<1 ppb). Further
more, the urine sample has also been used as functional groups in AuNPs as 
recognition elements of nanosensing for Hg(II) ions. Here, in urine sample, 
the creatinine and uric acid can bind synergistically to AuNPs as well as can 
adsorb Hg(II) ions selectively. In this case, a low detection limit of Hg(II) 
ion (50 nM) was achieved with the low-cost nanosensor fabrication based 
on AuNPs (Du et al., 2013). It has been proved that by using agglomera
tion of AuNPs (20 nm chitosan-capped AuNPs), metal ions, that is, Zn(II) 
and Cu(II) can also be detected based on the suspension color change in 
the presence of these metal ions (Sugunan et al., 2005). So far, chitosan is 
a commonly known heavy metal chelating agent. In the case of Zn(II) and 
Cu(II), their presence is detected by the resulting loose agglomeration and 
colloidal instability of AuNPs. These effects result in a rapid change in color 
which is directly associated with the heavy metal ion concentration. Pb(II) 
ions have also been detected based on an aggregation–dissociation procedure 
using the DNAzyme-directed assembly of AuNPs. Here DNAzyme-directed 
assembly of AuNPs cleaves in the presence of Pb(II). In this approach, the 
color change results in a blue to red color change (Fig. 3.8) with a tunable 
detection limit of 100 nM–200 μM (Liu and Lu, 2003). 
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FIGURE 3.8 DNAzyme-directed assembly formation and cleavage of gold nanoparticles in 

a Pb+ colorimetric nanosensor.
 
Source: Reprinted with permission from Liu and Lu (2003). © 2003 American Chemical Society.
 

Besides AuNPs, silver nanoparticles (AgNPs) have also been employed 
for optical nanosensor development for detecting Hg(II), Pb(II), and Cr(VI) 
metal ions in water samples (Vinod Kumar and Anthony, 2014; Farhadi et 
al., 2012; Ravindran et al., 2012). For example, citrate ion-coated AgNPs 
have been developed as an optical nanosensor for a low detection limit of 
Cr(VI) ion (nM) (Ravindran et al., 2012). The graphene oxide-modified 
carbon/gold screen-printed electrode has been developed for the detection 
of heavy metals, such as Pb(II) and Cu(II) (Promphet et al., 2015; Wei et 
al., 2012). In this case, the nanosensor is a simple and rapid analytical tool 
that demonstrated a wide linear response range with a low detection limit 
(<10 nM). In addition, the tin oxide (SnO2) modified with graphene–glassy 
carbon electrode has also been designed as an integrated heavy metal sensing 
platform (Wei et al., 2012). 

Other strategies have been proposed to develop on-field colorimetric 
devices for the detection of heavy metal ions based on functionalized AuNPs 
that can also be applied for field applications. Some works on colorimetric 
nanosensors developed the smart phone-coupled systems that make the 
devices very small, compact, and user-friendly as well as preventing the 
need of bulky UV-Vis spectrophotometers. For instance, a portable device 
has been constructed for Hg(II) ions detection in water samples employing 
a smartphone for direct colorimetric data collection and analysis (Wei et al., 
2014). The device inn this approach employs LEDs (green and red) to analyze 
the change in color of the solution. Then, the colorimetric nanosensor system 
automatically calculates Hg(II) ion concentration by a customized app. This 
nanosensor has been utilized for preparing contamination map of Hg(II) 



 

  

 

FIGURE 3.9 Schematic digram shows the heavy metal ion sensing based on the paper-based 
colorimetric nanosensor. 

Source: Adapted from Chen et al. (2014). 
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ions by analyzing samples collected from over 50 locations in California. 
Furthermore, another work, a paper-based nanosensor, has been developed 
for contamination detection of Hg(II) ions in real water samples (Chen et 
al., 2014). They fabricated the sensor array based paper by using a printer, 
then read and analyze it by a smart phone with a customized app. (Fig. 3.9). 
They involved cloud computing, where the detection limit of Hg(II) ions was 
achieved at 50 nM. 

3.5.2 ORGANIC POLLUTANTS 

The organic pollutants that are commonly found in the water environment 
are pesticides, detergents, organic solvents, hydrocarbons, etc. For example, 
pesticides. Many of the nanobiosensor approaches designed for pesticide 
detection are based on the biocatalytic action of acetylcholinesterase (AChE) 
(Kuswandi, 2019). Generally, pesticides (both organophosphates and 
carbamates) are attached to a serine moiety within the enzyme active site 
and thus avoide the deacetylation of acetylcholine (Kuswandi et al., 2008). 
The disadvantages with this method are that other compounds, that is, heavy 
metals, detergents, and other pollutants as inhibitors, could also inhibit the 
enzyme active site and they make the enzyme unstable outside its natural 
environment (Nagatani et al., 2007; Kuswandi and Mascini, 2005). 



 

 

 FIGURE 3.10 The Au/MBT/PANI/AChE/PVAc biosensor sensing scheme shows reaction 
at the gold SAM modified electrode. 

Source: Reprinted with permission from Somerset et al. (2009). © 2009 Taylor & Francis. 
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An amperometric biosensor using AuNPs and MWCNTs have been 
developed in AChE-based nanobiosensor to promote electron transfer and 
catalyze the thiocholine electrooxidation for the detection of monocrotophos 
(LOD 10 nM) (Norouzi et al., 2010). In this amperometric method, the 
flow-system has used glassy carbon electrodes modified with AuNPs and 
MWCNTs. The CNTs impregnated chitosan to improve the immobilization 
level and to increase the AChE stability. In other work, the amperometric 
biosensor has been developed using polyaniline (PANI) film as a mediator. 
(Somerset et al., 2007; Somerset et al., 2009). Here, the amperometric nano
biosensor was designed to employ its dual role as immobilization matrix 
for AChE and was allowed to utilize its electrocatalytic activity toward 
thiocholine (TCh). The biosensing mechanism for the Au/MBT/PANI/ 
AChE/PVAc nanobiosensor is given in Figure 3.10. Furthermore, it shows 
that as acetylthiocholine is catalyzed by AChE to form thiocholine and acetic 
acid. Then, the electroactive thiocholine is oxidized in the reaction, in turn, 
conducting PANI film reacts with thiocholine, accepts an electron from the 
oxidized mercaptobenzothiazole via interaction with the Au electrode. 

The nanobiosensors have also been developed for the detection of other 
pesticides, such as an antiseptic where 2,4-Dinitrophenol (DNP) was used as 
the active agent. For example, the chromogenic effect of latex microspheres 
hybridized with AuNPs has been used as a colorimetric nanobiosensor fro 
DNP detection as a toxin model (Ko et al., 2010). Here, DNP–bovine serum 
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albumin was bound with AuNPs that made the DNP hybridization with an 
anti-DNP antibody on latex microspheres, which in turn causes the pinkish-
red color formation. A DNP–glycine as a model toxin was determined via a 
competition approach that allows binding between the toxin molecules and 
the analog-conjugated-AuNPs in the anti-DNP antibody binding pocket. In 
the presence of the toxin molecules, the AuNPs were displaced from host 
latex microspheres, a pinkish-red to white color change occurred that is 
visible to the naked eye. 

Organochlorine pesticides are one of the most widely used pesticides in 
the world, for example, DDT (dichlorodiphenyltrichloroethane). Chemically, 
it is also known as 1,1,1-trichloro-2,2-bis (4-chlorophenyl) ethane. It has 
also been detected using nanobiosensors. For example, an immunosensor in 
dipstick format was designed for DDT detection at the nanogram level, In 
this case, the biosensing mechanism was based on AuNPs with competitive 
assay (Lisa et al., 2009). Herein, AuNPs with defined sizes were synthesized 
specifically and conjugated to anti-DDT antibodies which served as the 
detecting reagent in the dipstick immunosensor. In this case, the antigen used 
was DDA (1,1,1-trichloro-2,2-bis(chlorophenyl)acetic acid)-BSA conjugate, 
it was immobilized on nitrocellulose of the strips. An immunocomplex was 
formed from AuNPs-conjugated anti-DDT antibodies when treated with free 
DDT. This immunocomplex was then bound to the DDA-BSA conjugate. 
Depending on the free DDT concentration in the sample, the AuNPs conju
gated anti-DDT antibodies binding to the immobilized DDA-BSA varied, 
and that was detected by the red color change due to the AuNPs, and the color 
intensity change was inversely proportional to the concentration of DDT with 
maximum intensity was in the absence of DDT (i.e., zero concentration). 

The nanosensors were also developed for PAHs (polycyclic aromatic 
hydrocarbons) detection, another well-known organic pollutant besides 
pesticides. These nanosensors for PAHs detection have been designed using 
AuNPs (Mailu et al., 2010), SWCNT (Carrillo-Carrión et al., 2009), graphene 
oxide (Shen et al., 2012), etc. The optical nanobiosensor based on SWCNT-
doped cadmium selenium quantum dots fluorescence has been developed 
for PAHs detection, such as pyrene, benzo(a)pyrene, perylene, and benzo(a) 
anthracene (Carrillo-Carrión et al., 2009). In this work, the fluorescence 
nanosensor showed excellent analytical characteristics to pyrenes, such as 
high sensitivity with a low detection limit (<1 nM), wide linear range, good 
recovery values, and rapid response time. Moreover, another fluorescence 
nanosensor was developed for PAHs detection in mineral water, such as 
anthracene, phenanthrene, and pyrene (Duong et al., 2011). Here, the sensing 
mechanism was based on CdSe/ZnS QDs functionalized with sol–gel. In 
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this case, PAHs in trace level could increase the fluorescence intensity of the 
CdSe/ZnS QDs entrapped membranes and reached a low detection limit of 
PAHs (5 nM). 

3.5.3 OTHERS 

Other organic pollutants to cause endocrine disruption are also increasing 
attention today. These substances could be a wide and varied range of 
organic chemical substances. These chemicals are well-known as endocrine-
disrupting compounds besides pesticides, such as diethylstilbestrol, dioxin, 
and dioxin-like compounds, polychlorinated biphenyls (PCBs). PCDDs 
(polychlorodibenzo-p-dioxins) and PCDFs (polychlorodibenzofurans) are 
dioxins and dioxin-like compounds that are very toxic environmental pollut
ants and carcinogens because of their high stability and they are extremely 
resistance to degradation. A nanosensor for rapid and sensitive detection of 
dioxin has been developed based on oligopeptide–cysteine–quartz crystal 
microbalance (QCM) (Mascini et al., 2004, 2005). In this work, the synthe
sized polypeptide was functionalized with two terminal cysteine residues 
and structured, including (1) [N]Asn-Phe–Gln–Gly–Ile[C], (2) [N]Asn– 
Phe-Gln–Gly–Gln[C], and (3) [N]Asn–Phe–Gln–Gly–Phe[C]. The QCM 
functionalized with polypeptide monolayer on the cysteine could allow 
directly electrostatic interactions between the amino acids and the dioxins, a 
low detection limit was reached (1 ppb). Another nanosensor based on QCM 
for dioxins detection was developed based on immunoassays, such as QCM 
employing monoclonal antibodies-modified bovine serum albumin (Park et 
al., 2006), surface plasmon resonance (SPR) using antibody functionalized 
polypeptide–gold thin layer (Soh et al., 2003), and SPR employing bovine 
serum albumin conjugated with CM5 sensor chip (Tsutsumi et al., 2008). 
Herein, the immunosensor has been used for the dioxin determination with 
good reproducibility and a low detection limit (<1 ppb). 

PCBs, as other endocrine disruptors, are generally used in industrial 
applications such as capacitors, transformers, and condensers. These 
hazardous synthetic substances are suspected of having a harmful effect on 
the endogenous hormone that could promote cell malignancies. Traditional 
techniques for the PCBs determination often used high-performance liquid 
chromatography and gas chromatography–mass spectrometers (Concejero et 
al., 2001). However, nanosensor could be an alternative method for simple and 
rapid PCBs detection. For example, nanosensors for rapid and direct detection 
of PCBs have been developed based on immunosensor using electrochemical 
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FIGURE 3.11 Schematic of SPR for PCB detection, where the R to R' reflectance change 
was induced by the PCB solution injection and detected using the Au substrate saturated with 
Cytochrome c molecule. 

Source: Reprinted with permission from Hong et al. (2008). © 2008 Elsevier. 
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(Laschi et al., 2003), fluorescence (Endo et al., 2005), piezoelectric (Přibyl et 
al., 2006), and SPR techniques (Tsutsumi et al., 2008). 

An SPR nanobiosensor has been constructed for the detection of PCBs 
based on gold film modified with cytochrome c as shown in Figure 3.11 
(Hong et al., 2008). Herein, the sensing principle is based on the conforma
tional changesof the immobilized cytochrome, then detected by using SPR 
spectroscopy. The nanobiosensor exhibited a high sensitivity with a low 
detection limit (<1 ppb). A PCBs biosensor based on Pseudomonas fluores
cence bacteria was also constructed using a spectrofluorimetric technique. 
This optical biosensor was immobilized in alginate beads for high sensitivity 
toward PCBs (Liu et al., 2007, 2010). The nanobiosensor was used success
fully to detect the low detection limit of PCBs in samples (<1 ppb). In other 
work, a microflow immunosensor chip has been constructed based on the 
monoclonal antibody grafted on polystyrene beads to detect PCBs (Endo 
et al., 2005). The biosensing mechanism was based on antigen–antibody 
binding, where the antigen was conjugated to HRP. When hydrogen peroxide 
and a fluorogenic substrate are present, then fluorescence can be produced as 
a rapid response time and low detection limit (<1 ppt) toward PCBs. 

Other approaches using flexible substrates, such as paper-based SERS 
was also developed for simple and low-cost devices that can be employed for 
curvy surfaces (Lee et al., 2010). A paper-based SERS swab was constructed 
by simply immersing a filter paper in gold nanorods suspension. The gold 
nanorods were adsorbed efficiently onto the surface of filter paper since the 
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electrostatic attraction between the positively charged CTAB-coated gold 
nanorods and the negatively charged cellulose occurred. The most important 
benefit of this paper-based SERS is that it allows for simple use for the trace 
samples collected from a solid surface. By swabbing a 140 pg 1,4-benzene
dithiol (1,4-BDT) residue contaminated on a glass surface, the pollutants 
were adsorbed easily on the paper surface, and their Raman spectrum was 
easily produced (Lee et al., 2010). 

3.6 CONCLUSIONS 

Currently, the integration of nanomaterials in the sensor technology has 
revolutionized sensor devices by creating the nanosensors in a tiny size, 
with high sensitivity and selectivity. Nanosensors used wide range of nano
materials, which allow using of biological or chemical reagents to bind or 
react with a target analyte and transduce it into measurable signals for rapid 
response of environmental pollutants, ranging from heavy metals to organic 
pollutants, including other pollutants, such as PAHs, etc. These devices can 
play an important role in monitoring environmental pollutants rapidly so 
that preventive actions could be taken if needed. Nanosensor development 
focuses on creating innovative and novel technologies that allow creating 
significant change in our better life. These can be achieved by the creation of 
nanoengineered or active surface modifications, etc., to improve nanosensor 
performances. 

The impact of nanotechnology in nanosensor development has created 
new horizons for construction sensors with a tiny size suitable for intra
cellular detections, which is also important in environmental pollution 
monitoring. New nanostructures and novel nanomaterials need to be more 
investigated to be employed as nanosensors, in particular, to be integrated 
within tiny chips size in the lab-on-a-chip that consisted of all required func
tions, such as sample handling and analysis, including on-board electronics. 
This approach will greatly improve their performances and functionality by 
developing analytical tools that are very small, disposable, user-friendly, 
low cost, portable, and highly versatile. Today, a various range of nanosen
sors have been designed. However, the smart goal of high throughput and 
inexpensive devices is yet to be really produced in our routine. Therefore, 
interdisciplinary research and well-structured work that involve chemist, 
engineers, bioscience, and physics have to be performed to creat reliable and 
low-cost nanosensors for our daily life in the near future. 
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ABSTRACT

Pollution of soil, water, and air are becoming serious issue worldwide 
due to all the produced toxic chemicals from the different industrial and 
personal activities. This comportment may give rise to several issues related 
to the health of humans and environment which increases the application 
challenges of conventional treatment methodologies. These noxious volatile 
compounds, inorganic gases, heavy metals, day-to-day personal hygiene and 
upkeep products, endocrine-disrupting compounds, chemical dyes, pharma 
products, etc. are disturbing the equilibrium of the globe and enhancing the 
ecological contamination at a high-alarming frequency. Consequently, their 
recognition, adsorption, and elimination are of great need. Therefore, this 
chapter mainly emphasizes on the novel evolutions of nanotechnology and 
its role in detection of the growing hazardous wastes with high efficiency, 
less energy along with lower cost.
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102 Nanotechnology for Environmental Pollution Decontamination 

This chapter briefly explains the application of carbon-based nanoma 
terial for the elimination of various volatile organic compounds (VOC), 
aerosols, greenhouse gases, photocatalytic, etc., soil pollutants (pesticide, 
insecticides, drugs, etc.), and water pollutants (biological impurities, 
microorganisms, heavy metals, pathogenic microbes by adsorption, photo-
catalysis membrane processes, photocatalysis, and fumigation as well as 
decontamination processes), all conventional methods used for detection 
(Zhang et al., 2019). 

4.1 INTRODUCTION 

The constant development of urbanization and industrialization including 
transportation, production, manufacturing, refining, mining, etc., depletes 
naturally present resources and also produces huge amount of hazardous 
wastes which lead to the pollution of air, soil, and water and consequently are 
threatening to the human health as well as ecological safety (Kreyling et al., 
2010). All the waste generated by humans as well as by industries are released 
in the environment in various categories, such as toxic gases (nitrogen oxide, 
ozone, Sulfur oxide, carbon monooxide, etc.), volatile inorganic compounds, 
etc. in air, whereas water and soil pollutants may consist of pesticides, 
hydrocarbons, heavy metals (cadmium, mercury, lead, etc.) pathogenic 
microbial flora, insecticides Zhang et al. (2019), Fereidoun et al. (2007), these 
pollutants may cause damages to human either directly or indirectly by means 
of absorption, assimilation, or inhalation. Furthermore to this, few toxicants 
have the capacity to enter the foodchain which may be very dangerous for 
human and wild life. Some examples are bioaccumulation of heavy metals in 
fishes and in aquatic biota (Patil et al., 2016; Kumar et al., 2011; Thamri et al., 
2016). So, to remove these pollutants, nanotechnology came in loop. 

Nanotechnology mainly deals with nanomaterials which range from 1 
to 100 ηm in size. Due to their extraordinary potential, their applications 
are explored in every field of research, such as in medicine (Ibrahim et al., 
2016), in food industry (Shanthilal and Bhattacharya, 2014; Duncan, 2011), 
in energy (Zang 2011), in bioremediation or pollution treatment (Brame et 
al., 2011; Ibrahim et al., 2016; Karn et al., 2009) in providing improved 
methodologies for the development and alteration of present remediation 
machineries. 

Environmentalist are aggressively evaluating nanomaterials as useful 
tools for contaminants of emerging concerns. The chemical, physical, and 
electrical properties of carbonaceous nanomaterials motivate pioneering 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

103 Nanotechnological Revolution 

resolution to tenacious ecological problems (Loos, 2015). Recently, 
carbon-based nanomaterials and their derivatives are explored to enhance 
the transportation of medicines within compressed tissues, precisely in the 
case of tumorous cells or tissues and use specially designed carbon nano
tubes as artificial trans-membrane apertures. Correspondingly, ecological 
significance also comprises known-targeted remediation, planned exclusion 
of harmful pollutants, membrane assemblies for water filtration, etc. (Balam 
urugan et al., 2011). These carbon-based-nanomaterials empower ecological 
importance with less consequences. 

4.2 CARBON-BASED NANOMATERIALS 

The molecular level alterations at wide subclass of elements to endeavor 
precise characteristics on the nanoscale are very much in trends. The carbon-
based nanotubes, MoS2, chrysolite, boron, WS2, TiS2, NbS2, kaolinite, 
chrysotile, and other predecessors validate excellent chemical, mechanical, 
physical, and electrical characteristics in contrast to their bulk and 
counter variants. The carbon’s exceptional hybrid forming (hybridization) 
characteristic, also compassion of its morphology to agitations in formation 
conditions, permit it for engineered alterations to that extent that it is not so 
far matched by any other inorganic nanostructures (Mauter and Elimelech, 
2008). The electrical, chemical, and physical, properties of nanocarbon and 
its hybrid forms are same and steady as it was in the carbon’s structures. 
The arrangement of ground state orbital of its electrons is 1s2, 2s2, 2p2. The 
less energy gap amid 2s and 2p electron shells enables the raise of one “s” 
orbital electron to the higher energy “p” orbital that is unfilled in the ground 
state. The bonding relationships among the adjacent atoms, permits carbon’s 
hybridization to sp, sp2, or sp3 configuration. The energy released due to 
covalent bond formation with neighboring atoms provides higher energy state 
to its electronic configuration. This return remains almost equal for the sp2 
and sp3 hybridization states (Mauter and Elimelech, 2008; Hu et al., 2007). 

Due to the raise in pressure and temperature, carbon adopts the thermo
dynamically stable trigonometric sp3 shape of diamond. On decreasing the 
temperature, carbon goes for planar sp2 configuration and forms monolayer 
sheets with one “π” bond three sigma covalent bonds. The bond configura
tion of carbonaceous nanomaterials and macroscopic carbon are same, the 
difference lies only in their size and other properties. Nanocarbons are much 
stable than the crystalline forms (Hu et al., 2007; Falcao and Wudl, 2007; 
Mauter and Elimelech, 2008). 
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4.3 CLASSIFICATION OF CARBON AND CARBON-BASED 
NANOMATERIAL 

Due to its unique electronic construction, carbon has the property to form 
a polymer with large molecular weight compounds along with elongated 
chains. As its valency is four, it can readily undergo covalent bonding with 
both nonmetals and metals and because of this property, carbon-based 
compounds can occur in varied molecular forms. Carbon also exhibit the 
property of allotropy which means same kind of atoms can be re-organized 
in various shapes, and have changed properties (Falcao and Wudl, 2007). 
Diamond and graphite are the two known examples of naturally occurring 
allotropes of carbon that exist in the environment. On the basis of their shape 
and geometrical structures, the carbon nanomaterials are further classified 
(Fig. 4.1) as tube-shaped as carbon nanotube (CNT), horn-shaped as nano
horns, the zero-dimensional carbon dots known asthe carbon quantum dots 
(CQDs), and ellipsoidal-shaped carbon nanospheres known as Fullerene. 

FIGURE 4.1 Types of carbon-based nanomaterial. 
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4.3.1 CARBON NANOTUBE 

CNTs are carbon allotropes that have exceptional electrical and mechanical 
properties. CNTs are strong, lightweighted, possess high strength compared 
with other nanomaterials. Because of their decent graphical nature and high 
specific surface area, their applications are explored in numerous of areas, 
such as in engineering fieldfor the detection of pollutants, that is, in the 
field of remediation of pollution, battery formation, used as grout due to 
their electrochemical property for making nanocarbon–polymer composites 
etc. CNTs mainly occur in two shapes, that is, either cylindrical, which is 
designed by systematic rolling of graphene sheets or the other one is called 
controlled cap fullerene assembly which appeared in half-shape (Meagan 
et al., 2008; Zhang et al., 2019). As carbon nanotube exist in different 
geometrical configurations, they can be visualized by using electron micro
scope which provides their clear image.. Based on the arrangement, CNTs 
are further classified into two types (Fig. 4.2) 

1. Single-walled carbon nanotube (SWCNT). 
2. Multiwalled carbon nanotube (MWCNT). 

FIGURE 4.2 Morphology of graphene sheet, SWNT, and MWNT. 

SWNTs and MWNTs are similar in nature with some prominent differences. 
SWNTs are made of one graphene layer in tubular form, whereas MWCNTs 
consist of multiple single-walled tubes nested together inside one another. It 
could be as few as two in number, or as many as 100 plus cylindrical walls. 
Carbon nanotubes are shaped by rolling graphene sheets (single layer of carbon 
atoms) and forming cylindrical molecules. The size of SWCNTs ranges 1–3 
ηm in diameter with the length of few micrometers, whereas in MWCNTs, 
the graphene sheets have the size 0.34 ηm in diameter (interspace distance) 
and are fixed in similar way as concentric layers in a tubular form and the 
MWCNTs are approximately 5–40 ηm in diameter. The properties of CNTs 
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are mainly based on their morphology, size, and diameter. When MWCNTs are 
used in composites, only the outer wall usually contributes to the mechanical 
and electrical properties. Among these two types of carbonaceous nanotubes, 
the SWCNTs are more eminent due to their numerous flexible characteristics. 
SWCNTs possess high electrical property due to their hexagonal alignment or 
chirality in tubular axis. Numerous approaches have been made by researchers 
for the preparation of CNTs, such as exfoliation of graphite, chemical vapor 
deposition (CVD), arc discharge, thermal decomposition of SiC, plasma 
CVD, and laser ablation. Among all the enumerated procedures discussed 
above, arc-discharge method was the first method to be used for preparing 
CNTs, whereas laser ablation was first method used for the preparation the 
SWCNTs. In contrast to the SWCNTs, the MWCNTs exhibit high thermal and 
mechanical satiability due to the occurrence of multiple layers. Further, on the 
basis of their distinct geometries, the SWCNTs are further classified into three 
subcategories: (1) zig-zag type (good semiconductor) (2) armchair type (high 
electrical conductivity), and (3) chiral type (semiconductive) (Meagan et al., 
2008; Zhang et al., 2019). 

4.3.2 FULLERENES 

In 1985, the Kroto et al. introduced a new class of carbon family known as 
fullerene (Fig. 4.3) (represented as buckminsterfullerene (C60)). A fullerene 
is a carbon allotrope in which the molecules of carbon atoms are connected 
by single and double bonds in a manner to form a closed or partially closed 
net, with fused rings of 5–7 atoms. In defect-free form, fullerenes are net-like 
encircled assemblies composed of 12 (twelve), five-member rings, and an 
undetermined numeral of six-member rings. Morphological constructions 
with a smaller number of hexagons show better sp3 bonding property, more 
reactive sites, and higher straining energies. Isomers with adjacent penta
gons show lesser stability than isomers with isolated pentagons due to the 
delocalized π bonds (Meagan et al., 2008; Zhang et al., 2019). Fullerene is 
a carbon-based transitional allotrope of diamond and graphite, shaped from 
the cluster of reiterating units (n > 20) of atomic Cn, which are conjointly 
attached to make a hollow-cored sphere-shaped surface molecule. The 
carbon atoms are characteristically positioned on the sphere’s surface at the 
apexes of pentagons and hexagons form and allied together by the formation 
of sp2-hybridization covalent bonds. Usually, this C60 form, two bonding 
dimensions/lengths, but in the two lengths, the bonds of 6:5 ring are longer 
than the double bonds of 6:6 type. The main distinct characteristic of C60 
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is its pentagonal rings which enhances its poor electron delocalization, and 
consequently, C60 acts like an electron lacking alkene, and therefore, tries 
to rapidly react with electron-rich classes. The C60 fullerene is odorless 
because of its tendency of not forming double bonds in the pentagonal ring 
forms. The C60 form is nonvolatile, odorless, black solid with boiling point 
of 800 K (Troshin and Lyubovskaya, 2008; Meagan et al., 2008; Rao et 
al., 1995). Due to all the above characteristics, fullerenes are very much 
explored in medical therapies, in fuel cell, solar cell, electronics arena, 
cosmetic products (low-odor fullerenes, such as, C26, C28, etc.), they act 
as catalyst in chemical reactions, and other relevant fields. C60 fullerenes 
have exceptional properties, such as superconductivity, extra durability, 
and they are radical scavengers which enables them to be easily altered as 
nanocomposites. 

FIGURE 4.3 Morphology of fullerene. 

4.3.3 GRAPHENE 

Graphene (Fig. 4.4) is another allotrope of carbon, composed of one/single 
layer of carbon atoms organized in a two-dimensional honeycomb mesh. 
The name Graphene is a combination of two words, that is, graphite and 
ene, which clearly reflects the meaning that the graphite (an allotrope of 
carbon) is composed of stacked layers of graphene. Graphene is composed 
of carbon atoms with sp2 hybridization, secured in a firm hexagonal frame 
to look like a flat plane. Graphene was first introduced by Canadian physicist 
Wallace in 2004. Graphene is also a principal structural element of CNTs and 
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fullerenes. The bond length between adjoining atoms of graphene’s carbon 
is about 0.142 nm. The interplanar space between the layers of graphene 
is about 0.335 nm, which basically keeps them stacked together. Graphene 
has exceptionally good physical characteristics, such as thermal stability, 
mechanical rigidity, and electrical conductivity in comparison to their three-
dimensional materials (Meijiao et al., 2013; Zhang et al., 2019). 

FIGURE 4.4 Morphology of graphene-based nanostructure. 

4.3.4 CARBON QUANTUM DOTS 

Xu et al. (2004) accidentally discovered a novel class of carbon nanoparticle 
with unique fluorescent property during the purification of SWCNTs. Later 
on, Sun et al., in 2006, had renamed these glowing materials as CQDs, and 
the size of these particles was measured to be less than 10 nm (Fig. 4.5). Due 
to their diverse properties, such as gathering optical light and emitting multi-
color adjusted emission, CQDs were potentially explored in the fields of 
bioimaging, catalysis applications, photodegradation, etc. (Grobert, 2007). 
CQDs can be synthesized by using numerous chemical precursors, such as 
thiourea, ammonium citrate, citric acid, benzene, phytic acid phenylenedi
amine, and ethylene glycol. Researchers reported many low-energy utilizing 
techniques for the preparation of CDQs, such as hydrothermal, solvo
thermal, ultrasonication, electrochemical, microwave-assisted pyrolysis, and 
chemical oxidation. (Zuo et al., 2015; Georgakilas et al., 2015). The CDQs 
are often biocompatible also exhibit other valuable properties, such as high 
aqueous solubility, large surface area, affinity for biomaterial, low toxicity, 
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inexpensive. They contain abundant surface functional groups. CDQs are 
also explored as gas biosensors and find their application in the detection of 
heavy metals by using sensors (Niu et al., 2018; Bezzon et al., 2019). 

FIGURE 4.5 Structure of carbon quantum dots (CDQ). 

4.3.5 NANO HORNS 

Nanohorns were first discovered in 1999 by Iijima while forming CNT. 
Nanohorns are tubule-like or cone-like structures composed of single-
layered graphene sheets. They generally occur in large globular shape, and 
their sizes range from 80 to 100 nm in diameter and very much resembe the 
dahlia flowers. The cone of single nanohorns is about 1−2 nm (dia) from tips 
and 4−5 nm (dia) from the base (Karousis et al., 2016) (Fig. 4.6). 

4.4 PROPERTIES OF CARBON-BASED NANOMATERIALS 

The properties of carbon-based nanomaterials, such as chirality, length, 
size, and the number of layers of depend on the alterations in the synthesis 
method, pressure, temperature, catalyst used, and electron field. The 
diameter of carbon nanostructures is an important factor for exploring their 
applications and properties. The size of SWNT is strongly associated to its 
formation method (i.e., compound of σ and α bonds and electron orbital 
re-hybridization). Alteration in bonding structure may encourage some 
properties of the SWCNTs, such as chemical, electronic, mechanical, optical, 
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thermal, and elastic properties. All these properties depend on the size of 
nanotubes (diameter) and are complemented by their capillary behavior, in 
terms of ecological and agricultural applications. The thin diameter of the 
inner surface of nanotubes makes them unique to be explored in separation, 
novel molding, and size exclusion processes. The combination of long 
tubules and narrow diameters also indicate the extraordinary aspect ratios in 
nanotubular structures. The properties, such as large surface area and volume 
ratio differentiates these nanomaterials from their counter-microscale. The 
ratio of ΔG-surface/ΔG-volume accelerates, where ΔG signifies the change 
in free energy among the nanoscale structure and bulk materials (Jost et al., 
2004; Fornasiero et al., 2008). 

FIGURE 4.6 Structure of carbon-based nanohorns. 

The surface area, size, and shape of carbon nanomaterials are extremely 
dependent on the solvent aggregation and chemical state. The electron char
acteristics, thermal characters, aggregation behavior, mechanical strength, 
and physical–chemical properties of the nanomaterials are altered by impuri
ties adsorbed to the surface of nanomaterials (Jost et al., 2004; Fornasiero et 
al., 2008). The carbon-based nanomaterials’ bonding configuration confers 
exceptional optical, conductive, and thermal properties which are very much 
useful in electronic industries. These new electronic properties also play an 
important role in ecological sensing devices and in novel ecological reme
diation practices for persistent organics. Highly tunable bonds gap, stability, 
low ionization capacity, high current-carrying potential, and efficient field 
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emission properties are extremely the cited properties of SWCNTs and are 
also associated with diameter, chirality, length, and the number of concentric 
tubules. Many hypothetical along with practical works state that bond gaps 
are reliant on diameter and chirality of the nanotubes. Armchair structures 
signified by (n,n) tubes are metallic and self-governed by tube arc and 
diameter. In nanotubes, the carbon atoms are patterned in zigzag or helical 
forms, which act as semiconductors. The ionization potential of SWCNTs is 
obligatory to stimulate an electron from the ground state to the excited state 
(Patel et al., 2018; Nasir et al., 2018). 

Molecular interaction and sorption: The carbon-based nanomaterials 
are usually steady with physicochemical properties and the sorption and 
molecular interaction are due to concepts, including hydrophobicity, adsorp
tion, and electrostatics. The molecular theories can explain the chemical 
and physical processes at nanoscale. The potential energies produced by the 
interaction between carbon bonds (for both van der Waals attractive forces 
and Pauli repulsion) are initiated due to overlapping of electron orbitals at 
short separation distances. The hydrophobicity and capillarity contribute to 
the adsorption behavior and orientation of sorbates in microporous carbons. 
The adsorption studies of carbon nano also demonstrate the properties, such 
as high adsorption capacity, rapid equilibrium rates, minimal hysteresis in 
dispersion, and low sensitivity to pH. Hydrophobicity mainly states the 
strength between water–particle interaction and water–water interactions to 
particle–particle interaction. The hydrophobic properties of CNTs and C-60 
encourage drying and removal of interstitial water over low scale (length) 
and stimulate their accumulation state. 

The previous works states that the capillary forces present in nanotubes 
are extremely strong, and taking molecules from vapor and liquid phases 
into the molecular “tubes” by means of van-der-waals attractive forces and 
dipolar (persuaded dipole interactions with polar molecules) (Patel et al., 
2018; Nasir et al., 2018). 

In ecological studies, the adsorptive capacity of carbon nano has compre
hensive inferences for the removal of contaminant or pollutants. Adsorption 
of environmental pollutants to sorbents, such as clay, NOM, and activated 
carbon plays a vital role in engineered and natural ecology. The sorption 
capacity of carbon nano as sorbents are restricted by activated energy of 
sorption bonds, thickness of surface-active sites, slow kinetics, and nonequi
librium of sorption in heterogeneous systems. The huge sizes of traditional 
sorbents have some limitations such as low porosity which complicates the 
subsurface remediation. On the other hand, the carbonaceous nanosorbents 
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possess large surface area to volume ratio and precise and equal distributed 
porosity along with enlarge surface chemistry overcome most of these essen
tial limitations. 

4.5 ENVIRONMENTAL POLLUTANTS AND ITS DETECTIONS 

Decontaminating soil, air, and water quality represents a crucial task of the 
century. Pollutants of environment (air, water, and soil) can be classified 
as inorganic (e.g., phosphates, nitrates, heavy metals, toxic gases, etc.) and 
synthetic organic compounds (e.g., VOC, endocrine disruptors, volatile 
gases, weedicides, pesticides, insecticides, herbicides and fertilizers, drugs, 
pharmaceutical, or forensic substances. Table 4.1 summarizes some typical 
environmental contaminants of air, water, and soil and all are influencing 
several injurious effects on human health, even if they are at very low level 
(Zhang et al, 2011). 

With regard to air pollution, two forms of toxic gases are of main concern: 
VOC (volatile organic compounds) and inorganic gases. The inorganic toxic 
gases mainly include nitrogen oxide, sulfur oxide, hydrogen sulfide and other 
sulfur base gases, whereas, VOCs are main contaminants of air, released 
from the exhaust emission of vehicle, evaporation techniques of oil–gas 
industries, industries release, oil refining, storage and transportation, pharma 
waste management, waste material disposal, etc. which can evaporate effort
lessly and disperse at room temperature and pressure due to their low boiling 
point and high vapor pressure in the environment. The SO2 and NO2 in the 
environment are released from sulfur and nitrogen-based impurities from 
combustion of fossil fuels, respectively have distinct foul odor. The 50% 
lethal dose (LC50) of NO2 gas is stated to be 174 ppm for 60 min, whereas 
the maximum 50% lethal dose (LC50) of SO2 is 110 ppm on exposure for 
30 min. VOCs are mainly defined as any compound of carbon, excluding 
ammonium carbonate, carbon monoxide, carbonic acid, carbon dioxide, 
and metallic carbides and carbonates. The release of VOCs in air has led 
to hazardous ecological glitches, for example, mutagenic, pathogenic, and 
sometimes very fatal diseases (Zhang et al., 2011; Thamri et al., 2016; Patel 
et al., 2018; Nasir et al., 2018). In water pollution, numerous f heavy metal 
and inorganic ions enter the surface of water as well as ground/waste water 
along with several organic mixtures, such as, herbicides, pesticides, poly-
cyclic aromatic hydrocarbons, endocrine-disrupting compounds (EDCs), 
pharmaceuticals, personal care products (PPCPs), and dyes which work as 
contaminants are released into water source. 



 
 TABLE 4.1 Examples of Some Pollutants of Environmental.

Pollutant Due to Affect 
Products of benzene Components of solvent, hand wash, industrial chemical, gasoline Water and air (indoor)
Cyclohexane Components industrial chemical Air, soil 
Toluene Disinfectant solvent and pharma industrial chemical Atmospheric air and water
Acetone Personal care products, solvent, pharma industrial chemical Air (outdoor/indoor)
Trichloroethylene Industrial chemical, solvent, household flush Air, water 
NO2 Fuel, fossil burning, metal casting, industrial exhaust Air and atmosphere
Sulfur dioxide Combustion procedures for sulfur-containing minerals and industry outlets Air 
Hydrogen sulfide Petrochemical and pharma industry, hospital waste. Atmosphere, water
CO Automobile exhaust, insufficient combustion of carbonaceous materials, petroleum Atmosphere and air

and pharma Industries
Ammonia Hospital/medical, gas and chemical effluents of industry, pharma industry outlets Air, soil, atmosphere
Cobalt Domestic waste, Industrial waste, pharma waste, nuclear power waste and mineral Soil, water, Atmosphere, 

mining, 
Cd (cadmium) Domestic waste, industrial effluent, Pharma- industries, mining of minerals Soil, water, atmosphere 
Mercury Medical/hospital waste, aquaculture, industrial effluent waste, pharma industries Atmosphere, water, soil
Pb (Lead) Petroleum industries waste, pharma industry effluent, vehicle exhaust, mineral mining, Air, water, soil, atmosphere
Nickel Pharma and other industrial effluent waste, mineral mining waster Water, soil 
Chromium Pharma, industrial waste, fossil fuel burning Air, atmosphere, water
Phenol Domestic cleaner, solvent, industrial chemical, medicinal waste Soil, water 
Bisphenol Pharma/hospital waste, industrial waste chemical Water, soil 
2,4-Dichlorophenol Disinfectant, insecticides, pesticide and pharmaceutical effluent and intermediate Soil, water 

waste, solvents 
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 TABLE 4.1 (Continued) 

Pollutant Due to Affect 
Perfluorooctanoic acid Pharma waste, industrial emulsifier, surfactant, Water, atmosphere
Atrazine Insecticide, pesticide Water, atmosphere 
Phthalate Pharma waste, plasticizer waste Water, atmosphere
Methylene blue dye Hospital waste, dyeing, chemical analysis and detection, medical Atmosphere, water
Methyl orange dye Hospital waste, dyeing, chemical analysis and detection, medical Water, atmosphere
Rhodamine B dye Hospital waste, chemical analysis, dyeing, and detection, medical, cosmetics industry Water, atmosphere
Rhodamine 6G dye Hospital waste, dyeing, medical, chemical analysis and detection Water, atmosphere
Parathion Agricultural pesticides Soil, water 
Malathion Agricultural pesticides Soil, water 
Diazinon Agricultural pesticides Soil, water 
Azinphos-methyl Agricultural pesticides Soil, water 
Drugs for TB and Cancer Pharma industries, hospital waste Soil, water 
Crude oil Petroleum industries and vehicle waste Soil, water, atmosphere
Biomolecules Human waste, animal waste, microbial waste, agricultural waste Soil, water, air 
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Water pollution was further characterized into six types by The United 
States Environmental Protection Agency (EPA), that is, biodegradable 
waste, sediment, plant nutrients, heat, radioactive pollutants and hazardous 
and toxic chemicals. Thus, contaminated water has key components, such 
as organic toxins, industrial effluents or discharges, pathogens, pharma 
industrial waste containing different types anions, along with heavy metals, 
etc. cannot be naturally degraded in the environment and tend to alter the 
natural properties of water (Liu et al., 2018; Zhang et al., 2011). The heavy 
metal ions, such as Zn2+, Cu2+, Cd2+, Co2+, and Pb2+are extremely toxic even 
at traces to the humans, plants, aquatic-life, animals, birds, and the earth. 
The EPA and WHO have fixed the minimal/maximal acceptable contact or 
exposure limits of these toxicants in water (Xuan and Park, 2018; Philips 
et al., 2012). Another pollutant named as EDCs is very harmful and can 
interrupt the hormonal activities via interaction to hormonal receptors which 
mainly affects animals and mammals’ reproductive systems. Furthermore, 
consequently, even low-level exposure of EDCs may cause diseases like 
cancer and diabetes. 

In addition, PPCPs are another group of artificial organic compounds that 
have potential to disrupt the function of the endocrine system at trace level. 
Other than that, artificial dyes utilized in the bakery, textiles, food, paper, 
cosmetic industries, etc., can also cause hazardous effects on environment 
along with health hazard to humans when released into water source (Zhang 
et al., 2011). Pharmaceutical drugs and products, such as anti-spasm, antibi
otics, antiseptics, personal care products, pain killers, disinfectants, toxoids, 
hormonal drugs, and muscle relaxants, etc., are often present in domestic 
wastewater, ponds, lakes, rivers, and other water bodies. They really cause 
adverse effects on humans as well as on the aquatic environment at very low 
rate or concentration, but lasting ingestion of these compounds may be very 
dangerous (Chen et al., 2018). 

The pollution of Soil is mainly triggered when harmful compounds are 
entering the natural soil environment from the waste. The main contaminants 
of soil are heavy metals which are existing naturally in soil but barely at toxic 
stages. The key sources of pollutants in soil are form landfilling, insecticides, 
mining, manufacturing industrial effluent sites, industrial wastes, such as 
batteries, paint residues, pesticides, electrical wastes, etc., agricultural and 
municipal waste. Heavy metals are one of the most stimulating pollutants 
of soil because of their nondegradability nature. They stay in this environ
ment for long time except selenium and mercury (they can be transformed 
and volatilized by microorganisms). In the case of soil contamination, OPP 



 

 

116 Nanotechnology for Environmental Pollution Decontamination 

(organophosphate pesticides) which includes parathion, methyl parathion, 
malathion, diazinon, phosmet, triazophos, azinphos-methyl, oxydemeton, 
tetrachlorvinphos, dichlorvos, chlorpyrifos have major contribution. The 
OPP acquire toxicity from their ability to inhibit cholinesterase which 
mainly causes neurotoxicity, and also has the capacity to cause interruption 
to the endocrine system of the organisms. This is the known fact that some
times pesticides are transformed in harmful compounds in the environment 
through biological, physical, and chemical interaction procedures (Ibrahim 
et al., 2016). 

All these contaminants of soil, air, and water, such as pesticides, volatile 
organic compounds, toxic and noxious inorganic gases, personal care 
products, heavy metals, dyes, pharmaceutical products, endocrine-disrupting 
chemicals, etc. are enhancing environmental toxicants and also disturbing the 
equilibrium of the earth at alarming rate. Thus, their adsorption, detection, 
and elimination are required at great level, and for the same purpose, several 
carbon-based-nanomaterials are been explored and verified to be ideal, which 
includes graphene, carbon nanotubes, carbon dots, mesoporous carbon, 
diamond, etc. (Zhang et al., 2011; Ibrahim et al., 2016). 

The detection and monitoring of environmental pollutants, needs devices 
that must be rapid in working, error-free, sensitive, stable, effective, effort
less, and selective. The sensitive and rapid detection along with effective 
elimination of an alarming amount of persistent and developing pollutants 
of environment is a major task. Keeping the current scenario in loop, these 
problems can be better resolved by employing nanotechnology in addition to 
traditional approaches. Due to exceptional features of carbon nanomaterials, 
such as size, high surface area, photoelectronic, adsorption, and photocatalytic 
properties, they have developed to be significant resources in the analytical 
detection and remediation of pollutants of the environment. 

For the detection purpose of these contaminants, recently, numerous 
sensors and biosensors based on carbon nanoparticles have been explored and 
they are further categorized on the basis of their type of pollutant detection. 

4.5.1 TYPES OF SENSORS BASED ON CARBON NANOMATERIALS 

The elimination of environmental contaminants is the primary need, the 
presence of these contaminants is to be determined. The vigorous and rapid 
sensors have been explored by various researchers to recognize contaminants 
at the molecular level, and they can improve the ecological safety. These 
sensors are coming in the loop when continuous monitoring devices are 
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required to detect these pollutants at the trace level. All sensors are based on 
deferent principle based on their operating system. Following are the sensors 
based on carbon nanomaterials (Bezzon et al., 2019; Zhang et al., 2011) 

1.	  Biosensors 
2. 	 Chemical sensors 
3. 	 Pressor sensors 
4. 	 Strain sensors 
5. 	 Flow sensors 
6. 	 Mass sensors 
7. 	 Temperature sensors 

1. 	 Biosensors: These sensors, also called nanobiosensors, are mainly 
used to monitor biological contaminants, that is, to recognize biomol
ecules. These sensors are mainly composed of biological constituents, 
such as oligo- or polynucleotide, proteins (e.g., enzymes, antibodies, 
cell receptors, etc.), microorganisms, or even entire tissues (Bezzon 
et al., 2019; Zhang et al., 2011).The combination of CNTs with 
biomolecules has given rise to hybridized systems, in which CNTs 
are working as nanolevel electronic elements (e.g., CNT-Field-effect 
transistors), as electrode elements (e.g., enzyme electrodes), and as 
attachment site or space, upon which biomolecules can be attached. 
Following are subtype of biosensor based on carbon nanomaterial 
(Yi et al., 2005; Bezzon et al., 2019). 
a. 	 Amperometric biosensor 
b. 	 Potentiometric transducers 
c. 	 Chronoamperometric biosensor 
d. 	 Conductimetric biosensor 
e. 	 Optical biosensor 
f. 	 Piezoelectric biosensor 

a. 	 Amperometric biosensor: The principle of these biosensors 
is working on the measurement of current produced when a 
constant potential is applied. The current measured is corre
lated with the reduction/oxidation of an electrochemical 
species in terms of the percentage at which it is produced or 
consumed by a biological component which was attached at 
the surface of electrode. 

b.	  Potentiometric transducers: These sensors are mainly  
measuring the changes in potential, which is directly propor
tional to the concentration of the analyte present in the sample. 
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c. 	 Chronoamperometric biosensors: In this type of sensors, 
enzymes are required. These enzymes do short-term reaction 
which is required to proceed before applying the potential 
step. In these types of biosensors, biocomponents are kept 
between two closely kept electrodes. The main principle 
of these type of biosensor is that the overall change occurs 
in reaction in the conductivity of solution induced by the 
production or consumption of ionic species. 

d. 	 Optical biosensors: The principle of these biosensors is 
based on the change in the optical phenomena, for instance, 
fluorescence, absorption, scattering, luminescence, refrac
tive index, etc., which are formed when light is reflected on 
the surface of the sensor. 

e. 	 Piezoelectric transducer: These sensors convert one form of 
energy to another form by taking the benefit of piezoelectric 
characteristics of certain crystals or materials, such as QCM 
(Quartz Crystal Microbalance). 

2. 	 Chemical sensors: Chemical sensors mainly detect and screens the 
VOCs. Currently, the determination of gas samples (chemical compo
nents) is normally done with gas chromatography-mass spectrometry 
(GC-MS) (Jia et al., 2005), this technique, though extremely sensi
tive and selective, but at the same time, it has limitations too, such 
as highly costly, need skilled users and of limited portability. On the 
other hand, the CNTs, are useful constituents in chemical sensing due 
to their sensitiveness of their electrical conductance to the chemical 
analytes present in the sample of gas (Frazier et al., 2014). This is a 
prolific direction to enhancing the sensitivity and selectivity of these 
materials to a specific analyte. These sensors can work with metals, 
polymers, or small molecules in covalent or noncovalent manner. 
The application of these materials along with different substrates into 
devices can produce simple, rapid, potable, and low-power sensors, 
which may be capable of detecting wide range of contaminants or 
vapors at parts-per-million (ppm) concentrations. To prepare these 
types of sensors, solid composites of SWCNTs are mainly employed 
in combination with small molecules (PENCILs (Process Enhanced 
NanoCarbon for Integrated Logic) as the sensing material, and 
graphite as electrodes. The DRAFT (Deposition of Resistors with 
Abrasion Fabrication Technique) technique is used to deposit these 
materials on different type of substrates. It is already reported that 
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the chemical reactivity of SWCNTs can be significantly improved 
by providing strain on SWCNTs (Lobez et al., 2014). Although, the 
deposition of solid-sensing materials on the electrode surface makes 
carbon nano-based sensors simple, solvent-free, and easily acces
sible, but along with application, some limitations also exist. The 
thickness, location, size, and distribution of these sensors may result 
in the formation of conductive carbon “film” which is difficult to 
control and is limited to the substrate (e.g., surface roughness and 
distribution of cellulose fibers on the surface of paper) (Frazier et 
al., 2014). The experiment-based studies mention that mechanical 
alteration can alter the electrical conductivity of semiconducting and 
metallic CNTs (Wang et al., 2008). This property shows that the use 
of CNTs can develop highly sensitive electromechanical sensors. 

3. 	 Pressure sensors: The CNTs–and graphene are the most appropriate 
nanomaterials to be used in pressure-sensing technology. These 
pressure sensors are based on capacitive, inductive, and piezoresistive 
phenomena, and can be employed for regulation and screening of 
the pressure of different types practical applications (Karimov et 
al., 2011). Among all the three sensors (i.e., Piezoresistive pressure 
sensors, Inductive pressure sensors, and Capacitive pressure sensors), 
the piezoresistive pressure sensors demonstrate outstanding potential 
for the detection of real-time pollutants and are cost-effective, simple 
device structure, and easy signal gathering. Highly sensitive and 
flexible piezoresistive pressure sensors are based on micropatterned 
films with the coating of carbon nanotubes (Ali et al., 2018). 

4. 	 Strain sensors: Generally, the applications of nanocarbons in 
mechanical sensors are associated with the measurement of strain. As 
CNTs gain special attention as they demonstrate both piezoelectric 
and piezoresistive behaviors under pressure. Because of the above 
properties, CNTs are explored to be used in sensors, and usually, they 
are determining the variation in electrical resistance or voltage when 
exposed to external action. The strain sensors are mainly focused on 
piezoresistive effects, and electromechanical effect which is shown 
by most of the composite matrices and CNT arrangements. Piezo
resistive strain behavior of CNTs has been thoroughly exploited 
in the form of sensors. The strain sensors are mainly explored in 
environmental pollutant detections. Thin film piezoresistive strain 
sensors in combination with single-walled and multiwalled carbon 
nanotubes serve as good substitutes for developing novel sensors 
and show promising potential. Carbon nanotube-based strain sensors 
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surrounded by structural materials can work as both multidirec
tional and multifunctional sensors with high strain resolution on 
nanoscale. The electromechanical properties of carbon nanotube 
as strain sensors display an exceptional application compared with 
the existing strain sensors due to a blend of outstanding electrical 
property and increased elastic moduli (Novoselov, 2004). 

5. 	 Flow sensors: These sensors are used for the quantification of the 
flow rate of a mobile gas and liquid. A flow sensor based on CNT is 
based on the formation of voltage/current in a bundle of SWCNTs 
when it comes in contact with the moving gas or liquid. 

6.	  Mass sensing: The mechanism of these sensors is depending on the  
resonant frequency of a CNT–resonator when it is exposed to alteration  
in external loading or attached mass. Micromechanical resonators  
(microcantilevers) are based on the mechanism that the resonant  
frequency of the cantilever depends on the inverse square root of the  
cantilever mass. Hence, an alteration in the mass of the resonator is  
measured as peak in the frequency of the resonant. The small size and  
unique mechanism of the CNTs make these nanostructures capable  
candidate for substituting cantilever structures in a mass sensor. The  
limitations of these sensors are difficulty in measuring added variation  
in the resonant frequency, because of the added mass. 

7.	  Temperature sensors: These sensors are mainly sensitive to detection  
of type and temperature of the gas in the environment. These are triple  
electrode-based sensor, have one cathode along with two extracting  
and accumulating electrodes, where CNTs are vertically aligned and  
are disposed on top of the cathode, and then the power is applied  
in between the electrodes. In this system, CNTs play a vital role to  
introduce electrical breakdown, subsequently, this type of systems do  
not change adsorption or desorption of gas molecules. Temperature  
of the gas affects the grade of ionization and released current that  
stimulates the accumulating current. This sensor can sense tempera
ture range from 20°C to 110°C with a sensitivity of 22.72 µA/°C (N2) 
and 4.74 µA/°C (air) both at 110°C (Song et al., 2017). 

4.5.2 EXAMPLES OF DIFFERENT CARBON-BASED SENSORS FOR THE 
DETECTION OF POLLUTANTS 

The application of carbon-based nanostructures as a gas sensor increased 
because of their structure and morphology, which allow the detection 
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and quantification of gas. The CNTs have hollow structure and enhanced 
surface/vol ratio. This makes them an ideal model for the adsorption of gas 
molecules. CNTs can be applied in many systems in the form of gas sensor, 
such as in capacitance, ionization, sorption, resonance frequency shift, etc. 
Generally, these systems sensors are based on change in applied voltage/ 
current concerning the quantity of adsorbed gas molecules onto the surface 
provided, and the observations are formed by electrical signals produced 
through the interaction between the sensor and gas molecules. As a gas 
sensor, the carbonaceous material play a very important role in the determi
nation and detection of polluting gases, especially carbon monoxide (CO), 
hydrogen sulfide (H2S), nitrogen oxide (NOx), methane (CH4), and ammonia 
(NH3). GPN, GO, CNTs, and fullerene are some key carbon allotropic forms 
used in this kind of sensor. 

Ricciardella et al. (2017) demonstrated that the mechanical exfoliation 
(ME) method can produce less-defective material of GOP, and a nominal 
level of defectiveness brings rapid interface during the contact time toward 
the gas. 

Among all gases, the NO2 gas is very harmful for human’s respiratory 
system, if the exposure concentration is above the threshold limit. This 
is also accountable for acid rain. According to UEPA (US Environmental 
Protection Agency), the recommended yearly exposure concentration of 
NO2  is about 53 ppb. Therefore, the detection of such low concentration 
of NO2 gas requires a very sensitive system (sensor). On comparison with 
different methods, Seekaew et al. (2017) proved that the performance of 
Graphene(bilayered) gas sensor by using CVD method has high selectivity 
toward the NO2 in contrast to ethanol (C2H5OH), CO2, NH3, H2,  and CO. 

Other group of researchers (Wu et al., 2018) used hydrophobic rGO 
(reduced graphene oxide) for the analysis and detection of NO2. It is well 
known that graphene has tremendously hydrophilic functional groups, such 
as carboxylic, epoxide, and hydroxyl, which decrease their conductivity 
and make these GO-based gas sensors very sensitive to humidity. The rise 
in defect area and surface area may expand gas adsorption and sensibility. 
These NO2 sensor demonstrates high sensitivity at about 25.5 ppm−1 and a 
prominent low limit of detection at about 9.1 ppb. 

Furthermore, in gases, NH3 is required to be monitored due to its property 
of causing water (surface) pollution, acidification, and eutrophication of soil. 
NH3 can be detected by highly sensitive NH3 sensor by using laser ablation 
technique which is prepared by the combination of GPN and vanadium 
pentoxide (V  

2O5) (Kodu et al., 2017). Other than NO2, many more gases 
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exist which may act as air pollutant and are injurious to health, such as H2S, 
which can be fatal due to loss of breathing. Graphene-based H2S gas sensor 
is showing highly sensitive response and fast (~1s) along with rapid recovery 
time (~20s), and it can detect CH4, CO2, N2, O2 below the recommended 
level (100 ppm). 

A constituent of natural gas, named as CH4 can also be very harmful, 
it may cause suffocation and explosions when present in the environment 
exceeding the permitted level. Chen et al. (2018), formed a sensor based on 
Li+ incapacitated CNTs which produces a CNT-Li+ thin film, while exposure 
of CH4 gas to CNT-Li+, the Li+ strengthen up and induces dipole interaction. 
The alteration on hybridization state of CNT (from sp2 to sp3) helps to link 
CH4 to its p-bonds, which affect the system’s resistance. With reference to 
above, this sensor demonstrates a high sensitivity to CH4 (14.5% at 500 ppm), 
which makes this device an excellent choice. 

Even though H2 is not a polluting agent, its properties, such as high 
flammability making worries about its storage, production, and transporta
tion. A sensor formed by graphene-coated CNTs (GCNTs) and adorned with 
nanoparticles of Pt were used for the detection of H2. It is well known that 
Graphene–CNTs are used to promote a decent electrical conductivity along 
with high surface area, they are also good to be used in sensors. Though, 
these carbon nanomaterials are virtually insensitive while exposure to H2 
So, Pt nanos have been employed due to their high catalytic activity toward 
molecule of H2 gas. GCNTs-based sensors are prepared using single-furnace 
catalytic technique for the detection of H2 gas. Gas-sensing sensor displayed 
a steady and reproducible response to hydrogen and as a conclusion it is noted 
that the rise in temperature leads to reduced sensitivity (Jaidev et al., 2018). 

The carbonaceous-gas sensor was also used to detect C2H5OH, O2, and 
infrequent gases. The C60 FULLERENE–zinc oxide tetrapod materials were 
explored by some researchers for the detection of ethanol gas (Smazna et al., 
2018). 

Algadri et al. (2018) made sensor for sensing H2 gas by applying dielec
trophoresis technique (sensor with glass substrate and Pd electrodes), they 
produced multiwalled CNTs (MWCNTs) by using a combination of graphite 
and ferrocene, which were microwaved (heated) and further treated at room 
temperature with nitric acid. As a result, MWCNTs were deposited onto a 
substrate (glass) between the electrodes of Pd. As a result, this device demon
strated good sensitivity (max sensitivity about 239%) to the hydrogen gas 
when come in contact with the mixture of H2-N2 (20–1000ppm) at 0.05V. 
This technique also suggests that MWCNTs enhance the sensitivity of gas 
sensors by forming a passage for the current to move faster. 
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C20 fullerene are also being used as a gas sensor, specifically to detect 
rare and diatomic gas. Zhao et al. (2017) explored nonequilibrium Green’s 
function formalism combined with density functional theory (DFT) for the 
analysis of steadiest adsorption structure and energy along with transport 
characteristics on C20 molecular intersections with diatomic gas. Outcomes 
of this displayed that O2 and NO could be sensed selectively, whereas C20 
also has limitation for sensing CO. Their study proved that C20-fullerene 
demonstrate an excellent capacity to be explored as nanosensors for the 
detection of gas. 

In addition to the detection and quantification of the above-mentioned 
gases, nanocarbon sensors can be explored to evaluate the temperature of 
ionized gases. Song et al. (2018) reported that these sensors can sense or 
determine temperature ranges of 20°C–110°C with a sensitivity of 4.74 µA/°C 
(air) and 22.72 µA/°C (N2) (both at 110°C). 

Carbon-based sensors also show countless viability to be utilized as 
pollutant detector. The nitrogen cycle is an essential component of many 
living beings, and nitrogen is derived from nitrates as important nutrient 
source and enters in water cycle too. Besides screening of NO2 and other 
air gases, detection of nitrogen in water is a recent apprehension for human 
health. Water eutrophication is an ecological problem which reduces the 
oxygen rate, leading to death of fishes and other aquatic faunas. Alahi et 
al. (2018) reported about low-cost graphene–nitrate-sensor. In comparison 
to other sensor, this sensor is low cost, provides real-time response, and 
needs nominal time for sample preparation along with error value below 
5%. Results obtained was confirmed by using UV-spectrometry. Chen et 
al. (2018) also established a sensor for nitrate, using rGO in combination 
with benzyl-tri-ethyl-ammonium chloride. This sensor can sense a low limit 
of 1.1µg/L in a short fraction of period (2–7s) and also shows selectivity 
against interfering ions (Cl−). 

Phenolic compounds are other major environment contaminants that 
need to be monitored. The boron-doped nanodiamond electrochemical 
sensors are in use for the detection of monophenols and bi-phenols. In this 
sensor, nanodiamonds were released onto GCEs (glassy carbon electrodes) 
and used for the detection of phenolic compounds. Little alteration with this 
method also helped in the detection of aromatic phenolic compound called 
hydroquinone (HQ) (Chen et al., 2017). 

For the determination of organic and inorganic contaminants of water, 
fullerene-based nanocomposites were explored. Wei et al. (2018) proposed 
photocatalytic sensor, for the detection of organic compounds, which was 
made up of Au-TiO2 nanoparticles and C60 fullerene (Au-TiO2-C60). In this, 
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TiO2 was working as a regular catalyst material, Au–np (nanoparticles) was 
working as co-catalyst and plasmonic sensor, whereas C60  was explored as 
an accelerator for redox reaction. The Au nanoplasmonic peak (in redox 
reaction) was measured using surface plasmon spectroscopy. The frequency 
of plasmonic waves indicates the rate of reaction and was used to estimate 
the concentration of organic compounds in water. Due to its great accuracy 
and susceptibility, plasmonic sensor are observed to be good solution for the 
determination of water quality. 

When heavy metals accumulate in the environment by food chains may 
cause many health issues, such as kidney and liver malfunctioning or failure 
to humans. Liu et al. (2018) formed graphene-based sensor for sensing of ions, 
such as Pb2+, Cu2+,  and Cd2+, using anodic stripping voltammetry technique. 
In this process, highly conductive electrodes coated with graphene films 
were employed for the analysis of heavy metals. Observations exhibited by 
this sensor are ranging from 5 to 400 µg/L and detection limit of 1.0 µg/L for 
Pd ion, 5.0 µg/L for Cu ion, and 0.5 µg/L for Cd ion. 

A sensor based on reduced graphene oxide–CNT was explored by Xuan 
and Park (2018) along with gold substrate for the detection of metallic ions. 
In this process, the electrode was made up of bismuth (Bi) (environmen
tally). The sensor was based on silicon-coated biscuits coated with a film of 
polyimide and a layer of reduced graphene–CNT. The sensor’s efficiency 
was measured by cyclic voltammetry technique for the detection of Pb ions 
and Cd ions. As an observation, this sensor showed its better significance in 
terms of sensitivity, surface area of working electrode, stability, and response 
time in comparison to other traditional sensors. 

The GPN–quantum dots (QDs) were also explored in the form of fluores
cence sensor for Pb2+. In this method, carbon nanoparticles were immobilized 
with the mixture of amine-modified and 1-ethyl-3-(3-dimethyl-aminopropyl) 
carbodiimide. The combination of Graphene–QD and nanoparticles led to 
fluorescence reducing and retrieval. As a result, this sensor presented a good 
selectivity for Pb2+ than other metal ions, specifically Hg2+. 

Menacer et al. (2018) formed and reported about CNT-based sensor for 
the detection of acetone. In this SWCNT was explored as a sensor due to 
its extraordinary physical properties, such as length, diameter, chirality, and 
molecular arrangement onto the sensor surface. As a result, it was measured 
that the natural frequency of CNT resonator decreases with the increase in 
the number of acetone molecules and frequency increases with decrease of 
CNT dimension along with high chirality. This method is highly effective, 
sensitive, and inexpensive compared with other methods. 
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Lezi (2017) explored Graphene-Nafion-based sensor for the detec
tion of caffeine. They evaluated the results with a conventional HPLC 
(high-performance liquid chromatography) method. The limit of detection 
was 0.021µmol, with standard deviation of 2%. Study was conducted for 
other samples also such as Citric acid, maltose, sucrose, Na+, K+, Ca2+ at 
0.1µmol/L and found that these samples unaffected with the determination 
of 1.0µmol/L of caffeine. 

The quantity of water vapor or moisture in a gas is known as humidity, 
which is a critical constituent of industrial and lab processes, pharma indus
tries, agriculture, food storage along with production, chemistry, textile 
industry, semiconductors. Therefore, in these methods, humidity control 
system is essential to attain appropriate outcomes. Li et al. (2018), also 
projected an extremely sensitive sensor for humidity based on graphene 
oxide with consistently spread MWCNTs, where MWCNTs were working 
as detecting agents. As we know van-der-Waals interactions can hamper the 
competence of carbonaceous material, the grapheme oxide was used in the 
mixture to promote the dispersion of MWCNTs. The electrodes were made 
up of a Si-wafer coated with silicon dioxide (SiO2) and Au/Ti coats, and then 
the detecting film of MWCNT-GO was put onto the surface of the substrate. 
The researcher also reported that the sensor with the MWCNT/GO film has 
13% more sensibility compared with the sensor with graphene oxide alone. 

Graphene-based sensors are explored for the detection of humidity of 
the gases. Leng et al. (2018) constructed humidity sensor by using modified 
diamine–graphene oxide compounded with Nafion-polymer to form hybrid 
film. The result is observed as 10% lasting stability and linearity than the 
other counter methods. 

The other widely in use sensor for humidity is associated with QMC 
because of its high digital frequency yield, low cost, and high resolution. This 
sensing system comprises of QCM coated with nanodiamond–MWCNTs 
hybrid film which is highly sensitive to humidity and helps in the detection 
of humidity (Yu et al., 2018). 

Ding et al. (2018) applied QCM-based humidity sensor in association 
with C60/GO. Graphene oxide (GO) has hydrophilic functional groups 
which expand its sensibility. While coming in contact with molecules of 
water the viscosity of (GO films increases, which may damage the sensor. 
Therefore, in order to reduce GO’s aggregation, C60 was added which forms 
hydrophobic separation coatings between GO film sheets. Deposition of GO 
onto QCM electrode was achieved using drop-casting technique. After the 
comparative assessment, it was exposed that QCM humidity sensor coated 
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with C60/GO- was better than QMC coated with GO due to its stability, 
dynamic response, and recovery properties. 

For humidity in gaseous form, Saha and Das (2018) applied fullerene-C60 
along with nanopores of γ-alumina (Al2O3) thick films as a humidity sensor. 
AFM (atomic force microscopy) and SEM (scanning electron microscope) 
were used to check the porosity and surface area. The response, sensitivity, 
recovery, and hysteresis were performed as electrical characterization. 
Results revealed that the modified version of C60-γ-Al2O3 sensor was capable 
of determining the low range of humidity in a gaseous atmosphere with low 
pressure and was extremely sensitive too. 

Carbon nanostructures exhibit both piezoelectric and piezoresistive 
behaviors under strain. Because of these properties, CNTs were explored 
for developing strain sensors. Generally, a change in the electrical voltage 
of CNT composites are measured, subjected to peripheral action. The utmost 
substantial development in strain sensors are based on piezoresistive effects, 
and that is due to stronger electromechanical effect of most CNT and composite 
matrices. Yu et al. (2018) established a highly sensitive strain sensor. This 
sensor was mainly based on conductive–SBS (styrene–butadiene–styrene)– 
CNT fiber prepared by wet-spinning method. Ma et al. (2017) explored a 
method for the detection of real-time strain/stress of composites by evaluating 
piezoresistivity and electrochemical impedance changes in a CNT yarn grid 
of whole composite, without disturbing its mechanical properties. Arif et al. 
(2018) confirmed that the gauge factor has strong sensitivity to the strain rate 
while using CNTs–polydimethylsiloxane (PDMS) composite sensors. It also 
confirms that the gauge factor changes (increases) under higher strain rate. 
CNTs also improve the poling proficiency of piezoelectric composite-based 
sensors when used as additives. Zhao et al. (2016), stated the efficiency of 
CNTs in cement–sand-based piezoelectric composites, and are ranging from 
0 to 0.9vol.% of nanotubes. 

The pressure sensors are relying upon piezoelectric and piezoresistive 
behaviors of the CNT-based composites, defining resistance or voltage across 
the sensor and regulating the response for the purpose of external stimulus. The 
flexibility of sensors is generally accomplished by PDMS (elastomer) which 
is used as structural material. These sensors are mainly relying on results that 
results on the alteration in the conductivity of CNT when exposed to external 
pressure. Gao et al. (2018) prepared a cost-effective wearable CNT–PDMS 
sensors by utilizing a technique called sand paper molding. These sensors 
can detect pressure, ranging from 5 to 50 kPa with stimuli–response period 
of 0.2 s along with stability of over 5000 cycles. Similarly, Giffney et al. 
(2017) used sensor based on MWCNTs–silicone rubber composite as a strain 
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sensor, they demonstrated that the sensor is capable of stretching of strain 
up to 300% through absorbent of 11% hysteresis for the above said 300% 
maximum level of strain. Costa and Choi (2017) fabricated another strain 
sensor with inkjet printing followed by the 2D force sensors (made up of 
patterned CNTs on PDMS nanocomposite) for measuring the strain. 

Other than ecological monitoring, carbon nano-GPN are also explored for 
making piezoresistive equipment. For the same, Dong et al. (2018) projected 
an easy approach for constructing piezoresistive sensor, which was based on 
hierarchical structure of sea sponges and conductive property of compounds 
of polydopamine-reduced graphene oxide along with A-nanowires for the 
measurement of pressure. In this, Sea sponge was employed to maintain the 
sustainably of structure when the sensor was under strain–stress, whereas, 
silver was working for the improvement of conductivity and strain sensitivity. 
As a result, its was obtained that this sensor has good reproducibility (more 
than 7000 loading/unloading cycles), fast response time (less than 0.54 ms), 
and high sensibility (0.016kPa−1 at 0–40kPa). 

Drugs are known as one of the important environment contaminants which 
need to be identified and quantified before elimination. Nanocomposites based 
on nanodiamond, CNTs, graphene, and fullerene can be employed to detect 
various drugs, such as drugs used as anticancer drugs (flutamide, chlorambucil, 
etc.), illicit or illegal drugs (amphetamine, phenylpropanolamine, etc.), 
drugs for the treatment of tuberculosis (R-cinex, combitol, tranquilizers, 
pyrazinamide, etc.). Prasad et al. (2017) used C60-based fullerene for 
improving sensitivity and conductivity of embossed polymeric-micelles and 
explored for the detection of these drugs. These electrochemical sensors were 
made by incorporating electroactive C60-monoadduct-micellar (molecularly 
engraved polymer) attached on ionic liquid-based carbon ceramic electrode 
(IL-CCE). This method revealed the capacity of fullerene–nanomediator in 
the signal transduction, and allows it to be used as a selective system for 
the detection of drugs in aqueous samples. Similarly, Simioni et al. (2017) 
prepared modified-nanodiamonds (ND) with glassy carbon electrode 
(ND-GCE) for the determination of pyrazinamide (PZA), one of the utmost 
important and acceptable drug (antibiotics) for the treatment of tuberculosis. 

Similarly, Farias et al. (2017) prepared MWCNT-based sensor for the 
detection or monitoring of flutamide (anticancer drug), in this, a noninvasive 
monitoring system for flutamide was prepared and functionalized for the 
detection of this drug. In this, MWCNT was working with-COOH, =O and 
-OH, on the glassy carbon electrodes and the reading was measured. MWCNT 
showed active catalytic capacity to reduce or oxidize the evaluating drug. 
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Ahmadi et al.’s (2018) theory proved fullerene to be considered as prom
ising carbon nanomaterial to be explored as electroactive sensor. Fullerene 
has solid interaction with drugs, such as methyldopa, tyramine, enalapril, 
dextroamphetamine, metoprolol, and tolazoline. Similarly, Parlak and Alver 
(2017) studied Ge, Al, B, Ga, and Si-doped C60-fullerene as sensor for 
detecting amantadine. Bashiri et al. (2017) used fullerene-based sensor for 
the detection of amphetamine (AA). Moradi et al. (2017) also used Si and 
Ai-doped C60-fullerenes for the detection of drug named phenylpropanol
amine (PPA). Rahimi-Nasrabadi et al. (2017) developed a sensor based on 
CNT-C60 in combination with 1-butyl-3-methylimidazolium tetrafluorobo
rate ionic liquid (IL) for detecting the drug named diazepam. 

Ways to control health problems need to monitor biomedical contamina
tion of the environment. For the same, different nanocarbon-based sensors 
have been employed, such as fullerene, graphene, and CNT–GPN hybrid, 
etc. For an instance, Sutradhar et al. (2017) also established a novel biosensor 
based on C60–Au nanocomposite using 3-amino-capto-1,2,4-triazole for 
nonenzymatic detection method for glucose. These hybrid sensors were also 
shown as promising substitute for achieving the desired sensing property. 

In concern, the Purdey et al. (2017) also developed sensor with organic 
fluorescent probe attached with nanodiamond and was used for the detection 
of hydrogen peroxide, labeled peroxy-nanosensor (PNS). Liu et al. (2018) 
made Quantum Dots-C60 fullerene sensor and used it for detecting nucleic 
acid or RNA–DNA from biomolecules. Li et al. (2017) established a fullerene
based biosensor for sensing ultrasensitive ATP (adenosine tri-phosphate), an 
important biological molecule accountable in metabolic activities of cells. 
Many researches also designed carbon-based-sensors for the detection 
of prostate antigen, L-histidine, proteins, biomarkers, and numerous of 
other biomolecules. CNT-FET (carbon-based field-effect transistors) was 
effectively applied as DNA sensors. 

NDs along with CNTs could be easily and equally altered to be utilized 
in the form of nanocomposites and have numerous of biological applica
tions. Properties of NDs, such as stability in biological fluids, optically 
transparent, increased physical adsorption, etc. make it as an ideal sensor 
for the detection of biological materials. NDs are also in use as intracellular 
magnetosensitive nanosensors. Kumar et al. (2017) developed a hybrid 
graphitized-ND-(GND)-based sensor for detecting urea and it was easy 
to measure, reproducible, and constant. Similarly, Tran et al. (2017) also 
stated about the CNT-FET-based DNA sensor for detecting virus named as 
influenza A virus. 
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4.6 CONCLUSION 

Worldwide health is a concern, particularly in terms of air–water-borne diseases 
and causative organism (pathogens), and other possible toxic compounds or 
contaminants existing in the environment. Detection procedures with high 
sensitivity, selectivity, and rapidity are essential for screening and monitoring 
these pollutants in contest to safety guidelines of earth. By using diverse signal 
intensification and background reduction systems combined with carbon 
nanoparticles in different forms with sensors for detection offer selective and 
sensitive tools for screening numerous forms of air–soil–water pollutants. 

This chapter emphasized on the detection of environmental pollutants and 
steps of preprocessing along with CNTs. Combination of sensors and CNTs 
developed as miniaturizations, ecofriendly, multiple detection, and inexpen
sive technique. The significant benefit comprises rapid consequences in terms 
of detection values, because these methods monitored changes (increase) 
in signal rather than targeting the analytes, which has greatly altered the 
paradigm of detection. These techniques conjugated with nanocarbon will 
accelerate the potential of existing technology and also offer robustness, 
specificity, sensitivity, self-cleaning and speediness, to accompaniment of 
required analysis, substitute the typical counter standards present, and also 
endorse the approachability of safe environment. 

Nanotechnology provided an ultrasensitive detection method for 
screening various environmental pollutants, in which carbon nanostructure
based sensors are one of the pollutants detecting systems with extraordinary 
properties. Number of allotropic forms of carbon have been explored as 
sensors for sensing and eliminating environmental contaminants. Researches 
well proved the applications of different forms of carbon nanos, that is, 
fullerenes, ndiamonds, graphene, nanotubes, and hybrid assemblies due to 
their thermal, electric, chemical, and ano mechanical properties. They also 
proved that carbon nanostructures also have a high grade of specificity and 
selectivity when functionalized as detection sensors. Among all, nanodia
mond is an excellent example of nanocarbon that has been functionalized 
as biosensor. On other hand, due to its cage-like morphology, fullerene is 
highly explored as biocompatible sensor and is useful in sensors which work 
on interactions (chemical and biological) between analysts and the device. 

Nanosensors also exhibit the capacity of sensing microbial pathogens 
or chemical contaminants at very minute or trace levels, in addition, are 
very convenient to handle as portable device for real-time monitoring along 
with on-site. It is inexpensive, requires less labor, rapid, and time saving 
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along with multiple contaminant detecting efficiency. Besides, advancement 
in nanotechnology also boosts a noble way of designing new techniques, 
keeping environment and sustainability in mind. The benefits of nanotech 
nology thus have numerous important roles in maintaining the environmental 
health well. 
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ABSTRACT

Nanomaterials possess remarkable optical, electrical, thermal, mechanical, 
and catalytic properties which can be efficiently used for sensing a wide 
variety of substances. It is necessary to periodically assess the contaminant 
levels in our environment both qualitatively and quantitatively using inex-
pensive, rapid, and sensitive techniques/tools. The high reactivity of the 
nanomaterials make them potential analytical tools for monitoring several 
types of environmental contaminants ranging from heavy metal ions, organic 
pollutants, toxic gases, to pathogenic microorganisms. In this regard, different 
varieties of carbon-based and noncarbon based nanomaterials have been 
investigated for their detection capabilities. Herein, the usage of noncarbon 
based metals, metal oxides, semiconductor nanoparticles/quantum dots, 
composite nanomaterials, etc., as sensing platforms are discussed with 
emphasis on the predominant mechanisms behind contaminant-nanomaterial 
interactions.
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5.1 INTRODUCTION 

The ecosystem is greatly impaired due to the effects of environmental pollution 
from industrial and agricultural activities. A wide range of contaminants 
ranging from heavy metal ions, pesticides pathogenic microorganisms, and 
gaseous pollutants cause severe damage to the environment and have adverse 
effects on human health. Most of these contaminants resist degradation and 
hence accumulate in the environment. This global crisis of environmental 
pollution necessitates the development of detection tools and techniques of 
utmost precision and efficacy. The tools and techniques used for detection 
have to be inexpensive, simple to operate, selective, and sensitive as well 
(Su et al., 2012). The techniques based on colorimetry, chromatography, 
fluorimetry, and voltammetry have been extensively used for monitoring 
these contaminants (Aragay et al., 2011; Su et al., 2012). However, most 
traditional analytical tools such as high performance liquid chromatography 
and inductively coupled plasma-based spectroscopy are expensive, highly 
sophisticated, and do not support in situ analysis. 

Different types of sensors have been developed to detect specific chemical 
or biological entities. Of these, nanomaterial-based sensors have garnered 
attention in the past decade owing to their high surface-area to volume ratio, 
reactivity, and enhanced catalytic and adsorptive abilities. It is also possible 
to fine tune the sensing configurations based on recognition phenomena at 
the nanoscale (Arduini et al., 2020). For brevity, this chapter is limited to 
noncarbon-based nanomaterials to exclude the large class of nanomaterials 
based on carbon and its allotropes such as carbon nanotubes, graphene, and 
graphene oxide, nanodiamonds, fullerenes, and carbon dots (Fig. 5.1). A wide 
variety of noncarbon-based nanomaterials including metal and metal oxide 
nanoparticles, bimetallic nanoparticles, quantum dots, nanocomposites, and 
organic nanoparticles, which are used for the detection of contaminants are 
discussed in this chapter. 

5.2 DIFFERENT TYPES OF NONCARBON-BASED NANOMATERIALS 

The major classes of noncarbon-based nanomaterials dealt in this chapter 
(Fig. 5.1) are metals and metal oxide nanoparticles, bimetallic nanoparticles, 
quantum dots, nanocomposites, and organic nanoparticles (Sudha et al., 2018; 
Saleh, 2020). Besides, the applications of ceramic, zeolite, and silica-based 
nanomaterials for the detection of environmental contaminants are discussed 
briefly (Fig. 5.2). 
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FIGURE 5.1 Classification of nanomaterials. 

Noble metal nanoparticles such as Ag, Au, and Pt have received maximum 
consideration due to their high conductivity, biocompatibility, provisions 
for surface functionalization, and their size- and shape-related optical, 
electronic, and catalytic properties (Buzea and Pacheco, 2017). Metal oxide 
nanoparticles such as TiO2, Fe2O3, Fe3O4, ZnO, etc. are excellent chemical 
sensors with interesting catalytic properties due to their surface properties 
influencing the bandgap energy of materials (Saleh and Fadillah, 2019). 
Bimetallic nanoparticles comprising of two different metals exhibit extraor
dinary chemical stability and reactivity, which are further dictated by their 
composition, morphology, and size distribution (Saleh, 2020). The synthesis 
procedures for bimetallic nanoparticles are relatively complex depending on 
the type of nanoparticles, that is, core-shell, alloy, and contact aggregates 
(Sharma et al., 2019). 

Quantum dots are semiconductor nanomaterials with distinct photo-
physical and chemical characteristics (Alivisatos, 1996; Ahmad et al., 2012). 
Quantum dots (QDs)-based immunoassays have been used for the detection 



 

 

 
 

 

138 Nanotechnology for Environmental Pollution Decontamination 

of pathogenic microorganisms by tagging them with biomolecules such as 
nucleic acid sequences, proteins, antibodies, etc. (Alivisatos, 2000; Duber
tret, 2005). When such QD-immobilized biomolecules interact with comple
mentary nucleic acid sequences or antigens specific to the target pathogen, 
the bioconjugation or hybridization event is recorded by a transducer and 
converted to measurable signals (Jin et al., 2011; Ahmad et al., 2012). The 
QD probes display high sensitivity and are excellent fluorophores compared 
to organic dyes (Ferancová and Labuda, 2008; Sharma and Mehata, 2020). 

FIGURE 5.2 Noncarbon-based nanomaterial sensors. 

Nanocomposites are multiphase nanomaterials comprising of nano
structures/nanoparticles as building blocks embedded in a supporting 
matrix. The common nanocomposite materials include polymer-based 
nanocomposites, nonpolymer-based nanocomposites, metal/metal nano
composites, metal/ceramic nanocomposites, ceramic/ceramic nanocom
posites, polymer/ceramic nanocomposites, carbon/metal nanocomposites, 
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carbon/polymer nanocomposites, and carbon/ceramic nanocomposites 
(Sudha et al., 2018). Nanoscale metal organic frameworks (MOFs) are 
porous crystalline coordination networks assembled from inorganic nodes 
(metal ions or clusters) connected by organic linkers. Due to their high 
porosity, they are suitable candidates for sensing and capture of a number 
of pollutants (Wang et al., 2018a; Cai et al., 2020; Zhao, 2020). 

It is necessary to differentiate the carbon- and its allotrope-based nanoma
terials such as single-and multiwalled carbon nanotubes, graphene, graphene 
oxides, etc., from the category of organic nanomaterials composed of lipids, 
carbohydrates and other polymers. Our discussion here will be restricted 
to the latter category of organic nanomaterials. Polymeric nanoparticles, 
liposomes, polymeric micelles, and dendrimers are the widely studied 
organic nanomaterials for the detection of notorious compounds. Polymeric 
nanomaterials are solid particles composed of either natural or synthetic 
polymers. They are generally biocompatible, biodegradable, and exhibit 
greater structural integrity, stability, and controlled release characteristics 
(Hadinoto et al., 2013; Sudha et al; 2018; Saleh, 2020). The other types 
of organic nanomaterials used specifically for detecting contaminants are 
discussed in upcoming sections. 

5.3 MECHANISMS OF DETECTION OF CONTAMINANTS 

Analytical nanotechnology refers to the application of nanomaterials as 
sensors for the detection of chemical and biological entities. The mechanisms 
of detection of the contaminants are discussed later with a mention of micro-
fluidic platforms incorporating one of these mechanisms but on a miniature 
scale. The interactions between the sensor (nanomaterial) and the analyte 
(contaminants) could be based on colorimetric absorption, enhanced Raman 
scattering, electrochemical, or fluorescent signalling. 

5.3.1 COLORIMETRIC DETECTION 

The use of colorimetric sensors for monitoring environmental contaminants 
is simple, economic, fast, and allow on-site detection without the need 
for large sophisticated equipment (Prosposito et al., 2020). Noble metal 
colloidal solutions, especially those of gold and silver have very high 
extinction coefficients and exhibit vibrant hues of colors in the visible 
region. The interaction between the target analyte and the nanoparticles 
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leads to visible changes in color of the colloids, depending on the state of 
aggregation (Vilela et al., 2012). The extent of aggregation of the nanopar
ticles is found to be proportional to the amount of analyte, thus enabling 
quantitative detection of the contaminants (Fig. 5.3). The detection limit 
of such nanomaterial-based colorimetric assays is in the nanomolar range 
which is much better compared to conventional spectrophotometric assays 
without the nanoparticles (Tiwari and Prakash, 2018). The sensitivity of the 
nanoparticles to changes in the local environment surrounding the nanopar
ticles are responsible for the success of the nanomaterial-based colorimetric 
estimation (Alzahrani, 2020). 

FIGURE 5.3 Colorimetric sensor based on Au and Ag nanoparticles. 

5.3.2 ENHANCEMENT OF SERS SIGNAL 

Surface enhanced Raman spectroscopy (SERS) is a spectroscopic technique 
that allows for highly sensitive structural detection of analytes at very low 
concentration by amplifying the electromagnetic fields generated by the 
excitation of localized surface plasmons (Sharma et al., 2012). The weaker 
Raman signals from molecules are amplified by orders of 1010–1015 facilitating 
detection of even single molecules (Kneipp et al., 1999; Pieczonka and Aroca, 
2008). Molecules that are adsorbed onto rough nanostructured surfaces exhibit 
enhanced Raman scattering (Fig. 5.4). One criteria for SERS is that the choice 
of laser wavelength has to correspond with that of the SERS metal used. 
Nanoscale gold, silver, and copper are the best enhancers of electromagnetic 
fields and hence the choice of material for SERS substrates. Also, metal 
nanoparticles allow tuning of sensitivity of the analysis through proper control 
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of shape and size of nanoparticles (Tian et al., 2014). It is already established 
that noble metal nanoparticles of different sizes and shapes can be obtained 
by controlling the reaction parameters such as pH, temperature, precursor ion 
concentration, etc., (Sau and Rogach, 2010; Jamkhande et al., 2019). 

FIGURE 5.4 Raman scattering vs. surface-enhanced Raman scattering. 

When SERS was used for detecting heavy metals, organic and inorganic 
pollutants, some of the lowest limits of detection were reported. Hence, 
SERS is a promising tool for monitoring pollutants at environmentally valid 
concentrations. Though a number of benchtop Raman spectrometers have 
been successfully employed for detecting heavy metals such as mercury, 
pharmaceuticals, perfluorinated compounds, and pesticides, similar sensi
tivity is yet to be achieved in portable Raman spectrometers for in field 
applications (Ong et al., 2020). 

5.3.3 ELECTROCHEMICAL DETECTION 

Electrochemical techniques of detection allow on site and real time monitoring 
of the contaminants. The nanomaterials used to modify the electrodes 
determine the sensitivity and selectivity of the sensors depending on the size 
of the nanostructures and the electron transfer areas (Fig. 5.5). Variations 
in material of the electrodes/electrode surfaces have resulted in different 
rates of electron transfer and hence different strengths of electrochemical 
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signals (Khan et al., 2015; Huang et al., 2017). Metal nanoparticles 
modified electrodes act as arrays of microelectrodes, which offer better 
mass transport and signal-to-noise ratio, low limits of detection, and avoid 
solution resistance as much as possible in comparison with conventional 
macroelectrodes (Aragay et al., 2011). Nanomaterial-modified electrodes can 
bring together the features of catalysis, conductivity, and biocompatibility to 
enhance signal transduction. Also, they can amplify chemical or biological 
recognition events through distinct signal tags for selective and sensitive 
detection (Kumar et al., 2017). 

FIGURE 5.5 Electrochemical detection using nanomaterial-modified electrodes. 

5.3.4 FLUORESCENCE EMISSION 

The fluorescence of nanomaterials is a size-dependent photophysical 
property manifested as a result of many inter- and intra-molecular charge 
transfer processes occurring between the fluorophore and the analyte. The 
interactions between the fluorophore and the analyte include fluorescence 
resonance energy transfer (FRET), intramolecular charge transfer (ICT), 
photoinduced electron transfer (PET), metal to ligand charge transfer 
(MLCT), and ligand to metal charge transfer (LMCT). The fluorescence 
signal after the interaction process could either be enhanced or quenched. 
A Stern-Volmer plot represents these changes in fluorescence after interac
tion with the analyte (Walekar et al., 2017). In general, the sensitivity of a 
fluorescent probe increases with the specific surface area or surface to mass 
(S/M) ratio of the sensing materials (Fig. 5.6). Owing to their high S/M ratio 
and adsorbability, nanomaterials have gained immense attention for use as 
fluorescent sensors (Borgå et al., 2005; Wang and Meng, 2017). 
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FIGURE 5.6 Process of fluorescence quenching. 

5.3.5 MICROFLUIDIC LAB-ON-A-CHIP PLATFORMS 

Lab-on-a-chip (LOC) devices are miniaturized sensing devices, which 
facilitate significant reduction in reagent volumes, easy operation, reduced 
cost, portability, and in situ analysis (Govindarajalu et al., 2019). Both elec
trochemical and optical sensing devices have been reported in this regard. 
The electrochemical LOC platforms work on the principle of generating an 
electrical signal due to the interaction between the analyte and the electrode 
surface (Pol et al., 2017). Electrochemical sensing (voltammetric and poten
tiometric) methods integrated with micro-electromechanical systems allow 
simultaneous detection of the contaminants along with other environmental 
quality parameters (Jang et al., 2011). Optical LOC platforms are based on 
colorimetric changes due to chemical reactions or interactions between the 
analyte and a reagent (Pol et al., 2017). 

5.4 DETECTION OF VARIOUS ENVIRONMENTAL CONTAMINANTS 

Different types of nanomaterial-based sensors have been developed for 
monitoring a wide range of contaminant substances present in different 
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sources. Most of these sensors have a common design: Nanomaterial + 
Receptor + Transducer. The receptors bound to the nanomaterials (anti
bodies, aptamers) are highly selective and sensitive to the target contaminant 
while the transducer signals the presence of the analyte in the form of an 
optical, colorimetric, or electrochemical response (Su et al., 2012; Willner 
and Vikesland, 2018; Rastogi et al., 2020). These sensors have been used to 
target pathogenic microorganisms, heavy metals, and a number of organic 
contaminants such as chlorinated compounds, organic solvents, pesticides 
and food contaminants. Table 1.1 presents some representative data for the 
different nanomaterials used to detect a plethora of contaminants along with 
the mechanisms and sensitivity of each case study. 

5.4.1 PATHOGENIC MICROORGANISMS 

It is necessary to detect and identify the pathogenic microorganisms present in 
air, water, and food to avoid outbreaks of infectious diseases. In the past, such 
infectious diseases have resulted in high morbidity and mortality rates and 
require periodical monitoring and surveillance of air, water, and food samples 
(Baldursson and Karanis, 2011; Bhardwaj et al., 2019). Pathogenic microor
ganisms of every type ranging from bacteria, viruses, protozoa, and fungi have 
been reported to cause infectious diseases. The conventional methods that have 
been used to detect microorganisms are culture-based analysis using physical 
identification and chemical assays, molecular techniques such as PCR and 
DNA microarrays, and lastly, immunological methods such as ELISA. The 
culture-based methods have low sensitivity and are time-consuming while the 
molecular and immunological methods are expensive and do not differentiate 
viable from nonviable microorganisms (Bhardwaj et al., 2019). 

Recently, nanobiosensors have been developed and successfully imple
mented for detecting microorganisms with very high sensitivity due to effi
cient biomolecular loading on the surfaces of the nanoparticles. The various 
optical properties of nanomaterials such as absorbance, reflectance, resonance, 
and luminescence have been utilized to develop optical biosensors to detect 
pathogens. Bui et al. (2015) have used gold nanoparticles conjugated with 
cysteine-loaded liposomes to detect even single cells of Salmonella, Listeria, 
and E. coli O157 cells in water and food samples. The nanoliposomes would 
burst in the presence of these microorganisms leading to aggregation of the 
gold nanoparticles manifested as visual change in color of the reaction mixture 
from red to dark blue (Bui et al., 2015). A receptor-free generic sensor was 
developed using polyaniline nanoparticles where the color changed from blue 



 
 

  

 

TABLE 1.1 Nanomaterials for the Detection of Various Environmental Contaminants.

S. Type of nanomaterial Target analyte  Mechanism of detection Limit of detection References 
No. (chemical/biological)
1.	 Gold nanoparticles conjugated Salmonella, Listeria, and Colorimetry 6.7 aM (attomolar) Bui et al. (2015)

with cysteine-loaded liposomes E. coli O157 
2.	 Polyaniline nanoparticles E. coli Colorimetry 106 cells/ml for Thakur et al.

measurement time (2015) 
of 2 h 

3.	 Silver nanorod arrays Escherichia coli, E. coli O157:H7, SERS 108 CFU/mL Chu et al. (2008)
coliE.  DH5α, Staphylococcus

aureus, S. epidermidis, Salmonella 
typhimurium, and bacteria mixtures

4.	 Gold nanoparticles conjugated Escherichia coli ATCC 8739 FRET 3 CFU/mL Jin et al. (2017)
with aptamers 

5.	 Quantum dot –streptavidin Human immunodeficiency virus Lab-on-a-chip – Kim et al. (2009)
conjugates 

6.	 Silica nanoparticles-Rubpy-IgG Xanthomonas axonopodis pv. Fluorescence quenching 103 CFU/mL Yao et al. (2009) 
vesicatoria 

7.	 Silica nanoparticles-dye- IgG S. pullorum and S. Gallinarum Agglutination test 4 × 103 to 4 × 109 Yu et al. (2015) 
CFU/mL 

8.	 Bismuth nanoparticles Cd2+, Pb2+ Stripping voltammetry 10 µg/L Yang et al. (2013) 
using modified electrodes

9.	 Bismuth nanopowder electrode Cd, Zn Anodic stripping Cd: 0.15 µg/L Zn: Lee et al. (2007)
voltammetry 0.07 µg/L 

10.	 Ag@CuS, Au@PtS2, Au@HgS, Hg2+ SERS 0.1 ppb Bao et al. (2019)
Ag@Ag2S NPs, and Ag@CuS 
core@shell nanorods 
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 TABLE 1.1 (Continued) 

S. Type of nanomaterial Target analyte  Mechanism of detection Limit of detection References 
No. (chemical/biological)
11.	 Gold nanoparticles and Hg2+, Ag+, Pb2+ Colorimetry (aggregation) Nanomolar range Hung et al. (2010)

alkanethiols 
12.	 Gold nanoparticles on carbon CN- Square wave voltammetry 0.09 µM Shamsipur et al.

ceramic electrodes (2017) 
13.	 Fe2O3 nanoparticles NO2 Electrical resistance 10–200 ppm Navale et al.

(2013) 
14.	 Glassy carbon electrodes Cd2+, Pb2+ Cyclic voltammetry 3.5–3.8 nM Nagaraju et al.

modified with zinc oxide (2017) 
nanoparticles and silver doped
zinc oxide nanoparticles

15.	 NiO/ZnO PN heterojunction Triethylamine gas Chemiresistive gas sensor 100 ppm Ju et al. (2014) 
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to green when protons were generated in its microenvironment as a result of 
metabolic activity of E. coli cells (Thakur et al., 2015). 

Nanomaterials conjugated with Raman reporter molecules such as 
organic dyes and bioreceptor molecules such as antibodies and nucleic acid 
are used as SERS tags to detect analytes of interest. Such label-based SERS 
tags are not suited for in situ, high throughput recognition of pathogens and 
the organic dye requires increased reactant volumes and preparation times. 
Another approach is a label-free one which involves direct electrostatic 
adhesion of the pathogen to the nanomaterials. The label-free method allows 
for differentiation of viable from nonviable bacteria as well (Chu et al., 2008; 
Zhou et al., 2015; Bhardwaj et al., 2019). 

Quantum dots, metal organic frameworks, and polymeric nanoparticles 
have been used as fluorescent tags to detect microorganisms using fluores
cence measurements. These fluorescent nanomaterials functionalized with 
bioreceptor molecules specific to the pathogen can be analyzed by flow 
cytometry and/or a fluorescence spectrophotometer. A FRET-based sensor 
was developed using gold nanoparticles conjugated with aptamers as the 
“acceptor” and upconversion nanoparticles functionalized with comple
mentary DNA as the “donor.” Due to spectral overlap between the donor 
and acceptor molecules, fluorescence quenching results. However, when the 
target pathogen was present, the aptamers preferentially bind to the micro
organism, thus reclaiming the upconversion fluorescence (Jin et al., 2017). 

Silica nanoparticles have large surface areas, high stability, biocom
patibility, and can be functionalized with a number of receptor molecules 
(Tang et al., 2007; Mokhtarzadeh et al., 2017). An organic dye, tris-2, 2' 
-bipyridyl dichlororuthenium (II) hexahydrate (Rubpy), incorporated into 
the core of silica nanoparticles were conjugated with the secondary antibody 
of goat anti-rabbit immunoglobulin G (IgG) to detect the plant pathogen, 
Xanthomonas axonopodis pv. vesicatoria that causes bacterial spot disease 
in Solanaceae (Yao et al., 2009). 

5.4.2 HEAVY METALS 

Anthropogenic activities from chemical industry, mining and combustion 
of fossil fuels are some of the major contributing sources for heavy metal 
contamination. The harmful effects of heavy metals to the environment are 
mainly due to their high reactivity and high atomic densities. Contamination 
from heavy metal ions such As, Cu, Pb, Hg, Ni, Cd, and Zn have long-term 
detrimental effects on human health. The techniques currently employed 
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for the detection of trace levels of heavy metals are atomic absorption 
spectroscopy (AAS), atomic fluorescence spectroscopy (AFS), inductively 
coupled plasma—optical emission spectroscopy, inductively coupled 
plasma—mass spectroscopy, and inductively coupled plasma—atomic 
emission spectroscopy (ICP-OES, ICP-MS, and ICP-AES respectively) and 
X-ray fluorescence spectroscopy (XPS). However, these instruments require 
skilled technical personnel, sample preparation steps and are expensive 
and nonportable (Kumar et al., 2017). Nanomaterials-based sensing tools 
for toxic heavy metal ions work on optical, biological, and electrochemical 
sensing strategies. The chemical recognition of heavy metal ions through 
receptor molecules in the detection system is the basis for sensing. Besides 
the receptor (biological or heavy metal ionophores), there is an immobiliza
tion/transducing platform that imparts stability and sensitivity to the device 
(Aragay et al., 2011). The additional feature of surface modification of the 
nanomaterials allows for better selectivity of the sensor. 

Bismuth nanoparticles were used to modify conventional glassy carbon 
electrodes to detect Pb2+ and Cd2+ by stripping analysis with detection 
limits as low as 10 µg/L (Yang et al., 2019). Bao et al. (2019) have created 
core-shell nanoparticles of Ag@CuS, Au@PtS2, Au@HgS, Ag@Ag2S, and 
Ag@CuS and achieved SERS signalling of Hg2+ ions (Bao et al., 2019). A 
selective colorimetric assay was developed by Hung et al. (2010) to detect 
aqueous Hg2+, Ag+, and Pb2+ ions using label- free gold nanoparticles and 
alkanethiols. The degree of alkanethiol induced aggregation was monitored 
using absorbance data in a simple UV−visible spectrophotometer. Carbon 
ceramic electrodes modified with gold nanoparticles were used to detect 
cyanide concentrations as low as 0.09 µM by square wave voltammetry 
(Shamsipur et al., 2017). Glassy carbon electrodes modified with zinc 
oxide nanoparticles and silver doped zinc oxide nanoparticles were used to 
detect lead and cadmium ions (Nagaraju et al., 2017). Lu et al. (2018) have 
presented a comprehensive review of the detection of heavy metal ions in 
the environment by voltammetry. The effects of deposition potential, time, 
types of buffer solution, and pH on the stability, sensitivity, reproducibility, 
and anti-interference ability of the sensor during the simultaneous detection 
of several heavy metal ions are discussed. 

5.4.3 ORGANIC CONTAMINANTS AND GASES 

Persistent organic pollutants (POPs) infamously called as “forever 
chemicals” resist chemical and biological degradation and hence tend to 
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bioaccumulate in humans and persist in the environment as well. POPs such 
as aldrin, endrin, toxaphene, heptachlor (DDT), and poly-chlorinated biphe
nyls (PCBs) are released through the bulk use of pesticides, solvents, and 
other industry chemicals (Zhang and Fang, 2010). Fe2O3 nanoparticles were 
successfully utilized as NO2 sensor by electrical resistance measurements 
with a limit of detection of 10–200 ppm (Navale et al., 2013). MOFS-derived 
sensors have been used to detect a number of organic and inorganic gaseous 
contaminants such as acetone, ethanol, benzene, toluene, xylene, formalde
hyde, and hydrogen sulphide (Wang et al., 2018b). 

5.5 FUTURE PROSPECTS 

Nanomaterials have been widely used as sensors for a number of biological 
and chemical compounds with very low limits of detection than those possible 
with conventional spectrophotometric and chromatographic methods. Many 
reports have provided comparative analysis of nanomaterial-based sensors 
and found differences in orders of magnitude with respect to the sensitivity 
of the analysis. The biosensing approaches have incorporated receptors 
such as DNA, proteins, antibodies, etc. to enhance the selectivity of the 
process but these methods are tedious, require adequate sample preparation 
steps and are time-consuming. Existing challenges in nanomaterial-based 
sensing are interferences in real time applications, cost-effectiveness, pH-
and temperature-effects, improvement in response time, and widening the 
detection scope of the sensors. Also, the elimination of false positive results 
in an analysis is possible by arranging dual modes of signal transduction, 
say by generating both an optical and electrochemical response from the 
same sensor. 
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• nanomaterials 
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• bimetallic nanoparticles 
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ABSTRACT

In evolutionary processes, natural enzymes perform essential functions. 
Nanozymes which are “catalyzed nanoparticles containing enzyme-like 
features” have gained significant attention as a budding scientific area of 
“artificial enzymes.” They also incur through feasible drawbacks, such as 
“substantial rate”; “limited effectiveness,” and “reusing concerns” while 
they are spectacular. Scientists have long been accused to exploring synthetic 
zyme that emulates to address these limitations. In the next century, following 
the disclosure of “ferromagnetic nanomaterials by integrated peroxidase-like 
reaction,” a considerable number of nanozyme research have steadily grown. 
Nanozymes are such form of nanostructures with “enzymatic catalytic 
properties” and have the benefits of “minimal price”; “better resistance,” and 
“dimensional stability” over the “commercial” natural enzymes. A detailed 
evaluation of potential catalytic mechanisms will contribute to the production 
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of innovative and relatively inexpensive nanozymes, and the strategic issue 
is the intellectual effect of nanozyme activities. The “categorization”; 
“catalyzed pathway”; “activity monitoring,” and scientific reports for 
nanozyme processing in the fields such as environmental protection have 
also been prioritized over the past couple of decades. 

6.1 INTRODUCTION 

Enzymes are primarily made up of proteins as potent biocatalysts, although 
some are catalytic RNA molecules (Bornscheuer et al., 2012). Although 
conventional chemical catalysts or industrial catalysts are frequently used 
to catalyze the modification of biomolecules under brutal conditions, 
such as “elevated temperatures”; “high pressure”; “organic solvents,” and 
“intense pH enzymes” under light irradiation, these reactions are specifically 
excluded (Behrens et al., 2012). Natural enzymes are widely used because 
of their high catalytic efficiency and substrate specificity in “manufacturing 
industries,” “pharmaceutical,” and “epigenetic fields.” Although desirable, 
intrinsic shortcomings such as “exorbitant prices of scheduling and purifica
tion,” “lower efficiency of processing”; “acuity of catalytic process to global 
threats,” and uncertainties of recovery are often apparent (Yan, 2018). These 
drawbacks all restrict their further applications in “food manufacturing,” 
“microbiology,” “bioimaging,” “sustainable development.”  Researchers have 
long been committed to the conceptualization of artificial enzyme mimics 
in order to address these disadvantages. Research has consistently shown 
that a number of materials can serve as “artificial enzymes” with function 
and structure close to those of “fullerenes,” “cyclodextrins,” “polymers.” 
“dendrimers,” “porphyrins,” “metal complexes,” and certain “biomolecules” 
(Gong et al., 2015). 

A  lot of researchers on nanostructured materials “artificial enzymes 
(nanozymes)” have indeed been gaining traction since the inventors of iron 
oxide nanoparticles as peroxidase exemplifies in 2007 (Wang et al., 2018). 
One type of nanocrystals with “nano-scale sizes upto 100 nm” and enzymatic 
catalyzed attributes is “nanozymes.” The attributes of chemically synthesized 
catalysts and biocatalysts are effectively incorporated with nanozymes. It is 
possible to classify them into two classes (Zhou et al., 2017): 

¾ Nanomaterials have intrinsic enzymatic catalytic properties that 
demonstrate a mechanism identical to enzymes that catalyze the 
identical biocatalytic reactions. 
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¾ Nanomaterials, called “nanomaterial hybrid enzymes,” “reorient 
enzymes,” or “enzymatic catalytic groups.” With the help of 
nanoparticles, modified enzymes or enzymatic catalytic groups can 
offer outstanding fortitude as well as strength. 

In 2004, Pasquato, Scrimin, and their colleagues coined the term  
“nanozymes” to characterize the imitates of “Au nanoparticle-based  
transphosphorylation” arising out of the actualization of “triazacyclonane
functionalized thiols” on the exterior of “au nps.” Than, Wang, and Wei  
described “nanozymes” as “nanomaterials with enzyme-like features”  
in their comprehensive analysis published in 2013. The resurgence of  
interest in nanozymes might be attributed to “natural enzymes” because  
of their unique traits. Nanozymes are unique in many ways, such as their  
“size-tunable catalytic activities,” “large alteration,” and “bioconjugation  
surface area,” “multiple functions in addition to catalysis,” “smart reaction  
to external stimuli,” etc. (Table 6.1). Nanozymes are discussed because  
numerous “enzyme-mimicking behaviors” have been demonstrated by  
several nanomaterials (Wei and Wang, 2013). 

6.2 CLASSIFICATION OF NANOENZYMES 

In metabolic pathways, a number of enzymes were found. They engage 
individually or together in complicated biosynthetic mechanisms and play 
a role in the emergence of life (Peters et al., 2014). It is of enormous effect 
to analyze their alternative methods, stressing the importance of metabolic 
pathways in the life system and their profoundly embedded disadvantages. 
Many nanomaterials have acted as possible enzymatic recruits for imple
mentations due to the continued endeavors of researchers (Liu et al., 2017). 
Nanozymes are graded according to two categories: 

¾ family of oxidoreductase, such as “oxidase,” “peroxidase,” “cata
lase,” “superoxide,” “dismutase,” and “nitrate reductase” 

¾ family of hydrolase, including “nuclease,” “esterase,” “phos
phatase,” “protease,” and “silicatein” (Table 6.2). Graphene and 
carbon nanotubes, for instance, have been shown to have exemplary 
peroxidase-like properties in the presence of H2O2 to catalyze the 
oxidation of several substrates, such as “3,3,”5,5”-tetramethylbenzi
dine (TMB)” and “2,2”-azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid) (ABTS).” 











 

 

 

TABLE 6.1 Nanozymes Properties with Artificial and Natural Enzymes (Wei and Wang, 2013).

S. Nanozymes Natural enzymes Conventional artificial enzymes
No.
1 Low cost High catalytic output Low cost 
2 Resilience to extreme conditions Elevated selectivity Resilience against harsh environments
3 Strong degree of stability Large specificity of substrate High stability 
4 Easy for mass manufacturing Three structures with proportions Simple for mass production
5 Long-term storage  Excellent biocompatibility Long-term storage
6 Action tunable Action tunable Tunable intervention
7 Multifunctioning Reasonable design through the engineering of proteins Uniform dimensions
8 Convenient for alteration – Established molecular mimics structure

(such as bioconjugation)
9 Self-assembling – – 
10 Intelligent reaction to external stimuli – – 
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 TABLE 6.2 Nanomaterials as Enzyme Mimics with Applications. 

S. Enzymes Nanomaterial Applications References 
No. 
1 Oxidase	 N-CNMs Cancer therapy Fan et al. (2018) 

Ag Detection Wang et al. (2015) 
ZnO Detection Biparva et al. (2014) 
MnO2 Immuno-detection Liu et al. (2017) 

2 Glucose oxidase	 Au Detection Zhou et al. (2016) 
Au-MOF Detection Huang et al. (2017) 

3 Nitric oxide synthase Grapheme-hemein Antithrombosis Xue et al. (2014) 
4 Horseradish peroxidase Cu Detection Hu et al. (2013) 

Pt-Cu Phenol degradation Li et al. (2018) 
MnO2 Immuno-assays Liu et al. (2012) 
MoS2 Antibacteria Yin et al. (2016) 

5 Superoxide dismutase	 Pd Antioxidant Ge et al. (2016) 
Mn3O4 Antioxidant Singh et al. (2017) 
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6.3 NANOENZYMES CATALYTIC PATHWAYS 

While nanozymes have vital consideration attention in recent decades, 
there seems to be no qualitative interpretation of their “catalytic and kinetic 
mechanisms.” The “catalytic mechanisms” based on the enzyme groups can 
be evaluated. 

6.3.1 OXIDASE FAMILY 

a)	 Glucose Oxidase: In 2004, Rossi and colleagues suggested that in the 
presence of O2 “naked Au nanoparticles” could catalyze C6H6O2 and 
produce “gluconic acid with H2O2.” Insulation panel have said that 
there is no superior catalytic capability of other metal nanoparticles 
to react with “glucose oxidation.” The mechanism of molecular 
formation for gold catalysis is still seen as a “bonding of moisturized 
carbohydrate moiety with Au particle surface” might form “electron
rich gold species” based on the recruitment “essence of alkali as well 
as the iteration of H2O2” and “effectively triggering oxygen through 
nucleophilic assault” (Fig. 6.1) (Comotti et al., 2004). 
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FIGURE 6.1 Catalytic mechanism of gold nanoparticles (glucose oxidase mimics). 

b)	 Sulfite oxidase: A Mo-containing enzyme with “Cytochrome c” since 
an “acceptor of electrons” will catalyze toxic “sulfite sulphate oxida
tion.” In intracellular detoxification procedures, sulfite oxidase is essen
tial, although the depletion can lead to certain ailments (Hundallah and 
Jabari, 2016). Tremel et al. (2014) showed that “MoO3 nanoparticles” 
had an affirmative “sulfite oxidase-like behavior” that could function 
under defined circumstances as a potential therapist for above oxidase 
deficiency. The potential catalytic activity of “MoO3 nanoparticles” 
was described in such a way that {SO3 

2−} has been coupled to MoO3 
nanoparticles and then, with a decrement from “MoVI to MoIV,” oxidized 
to [SO4 

2−]. [MoIV] was reoxidized by the electron - accepting K3 by 
one-electron steps to the initial valence state “[Fe(CN)6].” 

6.3.2 PEROXIDASE FAMILY 

a)	 Peroxidase: Many nanomaterials based on carbon have so far 
been discovered to disport acceptable “peroxidase-like properties.” 
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However, their catalytic mechanism is seldom debated. Qu et al. 
finally took the exemplar of “graphene quantum dots (GQDs)” to 
unearth the rate equation (Sun et al., 2015). Individuals reported 
that perhaps the “-C=O and-O=CO” groups will sometimes accom
plish as that of the “catalytic site” and “surface site,” consequently, 
through most of juxtaposition with evaluated facts and theoretical 
calculation. The reinterpretation of these categories would greatly 
enhance the thermal stability of GQDs. That exclusion, mostly on the 
opposite hand, for the “-C-OH groups” might restrict the enzyme - 
mediated properties. Unusually, Yang, Perrett, and colleagues found 
that “iron oxide nanoparticles” might comprise the oxidation of a 
sequence of substances as imitates of peroxidase to catalyze (Gao 
et al., 2007). In keeping with the “kinetic observations of an equi
librium point,” the activation energy based on “Lineweaver-Burk 
plots” was identical. Such model implies that somehow a “ponging 
overall reaction” may follow the kinetic model of nanomaterials. To 
create intermediate “•OHO4,” iron oxide can interact with the very 
first hydrogen peroxide substratum. “Trimethyl benzoic,” “H+” from 
either the recipient of hydrogen will then absorb the “•OH” emitted. 

b)	 Glutathione peroxidase: Glutathione peroxidase is a type of 
enzymatic antioxidants whose cysteine-selenium is catalytic center 
(Wirth, 2015). Qu, Ren, and co-workers rationally developed an 
innovative nanozyme with a spectacular “glutathione peroxidase
like antioxidant” potential for cytoprotection by assembling glucose 
oxidase and Se. A “ping-pong reaction” mechanism to catalyze H2O2 
decomposition, with respect to “glutathione peroxidase,” adopted 
by “glucose oxidase-selenium nanozyme,” a molecule of H2O2 
interacted to create intermediary “Se-oxide with nanoselenium.” 
The obtained intermediate then “oxidized GSH” further to form 
“ GSSG,” while the “Se” intermedi would retrograde to its initial 
state and another molecule of H2O2 then react with the portion of 
“nanoselenium” (Huang et al., 2017). 

c)	 Haloperoxidase: In 2012, the Tremel finding shows that “Vanadium 
oxide” nanowires would act as “vanadium haloperoxidase” in the 
underwater biome to resist biofilms (Natalio et al., 2012). “Vanadium 
oxide” nanowires can catalyze “halide ions” in the presence of hydrogen 
peroxidase, and generate “hypohalous acids.” The “hypohalous 
acids” produced, thus shielding ships against underwater microbial 
colonization, will induce oxidative stress to marine organisms. They 
found that the accessible simultaneous oscillator planes of vanadium 
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oxide nanowires seemed to have a localized vanadium coordination 
configuration similar with that of the active site of normal “vanadium 
haloperoxidase” by investigating the reaction. 

6.3.3 CATALASE 

CeO2 nanostructures could act in a “redox-state-dependent manner” as cata
lase photosensitizer; and elevated Ce4+ levels should contribute to catalyzed 
ability (Pirmohamed et al., 2010). Initiated by particles acceleration and 
oxygen, “Ce4+” had first been diminished by hydrogen peroxidase molecule 
to create “Ce3+” and then further combined with the oxygen vacancy site and 
oxidized “Ce3+ to Ce4+” with the release of water (Celardo et al., 2011). 

6.3.4 OTHERS 

Gao and colleagues have carried out a number of experiments on the cata
lytic function of metallic nanoparticles (Shen et al., 2015). It seemed that the 
“oxidase-like activity” of metals, such as “gold,” “silver,”; “Platinum,” and 
“Palladium” may depend on the dissociation of the high oxygen reactions 
assisted by the numerical simulation and descriptive statistical based on the 
surfaces of such nanoparticles. The catalyzed pathways were largely due to 
“high oxygen protonation” and “biosorption” and “OH radicals reconfiguration” 
for “super oxide dismutase-like abilities” on the interfaces. Furthermore, metal 
nanomaterials” “peroxidase methods” and “catalase-like activities” too were 
studied (Li et al., 2015). They indicated that the inherent properties of materials 
were enzymatic processes. This was primarily due to the normal “hydrogen 
peroxide decomposition” on the materials due to their “peroxidase-like action” 
demonstrated throughout the oxidizing atmosphere. Although on their inter
faces, the “acid-like decomposition of hydrogen peroxidase” was attributable 
to the “catalase-like behavior” demonstrated under normal conditions. Under 
simple conditions can the preadsorbed “OH groups” be positively established, 
triggering the transformation of catalase and peroxidase interaction. 

6.4 TUNING OF THE “NANOENZYMES” CATALYTIC ACTIVITIES 

The behaviors of nanozymes, analogous to natural enzymes, can be altered 
by many factors, such as “temperature,” “ambient atmosphere,” “pH,” and 
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“metal ions.” The “steric effect” caused by light will disrupt the association 
between nanozymes and their corresponding substrates, leading to a decrease 
in reactants. Furthermore, the catalytic efficiency of nanozymes could also 
be affected by thermal influenced temperature along with pH varies. The 
consequences mostly on activities of nanozymes are intuited in the catalysis 
on “pH,” “size,” “structure,” “ions or molecules,” “surface modification 
classes,” “morphology,” “substrate selectivity,” and “temperature” in order 
to assess the effects of light irradiation (Puvvada et al., 2012). 

6.4.1 SIZE 

It is excellently documented that the size of materials determines the “cata
lytic efficiency of nanomaterials.” Yang, Perrett, and colleagues researched 
the catalytic activity of “Fe3O4 nanoparticles” of various sizes showed that 
smaller size nanoparticles had the highest peroxidase-like property, while 
the minimum catalytic activity was observed in the largest size nanopar
ticles. Perhaps it is because it is possible to combine precarious nanopar
ticles with a higher surface-to-volume ratio with specific substrates (Gao 
et al., 2007). The catalytic properties of nanozymes could be controlled 
mostly on basis of size. Fan et al. proposed that “size-dependent glucose 
oxidase” was equivalent to “catalytic properties of gold nanoparticles” 
(Luo et al., 2010). 

6.4.2 MORPHOLOGY 

Nanozyme biocatalytic production can often be tuned by changing the struc
ture and also the substrate. Two “Palladium nanomaterials” were developed 
by the Yin and Chen groups: nanocubes and octahedrons” (Ge et al., 2016). 
They showed that “Palladium octahedrons” with lower energy density had 
increased “catalase & superoxide dismutase-like properties” than that of 
“Palladium nanocubes” using the “Electron spin resonance spectroscopy.” 
Quite few sample experiments showed that under the same condition,” 
Palladium octahedrons” had a greater ability to extract “reactive oxygen 
species” compared favorably to “Palladium nanocubes.” The conceptual 
guesstimate was contrary to the results of analytics. In an attempt to reduce 
oxidative stress with excellent catalytic properties, research may increase the 
efficiency of nanozymes (Puvvada et al., 2012). 
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6.4.3 SURFACE MODIFICATION 

Surface modification, ranging “coated layer,” “surface ion,” and 
“functional group” in order to comply with extant literature, indeed 
directly impact the catalyzed abilities of nanozymes (Wang et al., 2012). 
Different “functional groups” of modified “AuNPs may display various 
catalytic enzymatic activities.” “Citrate-modified AuNPs” have “glucose 
oxidase-like characteristics,” while “cysteine-modified AuNPs” can act as 
“peroxidase imitators” (Lin et al., 2013). In 2012, the Lin and Chen groups 
concentrated on the variations in the “peroxidase-like reliability of gold 
particles” with various coating changes. “Simple amino-modified” as well 
as “citrate-modified gold nanoparticles” have been identified for analysis 
in research work. They found that “uncoated gold nanoparticles” exhibited 
“promising properties” relative to the other gold particles through a 
separate analysis. 

The catalyzed cores of nanozymes and the corresponding substrates 
can be separated by implementing surface coatings, leading to decreased 
catalytic efficiency. The Perez group systematically analyzed the influence 
of “polymer thickness” and the “modification group” on the “oxidase-like 
property” on the existence of nanoceria. Control tests showed that the thin 
“poly (acrylic acid) coated” nanoceria had a comparatively high oxidase-like 
property compared to the considerably “thicker dextran wrapped” nanoceria. 
It might be because, especially in comparison to a “heavier dextran surface,” 
the “thinner poly (acrylic acid) surface” was permeable; that would allow 
the adsorbent surface to be transferred from the nanoplate’s core surface. 
The incredibly catalytic activity of natural enzymes, such as the “catalysts 
activity center” and the “substrate binding site” is due to the inherent cata
lytic structure (Asati et al., 2009). 

6.4.4 COMPOSITION 

The catalytic activity of nanozymes could also be monitored by altering 
the nanoparticle portion of the materials (Xu et al., 2015). Furthermore, 
the injecting of many aspects into nanozymes was shown to be an effective 
way of controlling the actions of nanozymes. A biocompatible method to 
optimizing the catalytic reactions of nanozymes was speculated by Qu, 
Ren, and co-workers, driven by the “configuration and mediated process 
of natural enzymes.” “The “iron porphyrin” is identified as the “catalytic 
nucleus,” while the “eroded heme tip” represents the “substrate binding site. 
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“Fe3+doped polymeric nanospheres (Fe3+-MCNs)” have been engineered to 
imitate the structure. 

The “peroxidase-like behavior” might be controlled appropriately by 
altering the concentrations of nanostructures. Afterwards, “Palladium-
Platinum” alloy nanodots were synthesized and evaluated mainly mostly 
on substrate of “gold nanoparticles.” The “gold-Palladium Platinum” alloy 
nanowires formed in the presence of oxygen could act as an oxidase mimic 
for catalyzing the oxidation of tetramethyl benzidine. The presence of the 
amino-acid oxidation portion of Palladium in the “Platinum anoparticle” could 
promote the effectiveness of the process effectively. The catalytic potential 
of the gold−palladium−platinum alloy nanorode has greatly affected the 
elevation of the Palladium nanocomponent. As the “Palladium to Platinum” 
proportion for tetramethyl benzoic oxidation increased to five, the” Au-PdPt 
alloy “nanorod” oxidase-like activity increased significantly. The required 
alloying of palladium and platinum together sponsored a crucial factor to 
alter the oxidase-like behavior of “gold-Palladium-Platinum” nanoparticles 
(Sang et al., 2018). 

6.4.5 CONSTRUCTING HYBRID NANOPARTICLES 

To present, the prominence of prototype nanomaterials has gained due to 
certain “well-defined processes,” “improved efficiency” (Lee et al., 2013). 
Catapulted by all this, when producing hybrid nanoparticles, nanozymes will 
obtain supervisory catalyzed abilities. Although “gold nanoparticles” can 
work as” peroxidase imitates” effective; their catalytic performance is often 
restricted by ambient pH (Li et al., 2015). 

Hybrid nanozymes from “GO-AuNCs” were produced by the Qu and Ren 
groups to achieve optimum catalytic efficiency over a broad pH range (Tao 
et al., 2013). In their operation, glucose oxidase was used as the regulator 
“peroxidase-like action” to amplify the “lysozyme-coated gold nanoclusters.” 
Under a weak base environment, “tetramethyl benzoic” had a remarkable 
similarity to “diamine” that resulted in low aqueous viscosity. Glucose oxidase 
may also be used for the effectively sorption surface tetramethyl benzoic, 
mainly with specific properties such as high “surface area to volume ratio” and 
“good affinity” for electrostatic repulsion. This could facilitate the tendency to 
function with relevant substrates with the active “gold nanocomposites” sites, 
causing an increase in “AuNCs peroxidase-like ability.” The accumulating 
hybrid nanozymes can thus serve as strong peroxide over a very wide pH 
range (Wang et al., 2009). 
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6.4.6 pH AND TEMPERATURE 

The accompanying pH also may affect the nanozymes” catalytic activity; 
for example, under acidic conditions, gold nanoparticles may be considered 
candidates for peroxidase, while gold nanoparticles may demonstrate 
catalytic characteristics comparable to “catalase or superoxide dismutase” 
under neutral and alkaline conditions (Li et al., 2015). In addition, the groups 
of Gu and Zhang reported that iron oxide nanoparticles can act as peroxidase 
accentuates to catalyze iron oxide nanozymes, and will exhibit a catalase
like capacity to generate detrimental hydrogen peroxidase in a favorable 
physiological conditions. Likewise, temperature may also have a significant 
impact on nanozymes” catalytic performance (Chen et al., 2012). 

6.4.7 MOLECULES OR IONS 

Earlier studies have consistently shown that ions may represent as effectors, as 
well as some molecules, to regulate the catalytic performance of nanozymes. 
In order to activate or hinder the processes of nanozymes, certain ions or 
molecules may be used. For example, the catalytic ability of citrate-capped 
gold nanoparticles could be increased by “mercury,” “lead,” and “bismuth.” 
The citrate resistance on the layer of “gold nanoparticles” could limit these 
to the related material if these organic compounds endured. Due to the strong 
affinity between both the substrate of gold nanoparticles and metal0, the 
decreased metal could reabsorb on the particle surfaces, allowing the surface 
properties and the “peroxidase-like characteristics” of “gold nanoparticles” 
to alter. 

While nanozymes provide unprecedented thermostability, it is never
theless hard to fathom biocatalytic processes under elevated temperature. 
Perhaps this is attributable to the fact that, under extreme temps, the heat 
dissipation resilience of oxidative products including “ABTS•+” can some
times provoke the biocatalytic reaction to operate inadequately. In order to 
tackle this issue, Qu, Ren, and coworkers utilized organic solvent as the 
transmitter to instigate “EMSN-AuNPs” reactions over ambient humidity. 
Ionic liquid is an irresistible fluid, which can adequately sustain the material 
“ABTS•+.” In conjunction, with the assistance of adsorbent, the nanozyme 
may display enhanced electrochemical capacity. This phenomenon can 
depend on the coulomb interaction among “organic solvent and material,” 
“anions and cations” as well as the “higher solvation strength.” In addition, 
as an appropriate improving agent, “adenosine triphosphate (ATP)” may be 
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used to perform biocatalysts processes throughout a broad temperature range. 
Especially in comparison with organic solvent, “ATP” has the leverage of 
being affordable and conveniently usable, highly transferable to other nano
zymes, etc. These studies would encourage the creation of suitable operators 
to improve the catalytic performance of nanozymes (Lin et al., 2014). 

6.4.8 LIGHT 

As lighting demonstrates multispectral precision, the design of light-
modulated devices could be used as a meaningful method to track the 
catalyzed energy consumption of nanozymes. For example, by manipulating 
the isomers “metallo-supramolecular molecules” ([Fe2L3]4+) mostly on 
surface of carboxyl-functioned nano graphene sheets (GO-COOH). Again, 
this dynamic system will carry out the intracellular perception of hydrogen 
peroxidase in PC-12 cells with the aid of an isomers component and the 
“peroxidase-like action” of the “graphene oxide” component (Li et al., 2012). 

6.5 NANOMATERIALS DEPENDENT ON CARBON FOR 
NANOENZYMES 

In several areas, such as “carbon nanotubes (CNTs),” “fullerene,” “grapheme,” 
and their respective derivatives, large applications for carbon-based nanopar
ticles have already been identified. They have been extensively studied in 
order to mimic different natural enzymes due to their fascinating catalytic 
activities. 

6.5.1 FULLERENE AND DERIVATIVES AS IMITATORS OF NUCLEASES 

Nuclease induces the phosphodiester bond cleavage between two nucleotides 
in a nucleic acid. Immaculate fullerenes, like “C60,” really aren’t hydrophilic, 
rendering it difficult for them all to imitate the enzymes of the aqueous. By 
some of the implementation of hydrophilic moieties, fullerenes have indeed 
been assuaged. The Nakamura group developed and analyzed its photo-
induced biochemical activity with water-soluble C60−1 (Tokuyama et al., 
1993). Oddly, they found that “fullerene carboxylic acid (i.e., C60−1)” oxida
tively divides DNA under light irradiation. As “C60−1” could never entangle 
to the genetic material to still be sliced, the cleavage was trivial (Boutorine 
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et al., 1994). The targeted cleavage was accomplished by building a triplex at 
guanine-rich regions. There are other ways of making preferential cleavage 
feasible. For example, by centralizing fullerenes with DNA intercalators, the 
modified fullerene derivatives can improve DNA cleavage activity, such as 
“acridine” compared to the regular fullerene. Previous research has already 
shown that water-soluble derivatives of carbon (fullerene) can mimic the 
nuclease. (Yamakoshi et al., 1996). 

6.5.1.1 FULLERENE AND DERIVATIVES AS IMITATED BY SUPEROXIDE 
DISMUTASE 

“Reactive oxygen species (ROS)” perform both positive as well as negative 
roles in life processes. Even if it wasn”t properly managed, “tissue damage” 
and “associated inflammation” may be caused by superoxide radicals. In 
existence, superoxide dismutase was created to catalyze the hydroxyl radical 
dispute into “hydrogen peroxidase” and “molecular oxygen” and thus 
protecting living systems from harm sustained by anion-induced superoxide. 
In order to overcome the limitations of natural superoxide dismutase, major 
attempts have been made to create superoxide dismutase imitates such as 
“reduced stability and high cost.” Clearly influenced by the initial detec
tion that C60 could behave as a radical sponge, “two polyhydroxylated C60 
(i.e., C60(OH)12 and C60(OH)nOm, n = 18–20, m = 3–7 hemicetal groups)” 
evaluated the neuroprotective activities, the groundbreaking work of Choi 
and colleagues established the suoeroxide dismutase-mimicking activities 
of fullerenes and has been successfully implemented (Krusic et al., 1991). 

6.5.2 GRAPHENE AND DERIVATIVES 

Oxidizing the substrates with hydrogen peroxidase into oxidized materials 
is catalyzed by peroxidase. The products usually have to be either fluores
cent or illuminated, making it simpler to produce peroxidase for a wide 
range of molecular diagnostic and biological research. Yan and colleagues 
initially proposed the “peroxidase-mimicking behaviors” of nanomaterials 
with nanoparticles of iron oxide (Gao et al., 2007). A variety of intriguing 
nanomaterials to mimic peroxidase have been studied. Among them, when 
mimicking peroxidase, “grapheme” and its various derivatives displayed 
moments of magic. Graphene and its derivatives can be loosely divided 
into two classes of peroxidase-imitating activities. The activities of the first 
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form are primarily derived from “graphene or derivatives” of that form. The 
activities for the second type are either focused on “graphene-assembled 
catalysts” or on “the decorated catalysts” synergistic action as well as the 
graphene-assembled catalysts. 

6.5.2.1 GRAPHENE AND ITS DERIVATIVES AS PEROXIDASE MIMICS 

While pure graphene with no alterations is not really highly soluble in water, 
the “peroxidase-mimicking” behavior has been thoroughly researched 
with graphene derivatives. The inherently peroxidase-mimicking behavior 
of carbonyl group modification graphene oxide was reported by Qu and 
coworkers (Song et al., 2010). The process was first illustrated by catalytic 
oxidation of tetramethyl benzoic with hydrogen peroxidase in the presence 
of “GO-COOH.” Kinetic research showed that “GO-COOH” has a “higher 
binding affinity” compared to normal peroxidase for tetramethyl benzoic. 
Interestingly, the reactions of “GO-catalyzed COOH” went through a 
“ponging phase,” it is around the same as natural peroxidase. 

No mechanism responsible for enzymatic performance was suggested, 
even though it was recommended that the transfer of electrons from 
carboxylated glucose oxidase to hydrogen peroxidase may be possible. These 
functional moieties such as “Hydroxyl; Ketone; Carboxyl; Epoxide may play 
a pivotal role in their enzyme-mimicking activities. To specifically disconnect 
certain functional moieties, multiple analytes were used to explore the fairly 
huge moieties liable for a graphene derivative”s “peroxidase mimicking” 
activity called “GQDs.” “Phenylhydrazine (PH),” “benzoic anhydride (BA)” 
and “2-bromo-1-phenylethanone (BrPE)” will react with above three groups 
selectively, respectively (Fig. 6.2) (Sun et al., 2015). 

6.5.2.2 CARBON NANOTUBES AS PEROXIDASE MIMICS 

The peroxidase-mimicking behavior of “single-walled carbon nanotubes 
(SWNTs)” was demonstrated by Qu and colleagues. Via “catalytic oxidation 
of tetramethyl benzoic” with hydrogen peroxidase, the behavior of “SWNTs” 
was prosecuted. Instead of just “SWNTs” themselves, the imitating sequence 
may be responsible for a minor mixture of solid catalyst particulates, since 
metal catalysts often appear to develop SWNTs. “Sonic-assisted processing 
with modified acids” (i.e., a mixture of concentrated sulfuric and nitric acids) 
was carried out to completely remove metal residues in order to solve these 



 

 

 FIGURE 6.2 Deciphering peroxidase-mimicking activity of GQDs. (A) Phenylhydrazine 
(B) 2-bromo-1-phenylethanone (C) Benzoic anhydride. 
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problems (i.e., Cobalt). Incredible “SWNTs” and treated “SWNTs” have just 
never demonstrated any major differences in respective catalyzed processes. 
This acknowledged that the peroxidase-mimicking activity of “SWNTs” was 
from the “SWNTs” themselves, but unlike metal residues. They developed a 
colorimetric method for DNA detection by exploring the various affinities of 
“ssDNA” and “dsDNA” with “SWNTs.” 

Zhu and colleagues claim that the efficacy of iron in helical carbon 
nanotubes has played a key role in experimental catalysts processes. The 
significantly larger the “helical carbon nanotube” iron content, the stronger 
the helical carbon nanotube “peroxidase-mimicking” activity. Its activity was 
already optimum for the “helical carbon nanotube” with the lowest possible 
iron number than that of “MWNTs (multiwalled CNTs)” (Cui et al., 2011). 
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6.5.2.3 CERTAIN CARBON NANOMATERIALS AS IMITATORS OF 
PEROXIDASE 

The “peroxidase-mimicking activities” of “carbon nanohorns” and “carbon 
nanodots” were explored in several classes (Xu et al., 2015). Xu and colleagues 
have shown that “carboxyl-functionalized single-walled carbon nanohorns” 
have an operation similar to “peroxidase” (Zhu et al., 2015). A particular 
colorimetric method for glucose was developed when the nanozyme was 
then combined with glucose oxidase. “Carbon nanodots” with a mean range 
of 2.0 nm also exhibited “peroxidase-mimicking behavior” and were used 
for “glucose sensing.” The peroxidase-like activity of “selenium-doped 
graphitic carbon nitride nanosheets” was illustrated and further investigated 
when triggered with “xanthine oxidase” (Q) for “xanthine” prediction. 

6.6 NANOMATERIALS OF METAL WITH CATALYTIC MONOLAYERS 
(TYPE 1) 

Metal nanomaterials (such as gold, silver, etc.) with self-assembled nanopar
ticles (particularly conjugated monolayers) are being thoroughly researched 
due to various potential vital importance to nanoscience (Love et al., 2005). 
One might assume that if catalyzed ligands get introduced into another 
nanosheets, the metallic nanoparticles shielded by the monolayers would be 
thermodynamically stable. These functionalized metal oxides, of course, can 
require enzyme-like catalysis and are therefore called nanozymes. 

Such nanozymes may be further split into three subgroups, as per the 
molecules used during the monolayers (Prins, 2015): 

¾ “Alkanethiol,” with catalytic moieties, ended 
¾ In addition, the catalytic moieties would be further integrated on the 

nanoparticles except “catalytic terminal alkanethiol.” 
¾ Catalyzed “thiolated” targeting ligands 



6.6.1 ALKANETHIOL-PROTECTED AUNPS WITH CATALYTIC 
TERMINAL MOIETIES 

To reorient the gold nanoparticle structure, Scrimin and co-workers used 
“alkanethiol” re-instated with catalyzed ligands. The accessed gold nanopar
ticles configurations are therefore taken as a serious “metallonuclease 
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(i.e., RNase)” (Fig. 6.3) imitate to crystallize the “transphosphorylation of 
2-hydroxypropyl p-nitrophenyl phosphate (HPNPP)” (Fig. 6.4). The noncata
lytic “transphosphorylation of HPNPP,” once “gold naparticle-1 nanozyme” 
was used, that process was aggravated by several over than four times 
higher. Special, that much objected “zinc-1 (i.e., the 1, 4,7-triazacyclonane 
(TACN) and zinc ion)” combined with both the decommissioned catalyzed 
molecule; “gold nanoparticle-1 nanozyme” evidenced more than 600 times 
the rate of momentum. The “gold nanoparticles” were altered whenever 
“alkanethiol reinstated by NH4+,” the constructed AuNP-based frameworks 
were practically uncooperative. This regulatory discovery shows that “gold 
nanoparticle-1 nanozyme” catalytic activity would be about the integrated 
nanoparticles instead of just the “gold nanoparticle core.” The cleavage of 
ribonucleic acid dinucleotides (such as “polyadenylation,” “guanine & uracil 
nucleotides”) may also be catalyzed by the “gold nanoparticle-1” nanozyme 
(Manea et al., 2004). 

Subsequently, the shaped catalyzed substitutions “TACN-Zn2+ 

complex” is semiotic. The cooperativity was suggested by the sigmoid 
function gradient for catalytic properties depending on zinc charge density. 
Researches and empirical evidence really have perpetuated the co-operative 
effect. Two adjacent catalyzed ligands were theorized to be selected to 
develop a catalyzed pocket for collaborative catalytic reactions. The ones 
in natural enzymes were emulated by such a catalytic pocket. Addition
ally, due to the extreme proximity effect, a “0.4 unit dissociation constant” 
decrease throughout the catalogued “TACN-Zn2+” complexes also could 
contribute to higher absorbance. Lastly, the ferocious “Au-S interac
tion” chose to make it quite convenient to carry out the self-assembly. 
In addition, it endowed the structured gold nanoparticle-based catalyzed 
substances with much more better durability particularly in relation with 
micelle-based systems. 

Apart from that, its activity could be regulated analytically. Although the 
catalytic activity of “gold nanoparticle-1” zyme has been in the complicated 
“Zn2+,” when using a “Zn2+ chelating reagent” the activity can be peripherally 
transitioned apart and can therefore be recovered by re-adding “Zn2+.” Their 
functional groups have quite a limited “dielectric constant (ε)” for natural 
metallonucleases. As illustrated in eq 6.1 underneath, at membrane proteins 
of low conductivity, the electrostatic interaction between both the enzyme 
and its substrate might be preferred. Modest conductivity should therefore be 
integrated into functional groups to imitate a very unique micro-environment 
(Pieters et al., 2012). 
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( 1× 2)Q Q
Electrostati c ∝ (6.1)(ε × r1,2 ) 

To verify the research results, gold nanoparticle-based nanozymes with 
varying concentrations have been configured and their metallonuclease 
emulation tendencies were investigated. At reduced polarities, “gold 
nanoparticle-3” and “gold nanoparticle-5” increases more rapidly, whereas 
“gold nanoparticle-2” and “gold nanoparticle-4” contains fewer activity at 
higher polarities. Consequently, the catalytic activities were well connected 
with the polarities of the installed monolayers. The decreased polarities 
would significantly raise the electrostatic interaction between both the 
dianionic transfer state as well as the active sites of the nanozyme (i.e., Zn2+ 

complex), thus improving the catalytic properties. This research also showed 
that the catalytic properties of the nanozymes can be modified by attenuating 
the integrated monolayers (Diez et al., 2014). 

6.6.1.1 ALKANETHIOL-PROTECTED AUNPS AS OTHER ENZYME MIMICS 

Besides altering the terminal “TACN” ligand of the alkanethiol sequence to other 
functional ligands, establishing other enzyme imitates is comparatively easy. A 
“DNA topoisomerase” imitate has also been formed, by assembling “BAPA”
terminated alkanethiol on gold nanoparticles. The cleavage of “BNP (bis-p
nitrophenyl phosphate),” a deoxyribonucleic acid model substratum into “MNP 
(p-nitrophenyl phosphate)” and “p-nitrophenolate” with “gold nanoparticle-6 
zyme” was exacerbated by thousand folds in the acoustic cleavage mixture. 
Furthermore, DNA molecules (“pBR 322 plasmid DNA”) were appropriately 
ligated with gold nanoparticle-66 nanozyme (Bonomi et al., 2008). DNase 
might also be mimicked through the use of gold nanoparticles modified with 
“cerium (IV)” complex revoked alkanethiol monolayers. Through using “gold 
nanoparticles-Cerium (IV)-based nanozymes,” the frequency of acceleration 
for both the “BNP” cleavage was observed upto million times. The outstanding 
electrochemical activity too was due to the novelty of the nanozyme, like 
cooperative catalytic reactions (Bonomi et al., 2010). 

6.6.1.2 RNASE (DNASE) MIMICS USING OTHER SUPPORTING CORES 

As gold nanoparticles served mainly as that of the representing center, they 
could be replaced by certain materials. Numerous researches have already 
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shown that by implementing the catalyzed ligands (such as “TACN-Zn2+ 

complex” on polymer, “silica,” it is able to capture “RNase” and “DNase” 
mimics. The formation and purifying of such enzyme imitates is far more 
costly and time consuming relative to basic gold sulfide chemistry. Those 
certain noble metal nanoparticles may also be used as the enhancing base 
in hypothesis. Even so, no research was published, that may be due to the 
efficient oxidation of AgNPs (Savelli and Salvio 2015). 

6.6.2 THIOLATED BIOMOLECULES-PROTECTED AUNPS 

Multiple gold nanoparticles-based nanozymes are being formed through 
incorporating “thiolated”-biological molecules on the “gold nanoparticle 
cores.” A zyme has also been formulated to imitate the “RNA-induced 
silencing complex (RISC)” process connectivity. A “RISC” may abide to 
the equivalent intention “ssRNA” and then shotgun it”s own activity by 
triggering target RNA cleavage with a nuclease integrated within the “RISC” 
in combination with the assistance of a regulatory “ssRNA,” Both “nucleases” 
and “regulatory ssRNA” were co-assembled with a gold nanoparticle core 
to emulate the attributes of a “RISC.” In the accessibility of a “targeted 
ssRNA” including “objective ssRNA” the “regulatory ssRNA” installed 
could generate a duplex and thus interact it to the configured nuclease. 

The nanozyme”s “anti-HCV” (“hepatitis C virus”) effectiveness has 
been evaluated to exemplify the proposition using the “HCV replicon tissue 
culture” method (“FL-Neo cell line”). The replication of the HCV was 
distorted with nanozyme treatment. The in vivo assessment of the nano
zyme was then screened using a “pluripotent stem cells.” The therapy of 
nanozymes led, extraordinarily, to a decrease in “HCV- RNA” of even more 
than 99%. Considering the non-detectable cellular cell adhesion response, 
the engineered nanozyme might be used as an efficient biomedicine for 
infectious disorders and diseases. Those certain appropriate methodologies 
have been developed for “RNA interference-independent identification of 
transcription” (Rouge et al., 2015). 

6.6.3 AUNPS WITH NONCOVALENTLY ASSEMBLED CATALYTIC 
MOIETIES COVERED BY ALKANETHIOL 

Just about few other experiments have already shown “catalytic ligands” 
may be generated noncovalently on (or in) the gold nanoparticles coated by 
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alkanethiol. The peptide incision was enabled by electrochemically binding 
the two peptide molecules to the “trimethylammonium-functionalized gold 
nanoparticle.” So, both the substrate and the catalyzed peptide are non-
covalently designed to functionalize “trimethylammonium” and the non-
covalent configuration was mainly driven by electro - hydraulic correlations 
(Zaramella et al., 2012). 

FIGURE 6.3 Transphosphorylation catalyzed by RNase. 

6.7 NANOENZYMES APPLICATIONS IN THE ENVIRONMENT 

With development of industry, the environmental quality concerns have 
arisen. Human factors, such as unwarranted stormwater drains waste water 
and waste gas, are mainly responsible for environmental contamination. It can 
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modify the essence of the entire environment, which can harm and destroy 
the environmentally friendly and life form holistic growth (For example, 
“Japan’s minamata disease” was caused by “Showa Denko Corporation’s” 
dumping of unregulated Hg-containing liquid waste into the shore (Takeuchi 
et al., 1962). Air degradation has been a systemic concern before now, but 
there has been a belief that attempts to protect and maintain the ecosystem 
ought to be strengthened. Since before the modern era, biotechnology 
has become more and more popular with people as a crossover between 
chemistry and biology. Thus far, biotechnology has also been widely used 
in agricultural processing, pharmacology, forest products, etc. Applications 
of IoT reveal potential the pollution crisis in the atmosphere. In general, 
enzymes and protein engineering seems to have a vital impact on environ
mental pollution remediation (Karam and Nicell, 1997). 

FIGURE 6.4 Transphosphorylation of HPNPP catalyzed by AuNP-1 nanozyme. 
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a)	 Wastewater depletion of chemical contaminants: Organic 
pollution has become one of the significant forms of emissions 
among diverse contaminants. Conventional physiochemical 
techniques also require complex procedures and costly equipment. 
Klibanov and co-workers used peroxidase for the first time since the 
early 1980s to catalyze the disintegration of phenols and aromatic 
compounds in waste water. Afterwards the, growing attention was 
paid with the use of natural enzymes for treating wastewater. “Horse 
radish peroxidase” is the most commonly applied enzyme of these 
enzymes. To produce highly reactive •OH, HRP will catalyze H2O2. 
The OH obtained will then oxidize several organic contaminants into 
aqueous coagulated products, such as esters and polyamines. While 
natural enzymes have many avails, their limitations all restrict their 
potential ecological treatment applications. Nanozymes have shown 
promise in the treatment of environmental pollutants, as mimics of 
natural enzymes. Fe3O4 zymes have virtues, such as “cheaper price,” 
“better governance,” and “cycling speed” compared to natural HRP. 
Fe3O4 nanoparticles could, therefore, be more appropriate for the 
removal of pollutants (Shahwan et al., 2011). Needless to mention, 
iron oxide nanoparticles are versatile for inevitably accumulating as 
a consequence of elevated thermal conductivity. Carbon nanotubes, 
just behind a comparatively small and stringent pH range, could 
have efficient electrochemical ability. All these curb their future 
uses in the removal of pollutants. Huang et al. used multiwalled 
carbon nanotubes carbon nanotubes to build “iron oxide” hybrid 
nanoparticles as the frameworks to achieve these objectives (Wang 
et al., 2014). 

Furthermore, in order to spur pollutants destruction, plenty 
other peroxidase-like nanomaterials have also been recorded 
(Huang et al., 2015). Promptly, the Qu and Ren groups revealed 
that “Fe3+-MCNs” nanozymes can theoretically forecast biological 
extraction efficiency for HRP itutes. Lacquers would also be used, 
analogous to HRP, in treating wastewater. The developed “Cu/GMP 
metal organic framework” will continue to accelerate polyphenol 
substrates” as a laccase mimic. These phenolic compounds, as 
substantial toxic substances, may trigger global pollution. The “Cu/ 
GMP MOF” structure including its inherent laccase-like operation 
will thus prove responsible for serious sustainability issues (Liang 
et al., 2017). 
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b)	 Chemical warfare agents degrading: “Chemical Warfare Agents 
(CWA)” are chemical phenomena that are aimed at preventing 
highly toxic and widespread devastation. Between them, biological 
devices, a type of phosphate bond like “CWA,” have some of the 
most toxic metals known to exist. They can reach the body via 
indirect techniques, namely mucous epithelial cells. These other 
nerves gases, when mixed with acetylcholine, can trigger tyrosine 
kinase function, resulting in autonomic nervous dysfunction. Recent 
western military developments, like the “Syrian military war” also 
led to targeted measures to seek efficient ways to tear down such 
dangerous materials rapidly. Alternatives to date have concentrated 
largely on personal security, massive destruction of chem weapons 
processing and prevention of “CWA” leakage (Mondloch et al., 
2015). The potential to destroy with above “CWA” is provided by 
certain strong stratified compounds, such as modified carbon black 
and metal atoms. Even so, such compounds often suffer with adverse 
effects, such as poor absorption potential and versatility of elimina
tion. Thus it is critically necessary to investigate new technologies 
for the effective decomposition processes of nerve agents and prepa
rations (Cannard, 2006). 

c)	 Inhibiting the formation of biofilm: On the surface of the “vessel,” 
“propeller,” “hold,” and other ship regions in the underwater 
atmosphere, microorganisms can reabsorb, stimulating the production 
of “marine biofouling.” Flow of water resilience could be impaired 
by the prevalence of microbes on ships, thus increasing fuel usage 
and greenhouse gases. “Marine biofouling” has earned considerable 
attention (Braithwaite and McEvoy, 2004). A workable alternative 
is the manufacture of anti-fouling coatings to avoid cell adherence. 
“Tributyltin-free antifouling coatings” have been used to virtually 
eliminate aquatic biofouling by “metal composite or biocide dependent 
paints” (Callow and Callow, 2011). Even so, such substances can 
also have complications such as “metal ions leakage” and “bacterial 
resistance” that can trigger certain ecological harm. Throughout the 
ocean setting, “vanadium haloperoxidase “ may be produced by 
other seaweeds to facilitate the oxidation of “halogens” to regenerate 
analogous “hypohalous acids” with the help of hydrogen peroxidase 
(Carter et al., 2003). 

Tremel and co-workers found, inspired by these unique properties, 
that “CeO2−x nanorods” had inherent haloperoxidase-like activity. 
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In the presence of H2O2, the “bromination reaction” of signalling 
compounds could be catalyzed by “CeO2−x nanorods,” leading to 
bacterial quorum sensing inhibition. This control capacity of the 
quorum sensing bacteria was comparable to “haloperoxidases” and 
“halogenases of natural or artificial vanadium.” “CeO2−x nanorods” 
have the advantages such as “low toxicity” and “excellent catalytic 
efficiency” compared to the widely used “cuprous oxide” antifouling 
agent. They also maintained a high antifouling ability to effectively 
inhibit the adhesion of microorganisms while applying CeO2−x 
nanorods to paints. Taken together, while nanozymes have great 
advantages in catalyzing the “degradation of organic contaminants,” 
“chemical warfare agents,” etc., great efforts are still needed to 
achieve practical applications in environmental treatment, such as the 
enhancement of catalytic activities (Herget et al., 2017). 

6.8 CONCLUSION AND FUTURE ASPECTS 

Over the past decade, nanozyme investigations have been performed 
worldwide and nanozyme application has also been applied to “biotechnology,” 
“medications,” “agricultural production,” “pollution prevention,” and several 
other sectors. Nanozymes have multifunctional cloud components in the field 
of environmental nanotechnology, from toxin recognition to detection. In 
addition to driving the precision and strength of natural enzymes, nanozymes 
may independently operate on unfavorable climatic variables that can 
influence biotic processes, that is, “interpretations in pH and temperature.” 
There are also a few restrictions on nanozymes, and since nanozymes surpass 
innumerable static constraints that are efficient for natural enzymes, several 
nanozyme catalytic activities are indeed significantly cheaper than traditional 
natural enzymes. Currently, nanozyme research focuses mainly on redox 
enzyme mimics, such as “catalase,” “oxidase,” “superoxide dismutase,” 
“peroxidase” with much less emphasis on other metabolites that may be 
important for the degradation of many composite materials. In this respect, 
although the productivity of the extraction of particulates is immense, the 
expense of industrialized technology may be beneficial in increasing carbon-
emission treatment methods. 

It is common for nanozymes to demonstrate satisfactory accuracy in 
limited experiments, but their integration into environmental science is still 
restricted, mainly because catalyzed nanozyme technologies have a strong 
development of flexibility and an extended lifetime if these limitations can 
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be brought to light, nanozyme technologies can gain tremendous benefits 
for the contaminant treatment industry. The progress of nanozyme tech
nologies almost seems appealing, but subsequent research on nanozymes 
appears rare. Examination of nanoparticles is growing in the environmental 
biotechnology viewpoint, and recent nanozymes start popping up relevant 
theories encompassing how and when to effectively extract contaminants 
in unfavorable conditions, and then how to delegitimize rather obdurate 
polymeric materials. In multilevel incentives for industrialized technology 
and community health, execution of nanozyme technology in the disciplines 
of “atmosphere,” “genetics,” “farming,” and “pharmaceutics” may emerge. 
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ABSTRACT

Environmental pollutants are hazardous to humans, and the challenges for 
environmental and analytical chemistry are detecting directly the pollutants, 
such as heavy metals, pesticides, and toxins from waste streams and the 
monitoring of soil and aquatic conditions. Due to the lack of tools with 
broad detection constraints and the lack of expensive facilities, the current 
approaches being implemented to perform real-time assay and monitor 
contaminated specimens were restricted. Strategies have been exerted in 
the development of awareness technology and therefore fast, low-cost, 
responsive sensors are required. The increasing focus on nanomaterials with 
advanced optoelectrical properties has contributed to the further introduction 
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of biosensors with new applications. Nanobiosensors are used for monitoring 
pollution levels by analyzing the ultra-sensitivity of contaminants swiftly. For 
example, nano-biosensors have certain distinctive features of a small scale, 
compact, powerful, tangible, vulnerable, and relatively low cost. Therefore, 
nano-biosensors may seem a powerful response to traditional methods of 
analysis since these allow extremely responsive, active, and high-frequency 
detection of the presence of contaminants without detailed analysis. 

7.1 INTRODUCTION 

Globally, there is a significant concern about the overregulated or unregulated 
release of environmental pollutants, for example, harmful heavy metals, 
antibiotics, and pesticides. New prototypes are therefore urgently needed to 
detect their presence in terrestrial and aquatic environments. Conventional 
methods like chromatography have some bottlenecks, that is, lack of 
selectivity and sensitivity, long and specialized pretreatment of samples that 
can theoretically lead to time-consuming procedures and detection at the low 
sample level. In this case, using the bioelements in conjunction with green 
nanomaterial functionality allows for the development of nano-biomaterials 
to track the environment. In contrast with conventional methodologies, 
these extraordinary characteristics of nano-biosensors make them extremely 
responsive and economic instruments for the environmental monitoring and 
the pollutant detection. These are generally categorized in two classes, that 
is, bioreceptors and transductors. The biosensors based on bioreceptors are 
often classified as enzymes, proteins, antibodies, bacteria, and DNA based. 
Biosensors based on the methods of transduction are grouped into three kinds, 
that is, optical, calorimetric, electrochemical, and mass-based biosensors. 
Electrochemical biosensors have proved useful for the identification of small 
sample volumes, low concentrations of biological components, and even 
miniature analytical instruments. 

A biosensor identifies any bioproduct by combinations of biological 
identifying features and a physical or chemical transducer. These biosensors 
majorly consist of three components: biological marker, transducer, and 
electronics for signal processing. For different applications, different 
biosensors are being developed, including environmental protection, food 
quality control, bioprocess control, agriculture, the medical and military, and 
pharmaceutical sectors specifically. These generally function at five different 
levels: (1) bioreceptors, binding the specific form to the sample, (2) an 
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electrochemical interface where explicit biological processes happen inducing 
a sign, (3 a transducer that changes over the particular biochemical response 
in an electrical sign, (4) a sign processor for changing over the electronic 
sign into a significant physical parameter, lastly, and (5) a legitimate interface 
to show the outcomes to the operator (Luz et al., 2013). Biosensors can be 
classified by combining the fundamental concepts of signal transduction 
and biorecognition components. In the overall structure of a biosensor, the 
biorecognizing part responds to the objective compound, and the transducer 
changes the organic response to the discernible sign that can be quantifiable 
electrochemically, optically, acoustically, mechanically, calorimetrically, or 
electronically and afterward compared to the analyte concentration. Enzymes, 
antibodies, microorganisms, biological tissue, and organelles are classified in 
the biological components (Touhami, 2014). 

The production of nanoscale biosensors that are highly sensitive and 
flexible has been motivated by developments in nanotechnology. The 
ultimate aim of nano-biosensors, at the level of the molecule or cell, 
is used for the identification of a biochemical and biophysical signal 
correlated with a particular disorder. As such, a nano-biosensor is regularly 
an insightful analytical system that incorporates a biological recognition 
particle immobilized on the surface of a transducer (Jain et al., 2010; Verma 
et al., 2010). The nano-biosensors have diversified applications including 
molecular diagnostics that can be combined with developments like lab-on
chip to make the process simpler. They include microorganism identification 
in multiple samples, metabolite tracking in the body fluids, and cancer tissue 
detection. Their portability gives them an advantage for the pathogenesis of 
cancer applications. 

There are various methodologies for making the next generations of 
nano-biosensor systems: (1) the utilization of a totally new class of nanoma
terial for detecting purposes, (2) new immobilization techniques, and (3) the 
new nanotechnological approaches. The major benefits of nano-biosensors 
for environmental purposes are portability, miniaturization, and function 
compared with traditional analytical techniques. In biological/ecological 
quality assessment or chemical testing for inorganic and organic priority 
toxins, nano-biosensors may be utilized as environmental quality monitoring 
instruments (Salgado et al., 2011). Continued tracking, onsite activity, and 
capacity to measure contaminants in complex matrices with limited samples 
are major characteristics provided by nano-biosensors. A huge number of 
fertilizers, herbicides, pesticides, insecticides, pathogens, temperature, soil, 
and pH can be sensed effectively and monitored to promote sustainable 
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agriculture to improve crop production that can be done with the help of 
nano-biosensors (Sekhon, 2014). Also, production is threatened regularly by 
rodents, weeds, and diseases impacting the relative agricultural economy; 
plants, therefore, must be covered by the proper intervention. By monitoring 
the conditions of land and plant growth in large areas, nanostructured biologic 
sensors may lead to smart farming as well as by detecting contagious diseases 
in crops before visible symptoms (Antonacci et al., 2018). 

7.2 ATTRIBUTES AND KEY ELEMENTS OF NANO-BIOSENSORS 

With the emerging new scientific findings and discoveries in the 21st century, 
biosensors and nano-biosensors with the assistance of nanotechnology 
have gotten perhaps the best innovation that is effective in environmental 
contamination remediation. A  crucial section of biosensing is the 
transduction instruments that are liable for changing over the reactions of 
bioanalyte communications in a recognizable and reproducible manner using 
the change of unequivocal biochemical reaction energy into an electrical 
structure. Nanomaterials are splendid occupants in this measurement as they 
have a high surface region to volume proportions that permit the surface 
to be used in a prevalent and indisputably more practical way. Also, their 
electromechanical properties are splendid assets for biosensor development 
(Malik et al., 2013). As of late, analysts have utilized an incorporated 
methodology by joining electronics, computers, nanoscience, and biological 
science to make biosensors with remarkable detecting capacities that show 
uncommon spatial and fleeting goals and unwavering quality. Nanosensors 
having inactive or immobilized bioreceptor probes those target the analyte 
molecules very selectively are named as the nano-biosensors. Molecular 
analysis is now getting easier for the nano-biosensors that are being used 
along with some other technologies like laboratory functions in a single 
integrated circuit (i.e., lab-on-a-chip). Detection of various microorganisms, 
pathogens, and chemicals such as urea, pesticides, glucose, and monitoring 
the metabolites, are the applications of nano-biosensors. For their ease in 
performance, few points should be kept in mind while designing nano
biosensors that ultimately makes them characteristically efficient (Rai et al., 
2012; Bhattarai and Hameed, 2014); 

• 	 Analytes are the chemicals of interest in an analytical procedure, and  
nano-biosensors should be profoundly explicit with the end goal of the  
analyses; for example, a sensor should have the option to recognize the  
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analyte and any “other” material. The best example of this characteristic  
is the connection between an immobilized antibody and an antigen that  
is profoundly explicit. 

• 	 Under normal storage conditions, the nano-biosensors ought to be 
stable for their best performance. 

• 	 Reproducibility, then again, is the capacity of a biosensor to yield 
indistinguishable final results, no matter how many times the experi
ment is repeated. This is dictated by the exactness and precision of the 
transducer or electronic parts in a biosensor. 

• 	 The reaction time ought to be negligible. 
• 	 The physical parameters such as blending (stirring), pH, and tempera

ture shouldn’t affect specific interactions between analytes. 
• 	 In a clinical setting, sensitivity and linearity are the essential attributes 

of biosensors that can’t be neglected and ought to be managed with the 
most extreme consideration. Sensitivity alludes to the most minimal 
identification breaking point of an analyte by a biosensor that may go 
from nanogram per milliliter to even femtogram per milliliter. Then 
again, linearity  speaks to the precision of the obtained output inside a 
working range where the convergence of the analyte in the sample is 
directly proportional to the measured signal. 

• 	 The reactions acquired should be exact, pinpoint, error-free, and 
linear over the valuable analytical range and be liberated from the 
electrical commotion. 

• 	 The nano-biosensors ought to be modest, convenient, and fit for being 
utilized by semiskilled administrators. 

• 	 “Being minuscule, biocompatible, non-poisonous, and non-antigenic” 
should be the characteristic of the nano-biosensors. 

A biosensor can be depicted as a detecting system or sensing device or an 
estimation framework planned explicitly for the assessment of a material that 
utilizes the interactions between biological agents and afterward surveying 
these interactions into a meaningful structure with the help of transduction 
and electromechanical interpretation. The major components that help in 
the smooth functioning of a nano-biosensor are bioreceptor, transducers, 
detectors, and most importantly, nanomaterials (Fig. 7.1). 

“Detecting a biologically specific material” (e.g., antibodies, proteins, 
enzymes, immunological molecules, etc.) is the primary purpose behind a 
biosensor. To recognize the target material, a template is required that is 
satisfied by a “biologically sensitive material” that helps in the making of 
a bioreceptor. Using the example of an antibody screened by antigens and 







 

 

194 Nanotechnology for Environmental Pollution Decontamination 

FIGURE 7.1 Schematic of nano-biosensor development for pollution detection application. 

vice versa, and proteins being screened using its correlated substrates, the 
phenomenon of bioreceptors can be well understood (Malik et al., 2013). 
The probes or the biologically sensitized elements including enzymes, 
nucleic acids, receptors, lectins, antibodies, molecular imprints, tissue, 
microbes, organelles, and so forth are either naturally inferred materials 
(biologically derived materials) or biomimic components that send signals 
from analytes of interest to transducers (Rai et al., 2012). Changing over 
the connection of bioanalyte and its comparing bioreceptor into an electrical 
structure is the fundamental capacity of the transducer. The name itself 
portrays the word “trans” that signifies change and “ducer” that signifies 
energy, and thus, a transducer changes over one sort of energy into another 
type. The principal structure is biochemical in nature as it is produced by 
the particular connection between the bioanalyte and bioreceptor while 
the subsequent structure is typically electrical. This change of biochemical 
reaction into an electrical sign is brought through the transducer. Then, 
the third part is the detector system that gets the electrical sign from the 
transducer part and amplifies it reasonably so the corresponding reaction can 
be read and studied appropriately. Nano-biosensors have nanomaterials as 
their major constituent that is defined as material at any rate one dimension 
more modest than 100 nm. Nanomaterials are classified into (1) nanofilms 
and coatings (<100 nm in one-dimension), (2) nanotubes and wire (<100 
nm in two-dimension), and (3) nanoparticles (<100 nm in three-dimension). 



 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

195 Potential of Nanobiosensors for Environmental Pollution 

Because of their unfathomably little size, nanomaterials show remarkable 
highlights, chemically and physically. The nanosensors are tiny devices, 
with measurements in the order of one billionth of a meter, equipped for 
identifying and reacting to chemical, physical, and biological stimuli. This 
capacity of nanosensors can be utilized usefully for ecological investigation 
by using them for the recognition of poisons, microorganisms, modern 
and natural toxins, pesticides, heavy metals, allergens, and so forth 
utilizing various components. Different nanomaterials have been explored 
to dissect their properties and ongoing applications as nano-biosensors. 
These nanomaterials are nanoparticles, quantum dots, nanotubes, or other 
organic nanomaterials. These nanomaterials can add either to the bioreceptor 
component or to the transducer or to both nanosensors; nanoprobes and other 
nanosystems have upset the fields of biological and chemical analysis in so 
many example frameworks (Kuswandi, 2019). 

7.3 DIFFERENT APPROACHES TO NANO-BIOSENSORS AND THEIR 
ROLES 

7.3.1 NANO-BIOSENSORS INTEGRATED WITH ENZYMES 

Progression in the enzyme-based nano-biosensing framework is associated 
with the level of progress in affectability toward target atom recognition 
(Ghormade et al., 2011). Due to their unparalleled optical, electrochemical 
properties, nanomaterials are highly appreciated as inexorable candidates for 
nano-biosensor development (Sassolas et al., 2012). Also, their certain features 
like biocompatibility, larger surface area to volume ratio, ease of separation, 
etc., hold huge importance to get incorporated into a genetically modified 
enzyme (Verma et al., 2008). Thus, nanotechnology has given a critical effect 
on conventional enzyme immobilized innovation (da Silva et al., 2014). Enzy
matic nano-biosensor was created by utilizing atomic modeling techniques. 
This nano-biosensor was created utilizing functionalization of atomic force 
microscopy tips with acetyl co-catalyst A carboxylase. The location was 
checked by estimating the forces between the immobilized enzyme and the 
herbicide analyte. The subatomic displaying procedure was utilized to advance 
the enzyme adsorption concentrates on the tips of atomic force microscopy 
and the degree of recognition (Franca et al., 2011). Apart from this, biorecogni
tion is the salient feature of every biosensor. Enzymatic nano-biosensor has an 
enzyme bioreceptor that has a high level of substrate particularity. Choice of 
enzyme relies upon the basic boundaries, for example, thermal stability and 
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high turnover number (Verma et al., 2016). The minimal detection limit of 
contaminants in the food sample was properly evaluated by the enzymatic 
nano-biosensor. Along these lines, the enzymatic nano-biosensor opens up 
new trends in the estimation of the food quality in an ultrasensitive manner 
(Antiochia et al., 2004). This cutting-edge technology is also effective in the 
agricultural industry where the most common disadvantage is the excessive 
usage of pesticides (Ghormade et al., 2011). Nano-biosensors can detect 
small traces of pesticide residues that ultimately help maintaining the quality 
of the soil so that crop yield would not get hindered. This organophosphorus 
pesticide has a huge affinity for acetylcholinesterase enzymes that catalyze 
a hydrolytic reaction regulating the function of the neurotransmitter acetyl
choline (Periasamy et al., 2009). Subsequently, nano-biosensors based on 
the recognition part of acetylcholinesterase have been exploited to locate the 
pesticide residues (Table 7.1). Another important sector is the food industry 
where detection of microorganisms in the food samples that are harmful to gut 
flora has become easier with the intervention of nanotechnology (Dasgupta 
et al., 2015). The incorporation of nanomaterials in the biosensor assembly 
for getting higher specificity for the analyte and also for faster transfer of 
electrons into the enzyme has shown a huge impact in the food industry to 
combat many difficult situations at ease (Perez-Lopez and Merkoci, 2011). 
Industrially, useful enzymes such as β-galactosidase, glucose oxidase, fructose 
dehydrogenase, and pyranose oxidase are used as molecules of biorecogni
tion to check the carbohydrate molecules such as lactose/lactulose, glucose, 
and fructose in food samples (Ozdemir et al., 2010). After analyzing many 
factors, it has been concluded that enzymatic nano-biosensor can be utilized as 
a cost-effective platform for monitoring environmental pollution at the early 
stage. Performance of the enzymatic nano-biosensor can overcome any other 
expensive bioanalytical system. To sum up, enzymatic nano-biosensors hold 
great potential for those industries that are accountable in daily life. 

7.3.2 NANOMATERIAL-DEPENDENT FLUORESCENT BIOSENSORS 
FOR MONITORING ENVIRONMENTAL POLLUTANTS 

Fluorescence is a phenomenon in which light is emitted by a substrate that 
has absorbed any electromagnetic radiation or light. This property of fluo
rescence is exploited to develop nano-biosensors that can sense pollution 
in the environment. Fluorescence-based sensors use changes in anisotropic, 
intensity, emission lifetime alterations, absorption, or emission wavelength. 
Change of fluorescence intensity is mostly used, as they are generally quite 



 

 

 

TABLE 7.1 Enzymatic Nano-biosensors for Agricultural Industry.

Nano-bioconjugation system Role References 
Magnetic NPs, carbon nanotube, and zirconium nanoparticle
are immobilized covalently on transducer with the enzyme,
acetylcholinesterase
Carbon nanotube, electrostatically assembled with multienzyme
consortium on the superficial layer of transducer

Silica nanoparticle integrated with organophosphate hydrolase in 
silica
Acetylcholinesterase is entrapped in nanoliposome

Covalent immobilization of carbon nanotube-aflatoxin oxidase on
the surface of transducer
Nanocomposite of ZnO nanoparticle, chitosan, carbon nanotube,
and polyaniline integrated with xanthine oxidase
Gold nanoparticle along with β-galactosidase, physically
adsorbed on the surface of transducer 

Helps in the detection of pesticide, dimethoate at
ultrasensitive level

Detects organophosphorus pesticide paraoxon and 
non-organophosphorus pesticide at the limit of 
0.5–1 μM
Contributes in the detection for organophosphate 
paraoxon
Detects pesticides, paraoxon, and dichlorvos at
ultrasensitive level
Detection of aflatoxin

Detection of xanthine

Helps in the detection of E. coli 

Gan et al. (2010)

Zhang et al. (2015)

Ramanathan et al.
(2009)

Vamvakaki and 

Chaniotakis (2007)

Li et al. (2011)
 

Devi et al. (2012)


Miranda et al. (2011)
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sensitive, easy to use, and adaptable to various analytes and systems. The 
ecosystem is heavily damaged by the use of pesticides. Recently, there is 
a trend of detecting organophosphorus pesticides using the fluorescence 
DNA biosensors that are mainly based upon immunochemical traits such 
as recognition of DNA, or RNA aptamers, antigen–antibody reactions, and 
enzyme–substrate reactions. For the enzymatic detection of these pesticides, 
acetylcholinesterase (AChE) is generally used as a catalytic hydrolyzer of 
acetylcholine releases, thiocholine, which contains a thiol group and is reac
tive toward nanomaterials and fluorophores. Hence in turn fluorescent or 
colorimetric signals can be received that can detect and quantify the presence 
of pesticide. Antibiotics are life-saving drugs that are used to treat different 
diseases but when these antibiotics are present in the environment it poses a 
threat as it can lead to mutation in bacteria and develop antibiotic resisting 
properties in them, so it is important to detect them even if present in trace 
amounts. These can effectively be detected with the aid of fluorescence-
based nanosensors. Enrofloxacin (ENR), an antibiotic of the fluoroquino
lones group, is simply detected by the use of common fluorescence of ENR. 
Graphite oxide acts as a quencher dye for its detection. In the presence of 
aptamer, ENR goes under a conformational change that hinders the absorp
tion of the aptamer–analyte pair. To detect the presence of chloramphenicol, 
hairpin aptamers are being used that comprises a specific chloramphenicol 
recognized sequence. Tetrakis (4-carboxyphenyl) porphyrin (TCPP) 
combined with copper nanosheets help in the synthesis of MOF (metal 
organic frames). MOF acts as a quenching agent and has properties that are 
the same as organic 2D nanostructures (graphene). 

Phenolic compounds such as pentachlorophenol, 2,4 di-chlorophenol, 
bisphenol, and 2,4,6-trichlorophenol are most common in the environment 
and pose threat to human health. Detecting them in the ecosystem and 
removing them are the need of the hour, and the dual fluorescent-colorimetric 
system can be used to detect BPA (Bisphenol A), a type of harmful phenolic 
compound. The process of detection involves the use of a very high salt 
concentration that enhances the agitation of gold nanoparticles and produces 
a colorimetric signal that further gives rise to fluorescence (Gaviria-Arroyave 
et al., 2020). 

A life-threatening heavy metal that is very common in sewage is mercury. 
Detection of this metal and removal of it from the environment are necessary. 
So, fluorescence can be detected by using mercury-specific oligonucleotides 
(MSOs). Following the nature of mercury fluorescent sensors, it can be 
detected in six ways as follows: binary probes, “label-free” probes, molecular 
beacon, chain reaction probes, G-quadruplex probes, and nanoparticle-using 
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probes. These types of sensors can detect even the slightest amount of Hg, if 
present (Hu et al., 2020). Arsenic, a highly toxic heavy metal generally found 
in water, is a hazardous compound that adversely affects human health. 
Sensitivity toward arsenic and its detection are improved by the use of nano
materials. Arsenic that is present in As(III) cannot be identified directly as 
it is transformed to As (III), which is further identified by anodic stripping 
voltammetry (ASV) method. Arsenic can bind to some enzymes like other 
heavy metals which in turn influence the catalytic activity. This principle of 
inhibition of enzymes is being exploited to develop biosensors for arsenic 
detection. Zymolytic-modified nanomaterials as signal indicators are the 
most common arsenic sensing method. With the use of natural enzymes, the 
substrate gets decomposed which in turn changes the signal of the nano
material indicator. As the level of arsenic increases again, it suppresses the 
catalytic activity of decomposition that leads to the recovery of the signal 
indicator. A fluorescent nanoprobe of arsenate was developed by the Qiu’s 
group by gathering guanosine monophosphate, Tb(III), and carboxylated 
CdSe/ ZnS QDs (Xu et al., 2020). 

7.3.3 FUNCTION OF NANO-BIOMATERIALS AS A DETECTION SIGNAL 
FOR ENVIRONMENTAL POLLUTION 

Synthesis of nanomaterials can be executed by a variety of techniques 
whether it be physical, chemical, or biological. Specifically, when the 
biological method is used, it makes use of varied microorganisms, plant 
extract, agricultural waste, and biomolecules. Biomolecules when combined 
with the features of nanomaterials give rise to the component known as nano
biomaterials. And hence these biomaterials combined with nanosensors are 
widely being used nowadays in the detection of plant infection and other 
environmental contaminants. Moreover, nowadays the trend is to use green 
methods for the diagnosis of heavy metals as it is more environment-friendly 
and nontoxic in nature as well as they have a comparatively easy recovery 
rate and easy synthesis process (Rasheed et al., 2019; Iqbal and Bilal, 2020). 
The commonly used secondary metabolites for environmental monitoring 
purposes are proteins, alkaloids, carbohydrates, and phenolic compounds. 
Nano-biomaterials that are synthesized based on these secondary metabolites 
contain a metallic precursor (i.e., silver, Ag or gold, Au), which is indicated 
by the change in the color of the solution. The color change occurs, as the 
metallic atoms get nucleated (Shah et al., 2015). Gathering the targeted ions 
from the environment with the help of microorganisms and transforming it 
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into metal ions with the aid of different biomolecules like sugars, enzymes, 
and protein that are secreted from the microorganism is the basic pathway 
for the synthesis of nanoparticles through a biological process. The synthesis 
can be intracellular or extracellular depending upon where the nanoparticle 
is synthesized. The nature of the nanoparticles depends upon factors, such as 
pH, type of microorganism, and temperature (Arun et al., 2013). 

Being water is the most essential resource on the earth for any organism, it 
is quite necessary to inspect the quality of water regularly and distinguish the 
presence of any sort of harmful toxins, pharmaceutical waste, heavy metals, 
or any other kind of natural or anthropogenic waste. As a possible solution to 
this problem, newly designed nano-biosensors are formed that can efficiently 
control and detect the presence of toxic metals (e.g., Hg, Cd, Pb, Se). Au and 
Ag nanoparticles in combination with biomolecules have given rise to a new 
type of colorimetric sensor that is much more cost-effective, simple, and 
facilitates real-time detection of the target (Kulkarni and Muddapur, 2014; 
Parra-Arroyo et al., 2020). 

Heavy metals being another major concern nowadays; their detection and 
remediation are prioritized. Mercury (Hg), a heavy metal found in water bodies, 
causes extensive damage to the neurological system. Previously, it has been 
observed that microorganisms can convert ionic mercury to methylmercury 
when released into the sea. It was also concluded that the migration of Hg 
from contaminated soil landfills and sediments to water bodies, streams, 
lakes, and underground water occurs due to the strong binding action between 
Hg and the organic matter which in turn enters through the food chain. In a 
study by Hongwei Luo et al., photochemical methylation, photo-oxidation, 
photodegradation, and photo-reduction are some photochemical behavior 
exhibited by Hg. A colorimetric assay was used for the detection of Hg2+ ions 
that comprise an amalgam of nano-biomaterials based on Ag nanoparticles. In 
this process, the nanoparticles are inculcated slowly in the solution containing 
the ionic mercury at room temperature with pH ranging between (3.73 and 
11.18). A change in the coloration is observed that reveals the presence of 
ionic mercury (Luo et al., 2020). 

Peptide-based gold nanoparticle probes are used to detect other metal 
ions such as Co2+, Pt2+, Pb2+, and Pd2+. It is achieved with the help of Flg-A3 
fusion peptide (-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-Pro-Ala-Tyr-Ser-Ser-
Gly-ProAla-Pro-Pro-Met-Pro-Pro-Phe-), which acts as a multifunctional 
group. To synthesize and stabilize the Au nanoparticles in an aqueous solu
tion of tetrachloroauric (HAuCl4) generally, use A3 (AYSSGPAPPMPPF). 
The formation of the metal ion complex through non-covalent interaction 
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takes place in the region of the N-terminal of the peptide (-Asp-Tyr-Lys-
AspAsp -Asp-Lys-) (Slocik et al.,2005; Alam et al., 2015). 

Genetic mutation and cancer are some common diseases related to the 
consumption of heavy metals in one or other ways. Chromium is one such 
metal, released in the environment through effluents and enters the water 
bodies and, in turn, enters the food chain. Xanthocerassorbifolia extract 
(XT-AuNP), a green agent, is used to stabilize gold nanoparticles that helps 
in the recognition of ionic chromium level. The only drawback of this 
method is that it can detect chromium ions at a concentration of not more 
than 3 μM. Although these nano-biosensors are highly effective in detecting 
Cr3+ in the environment (Fan et al., 2009). Anacardium occidentale leaf 
extract helped to develop another method to detect chromium. It was found 
that the nano-biosensor hence developed was highly selective and extremely 
sensitive toward Cr6+ ions with a limit of 1 μM. The test was carried out as 
the secondary metabolites of the extract helped in the conversion of Cr6+ ions 
to Cr3+. The change in the color of the sample confirms the presence of Cr3+ 

(Balavigneswaran et al., 2014). Alternatively, Ag-nanospheres (C-SNSs) 
that are generally synthesized at varied pH values (4.5 and 11.5) are used for 
colorimetric detection of Cr3+ and Mn2+. In this process, the C-SNSs solution 
is added to a solution that has a high concentration of Cr3+ ions at a pH 
of 4.5; later, a change in the coloration from yellow to white indicates the 
presence of Cr3+ ions. Although when the pH is maintained at 11.5, it was 
observed a change in color from yellow to brown that causes an alteration 
in the morphology from nanospheres to square pyrimity when Mn2+ ions are 
present (Joshi et al., 2016). 

Nano-biosensors are comparatively more sensitive, selective, rapid, and 
convenient to use. Hence, it can also be used for the detection of pesticides 
combined with high-performance liquid chromatography (HPLC), liquid gas 
chromatography (GC), and mass spectroscopy. Several types of nano-biosensors 
are presently employed for detecting pesticides, whole-cell (bacterial, 
fungal, and algal cell-based) nano-biosensors, immuno (electrochemical and 
fluorescence detection technique), enzyme (electrochemical and fluorescence 
detection technique), and nucleic (electrochemical detection technique) nano
biosensors (Kumar and Arora, 2020). 

A study conducted by Babolghani and Manesh based on the use of nucleic 
techniques brought forward the simulation and experimental analysis of a 
DNA/Cu2O-GS nanostructure. Particularly, this helps to detect polycyclic 
aromatic hydrocarbons (PAHs) and are categorized as DNA-based nano
biosensors. PHAs (polyhydroxyalkanoates) are known to be carcinogenic, 
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toxic, and mutagenic agents and are generally represented as soil pollutants. 
DNA/Cu2O-GS nanostructure can be used as a field-effect transistor (FET) 
for the detection of PHAs (Babolghani and Mohammadi-Manesh, 2019). 

7.3.4 DEVELOPMENT OF NANO-BIOSENSORS FOR DETECTING 
PHENOLIC COMPOUNDS 

In the past decades, there have been several kinds of research that were based 
upon the construction of nano-biosensors to detect phenolic compounds. The 
main point of benefit for constructing these biosensing platforms is that it can 
work in a microenvironment for stabilizing biorecognition elements at the 
electrode surface. With the use of several nanomaterials, nanoparticles assorted 
with polymers laccase sensors can be constructed. These nano-biosensors 
were found to be effective in the detection of hydroquinone and other phenolic 
compounds (Upan et al., 2016). The appearance of metal oxides in polymeric 
composite based on Fe3O4 magnetic nanoparticles increases the steadiness 
of the biosensor. An amalgam of Nafion and gold nanoparticles showed an 
increase in the stability of laccase biosensors for detecting hydroquinone. 
The stability of the laccase biosensor can also be enhanced by using several 
immobilization techniques, such as integration of laccase in ZnO sol-gel using 
chitosan is one of the techniques. Stabilizing the laccase enzyme with the use 
of laccase laser printing technology provides us with much more valid scien
tific data in case of catechol determination than using any other techniques 
(Touloupakis et al., 2014; Li et al., 2016; Qu et al., 2015). 

Tyrosinase enzyme is often used as a biorecognition element for the 
detection of p-cresol or phenol. They have a high sensitivity and elevated 
range of affinity for these analytes; it is stabilized with the help of Nafion, 
a kind of polymer that shows an enhancement in the stability of the biosen
sors, glutaraldehyde, or by the use of the sol-gel method. Gold nanoparticles 
(AuNPs) are commonly used for the development of these tyrosine biosen
sors and they have a sensitivity of 15.7 μA/ppm as the transfer of electrons 
between the electrode surface and enzyme is very rapid. It was found that all 
p-cresol detecting tyrosine nano-biosensors can monitor the level of phenols. 
Quantum dots when mixed with chitosan or with the addition of copper 
oxide and mesoporous silica material give the lowest range for detection of 
p-cresol (Nurul Karim and Lee, 2013; Li et al., 2017; Han et al., 2015). 

The widespread use and continuous release of bisphenol-A (BPA) in the 
environment have become the new environmental pollutant that directly or 
indirectly affects the aquatic ecosystem. Hence, they are specially monitored 



 

 

 

 TABLE 7.2 Advantages and Disadvantages of Using Nano-Biosensores for the Detection 
of Pollutants. 

Pros Cons 
Easy transportation Inefficient in case of numerous pollutants 
Thorough diagnosis of environment Reusability issue 
Small size Can be hindered by the chemical factors 
Ecofriendly Unclear strategies for its scalability 
Sensitivity is high toward the contaminants Detection limit is limited for transformed 

products 
Economical 
Detection of more than one pollutant at a time 
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by using aptamer-based electrochemical biosensors. Generally, glassy carbon 
is used to construct the electrochemical transducers for these aptamers. The 
electrode surface is generally altered by gold nanoparticles embellished with 
carbon nanotubes or nanocomposite film of NH2 functionalized by Fe3O4 
or by gold nanoparticles and nanocomposites and immobilized graphene by 
the formation of thiol-gold (s-Au) bonds. BPA at a very low concentration 
(0.056 nM) can be detected by using nanoporous gold film (NPGF) that is 
attached to a glassy carbon electrode (Beiranvand and Azadbakht, 2017; 
Zhu et al., 2015). A recently introduced strategy to selectively detect BPA 
based on the enzyme deoxynucleotidyl transferase that creates a bridge on 
the surface of the electrode when there is no bisphenol A present, ultra-low 
levels of bisphenol A can be detected by electrochemical aptasensors that 
are developed by molecularly imprinted pyrrole, and electrodeposition of 
gold nanoparticles (AuNPs) with the thiolated DNA sequence (p-63) and 
free bisphenol A complex (Ensafi et al., 2018). 

The development of nano-biosensors for the detection of phenolic 
compounds with high sensitivity, rapid response, and long-term stability is 
presently an area of significant research activity. But at the same time, the 
process of detection still suffers from some disadvantages such as diffusion 
limitations, lack of affinity, and weak stability (Table 7.2). 

7.3.5 NANOWIRE SENSORS: A UNIT OF ELECTROCHEMICAL 
BIOSENSOR 

Nanowire biosensors are a class of nano-biosensors of which the significant 
detecting segments are made of nanowires covered by natural particles or 
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biological molecules, for example, polypeptides, DNAmolecules, filamentous 
bacteriophages, and fibrin proteins. A bionanowire is a 1D (1-dimensional) 
nanostructure like a fibril, which measures some nanometers or less and do 
not have a restricted length (Touhami, 2014). Since the surface properties of 
bio-nanowires are effortlessly altered with the help of chemical or biological 
molecular ligands, nanowires can be enriched with practically any potential 
compound or biological subatomic acknowledgment unit, making the wires 
independent of analyte. This transduces the occasion of chemical binding on 
their surface into an adjustment in conductance of the nanowire with extraor
dinary sensitivity, real-time, and quantitative fashion. Boron-doped silicon 
nanowires (SiNWs) are being utilized to make profoundly sensitive, real-time 
electrically based sensors for biological and synthetic species (Rai et al., 
2012). One-dimensional nanowire, nanobelts, nanosprings, and nanotubes 
have become the focal point of an escalated research in biosensing because of 
their extraordinary properties and potential of creating high-density nanoscale 
systems. The nanowires can be utilized for both effective vehicles of electrons 
and optical excitation, and these two components making them basic to the 
capacity and mix of nanoscale systems. Indeed, they are the littlest measure
ment structures that can be utilized for the effective vehicle of electrons, and 
hence, they are basic to the capacity and joining of these nanoscale devices. 
Their electrical properties are unequivocally affected by minor perturbations 
in light of their high surface-to-volume proportion and tunable electron trans
port properties because of the quantum confinement effect. One of the great 
possibilities for the improvement of enzyme/protein-based biosensors is the 
CNT because of its unique kind of mechanical, electrocatalytic, and elec
tric properties. Researchers have utilized CNT/Nafion-based electrodes for 
immobilization glucoseoxidase (GOx) chemical for a sensitive recognition 
of glucose. This CNT/Nafion complex was set up by scattering solubilized 
CNTs in Nafion arrangement onto an electrode surface. CNT-based biosensor 
offers considerably more noteworthy signals, particularly at low potential, 
mirroring the electrocatalytic action of CNTs. Such a low potential activity of 
CNT-based biosensor brings about a wider linear range and a quick reaction 
time (Touhami, 2014; Hernandez-Vargas et al., 2018). 

7.3.6 MICROORGANISM-BASED NANO-BIOSENSORS 

Agriculture networks have been broken to revolutionize them by pathogen 
identification, high productivity checkup and high agriculture produc
tion monitoring services. The nano-biosensor is a particular sensor that 
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manufactures a separate transducer package for different transmitters 
(physical, chemical, biological, electrochemical, etc.). They are classified, 
whether optically, piezoelectric, or mechanical because of their transduction 
theory. Biosensors were also characterized on the basis of their most sensi
tive carrier/recognition substances and may include the immunosensors, the 
biosensors, and the enzyme biosensors. Biologically originated (especially 
bacterial) biosensors are now being produced by integrating different NPs 
(Ag, Au, Cu, Zn, etc.) into microbes (bacteria, virus, and fungus). They are 
specialists in characterization of diseases in plants and cactus environments; 
these NP bases (nanowires, nanoformulated compounds, and nanoencapsu
lated beds) have a crucial role to play in clean strategies connected with 
pesticides and insecticides build-up in agriculture. Researchers identified in 
the diagnosis for several pathogenic bacteria the function of NPs. Further, 
it is important to explore various types of packages that allow us to design 
their introduction as point-of-care systems and complex devices. Recently 
(Bucur et al., 2018), the function of biosensors was reviewed on the basis 
of enzymatic inhibition (microbial origin). These biosensors could help 
to detect the quantitative toxicity of a variety of insecticides currently in 
use, such as organophosphorus compounds, carbamate compounds, etc.; 
these insecticides are almost forbidden or stated to have the highest risk 
as reported by the European Food Protection Authority (EFSA) for food 
(Justino et al., 2017; Mocan et al., 2017; Oliveira et al., 2018; Peiyan et 
al., 2018). Gui et al., 2017, revealed that Pseudomonas putida (BMM-PL) 
could be used as a whole cell-based biosensor. They concluded the role of 
these bacteria in the identification of phenanthrene in polluted soil. It is 
also necessary to choose the type of host cell. A biosensor’s accuracy and 
time-response can be highly influenced by the part of its host cells that serve 
as the expression module for detection. As metabolism, genome, and cell 
composition are of elevated resemblance between eukaryotic-based sensors 
and the host body, around 85% of the currently used metals identification 
of whole cell biosensors are eukaryotes (Magrisso et al., 2008). In multiple 
environmental study sample, Hernández-Sánchez and their associates 
developed different full cell biosensors utilizing multiple host cells but 
a similar recombinant control method for the discovery of monocyclic 
aromatic compounds (Hernández-Sánchez et al., 2016). The biosensor 
from Alcanivorax borkumensis SK2 was reported to have fewer particulate 
tolerances while greater to show the better efficiency for detecting the low 
concentrations of polluted substances of the seawater sample. As a result of 
their high resistance at high temperatures until it was saturated, the Pseudo
monas putida DOT-T1E biosensor was considered to be the best choice for 
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environmentally highly polluted conditions (Espinosa-Urgel et al., 2015). 
A biosensor based on Alcanivorax borkumensis specialized in assimilating 
linear alkanes, and exhibited a four-fold lower detection sensitivity toward 
the fuel octane (0.5 μM) when compared to biosensors that used Escherichia 
coli as a vehicle. When measuring low concentrations of pure alkanes 
or petrol in samples, this performance improvement was clearly evident 
(Sevilla et al., 2015). Brutesco et al., 2016, prepared a functional biosensor 
based on Deinococcus deseri (an environmental bacterium that is tolerant 
to desiccation and radiation) and reported that after 7 days of storage, these 
sensors were able to detect arsenite. A series of whole cell biosensors have 
also been prepared from several E. coli strains to detect nickel in drinking 
water. 

7.4 DNA NANOSENSORS—AN IDEAL APPROACH FOR THE 
DETECTION OF POLLUTANTS 

Pathogen contamination in the environment has led to some serious contagious 
disease outbreaks that can cause epidemics or even pandemics. Through 
some studies to detect pathogens in the environment, some techniques have 
been introduced like traditional biosensor and nanosensor, out of which 
DNA-based nanosensor is being used particularly to identify pathogens 
like E. coli, Vibrio cholera, methicillin-resistant Staphylococcus aureus 
(MRSA), Aspergillus Bacillus subtilis, and Candid. V. cholera, a waterborne 
microbe can be detected by employing selective binding of O1 OmpW (outer 
membrane protein W) gene with two DNA probes- Magnetic NP-probe1-O1 
OmpW-fluorescein amidite (FAM) probe2-AuNP complex. The association 
of DNA-pollutants is unique since specific pollutants contribute to a specific 
toxic reaction. The capacity of the DNA of changing specificity with the 
change in its structure and sequence is beneficial for the sensing of diverse 
analytes. The most widely used nanomaterials for the production of DNA 
nanosensor are AuNPs and AgNPs. As optical nanosensors, magnesium 
oxide, iron oxide, QDs, and manganese oxide NPs have been used and can 
also be investigated for vast numbers of unexplored analytes to design DNA 
nanosensors as an alternative to routine complex analytical assays (Alahi and 
Mukhopadhyay, 2017). The descent biocompatibility, extensive availability, 
water-soluble property, and fluorescence emission based on DNA sequence 
are all the major advantages of using DNA nanosensors (Song et al., 2019). 

Pesticides are virulent to living beings. The categorization of pesticides 
is difficult as it involves about 100 classes with a cumulative number of 
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over 800. Organophosphorus, carbamates, neonicotinoids, and triazine are 
the major groups that are detected using DNA-based nanosensors. There 
is a certain number of approaches available for the detection of pesticides 
that includes both conventional and sensor-based methods. For example, 
HPLC, GC-MS, and other analytical methods are commonly used for a 
minute number of pesticides whereas DNA nanosensors have been used 
with huge amounts of pesticides to detect (Willner and Vikesland, 2018). 
The colorimetric DNA nanosensor is designed for the identification of 
acetamiprid in celery and green tea leaves. Salt-induced aggregation happens 
with the aptamer binding to ssDNA-AuNPs and the solution looks purple. 
Acetamiprid availability contributes to the solubilization of ssDNA-AuNPs 
due to the development of the red-colored aptamer-acetamiprid complex 
(Fei et al., 2015). Aggregation of ssDNA aptamer-AgNPs may be selectively 
caused by phorate, an organophosphate pesticide. Aggregation leads to a 
decrease in the rate of UV-visible absorption and a change of the color of 
NP solution from brown to colorless (Li et al., 2018). For the detection of 
triazophos in apple, water, rice, turnip, and cabbage samples with a sensitivity 
almost similar to the ELISA method, a bio-barcode amplification-based 
competitive immunoassay was developed. Thiolated ss-oligonucleotide as 
barcodes and mAb as recognition elements in AuNPs were subjected to a 
laboratory sample containing an ovalbumin-pesticide-hapten (hapten-OVA) 
functionalized pesticide and magnetic microparticle (MMP) probe. Detection 
is concluded by AuNPs catalyzed Ag staining. The graycolor intensity of Ag 
relies on the concentration of triazophos (Du et al., 2018). 

GMO has transgene-containing modified DNAand several other sequences 
such as selection markers and promoter. Similarly, mutant and resistant species 
contain sequences of DNA that are distinct from regular organisms. The 
sequences that are complementary to these particular sequences are being used 
as bioreceptors to have DNA nanosensor specificity. Fluorescence intensity 
recovery is used for quantifying Mycobacterium tuberculosis resistance to 
rifampicin. Specific FAM-labeled probe for a mutant DNA sequence with 
rifampicin resistance to M. tuberculosis is adsorbed on graphdiyne’s nanosheet 
surface. The nanosheet quenches the FAM probe’s fluorescence. The FAM 
probe is released from the nanosheet in the presence of target ssDNA to form a 
structure with target DNA (Chang et al., 2019). For the resistance of microbes 
such as MRSA (methicillin-resistant Staphylococcus aureus) to antibiotics, 
the penicillin-binding protein-encoding gene is responsible. In the presence 
of intercalating fluorescent dye SYBR green I, MRSA containing mecA target 
ssDNA interacts with carboxyfluorescein (FAM)-ssDNA-GO and eliminates 
FAM ssDNA to form double-stranded mecA-ssDNA FAM-SYBR green 
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I-ssDNA complex. SYBR green is later integrated as the polymerase lies in 
the solution expands the target DNA utilizing FAM ssDNA as a template 
leading to a rise in the fluorescence intensity (Ning et al., 2016). 

The heavy metal pollutants most widely detected include mercury, 
arsenic, lead, chromium, and cadmium. Toxic metals like the above can cause 
damage multiple organs and disrupt the metabolomics in humans. Heavy 
metal ions’ precise binding to the molecules of bioreceptor DNA allows the 
properties of nanomaterials or DNA to change. Samples of hot spring and 
seawater have the fluorescence quenching technique, which was used for the 
identification of sulfide ions (S2−) (Chen et al., 2011). Cytosine-rich DNA 
has an Ag+ affinity that has been used for the visual identification of Ag+ 
in tap and river water samples to design the DNA-based lateral flow test. To 
prevent non-specific encounters with intervening iodide ions (I+), the sensor 
includes the addition of sodium peroxydisulfate. In the test sample, the 
presence of arsenic [As (III)] eliminates aptamer shielding the pores of MSN 
filled with rhodamine B, contributing to a rise in fluorescence strength. As 
(III) is a carcinogenic pollutant. Aptamer-controlled crystal violet synthesis 
is used for designing luminescence resonance energy transfer (LRET)-based 
nanosensor in the research to detect As (III) (Chen et al., 2020). The rate of 
resonance Rayleigh scattering (RRS) increases immediately with the increase 
of nanomaterial size that depends on the concentration of As (III) (Wu et 
al., 2012). DNA-AuNP nanosensors have also been used to simultaneously 
detect multiple metal ions. In wastewater samples, the sensor will directly 
detect Ag+, Cd2+, Cu2+, Hg2+, Pb2+, Zn2+, Mn2+, Cr3+, and Sn4+ (Tan et al., 2016). 
There have also been studies of a DNA nanosensor-based identification of 
contaminant dyes, explosives, and toxins. The broad ssDNA consists of two 
thin, complementary DNA strands, one side is made of a scaffolder that 
carries luminescence acceptors, and the other side is supported by a π-donor 
6-hydroxy-l-DOPA base that contains the pair. Dopamine, with CuNPs, can 
enable the fluorescence exemption of dsDNA-CuNPs via a photo-induced 
digital electron transfer mechanism. Optical and electrical-to chemical 
sensors with NP-base to detect mycotoxin have been used for mutagenic 
nitrosamines, namely N-nitrosodiethanolamine (Majumdar et al., 2020). 

7.5 IMMUNO-BASED NANO-BIOSENSOR 

Conventional ELISA (enzyme-linked immunosorbent assay) assays utilize 
immunological reagents to identify bacteria (Swanink et al., 1997). Following 
similar principles, an assortment of detecting stages have been planned that 
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fuse antibody (Ab) to improve compactness, decrease examination time, 
and disentangle recognition (Guner et al., 2017). Most nanosensing stages 
depend on AuNPs adjusted with Ab (antibody) and detection depends on 
estimations of the surface plasmon reverberation (SPR) or the color change 
related to aggregation/deaggregation upon target binding (Choi et al., 2020). 
Antibodies explicit for these microbes were immobilized over a gold layer 
or AuNPs stored on the gold layer utilizing 16-mercaptoundecanoic acid and 
carbodiimide coupling between the acid group on the Au surface and the 
amine buildup of the antibody. Estimations of the adjustment in resonance 
angle and refractive index with various bacteria concentrations gave a detec
tion cutoff of 103 CFU/mL when AuNPs were utilized when contrasted with 
104 CFU/mL without NPs. Singh et al. (2009) have announced an immuno
sensor for recognition of E. Coli utilizing Au nanorods functionalized with 
E. coli Ab and two-photon Rayleigh scattering (TPRS) spectroscopy as an 
identification method. In presence of E. coli O157:H7 bacterium, the adjusted 
nanorods tie to E. coli causing conglomeration or aggregation which brought 
about an expansion in the TPRS signal. The investigation took 15 min and 
the LOD was 50 CFU/mL. 

An electrochemical immunosensor with magnetic separation for identifi
cation of Bacillus and E. coli O157:H7 utilizing trifunctional NPs of immuno
attractive/polyaniline core/shell (c/sNP) was planned. The NP framework 
contains antibodies as a particular bioreceptor for microbes, a magnetic moiety 
to upgrade detachment and fixation, and polyaniline as an electrically conduc
tive material to improve the conductivity for electrochemical estimations. For 
indicating a current reduction with expanding bacteria concentration, cyclic 
voltammetry and amperometry were utilized as recognition methods (Vu et 
al., 2020). 

Different works revealed a low-cost effort paper-based innovation in 
which nitrocellulose paper was changed with immunological reagents against 
microbes and AuNPs for discovery. It has been revealed that a multiplex 
paper-based immunosensor for the location of Pseudomonas aeruginosa 
and Staphylococcus aureus in which microbial antibodies were joined to 
AuNPs on nitrocellulose paper. The measure was created as a portable strip 
reader and had the option to distinguish 500–5000 CFU/mL. In different 
models, electrochemical immunosensors for Salmonella were planned to 
utilize graphene quantum spots (GQDs) (Ye et al., 2017). In different works, 
Deisingh and Thompson misused the utilization of Raman spectroscopy on 
nano-designed surfaces for the detection of bacteria in food and ecological 
investigation (Deisingh and Thompson, 2004). Other platforms use silica 
NPs as immobilization platforms for the detection of Escherichia coli 
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(Mathelié-Guinlet et al., 2016). Immobilization of the biosensing component 
on nanomaterials has appeared to improve sub-atomic acknowledgement and 
increase selectivity. 3D demonstration was utilized for nano-manipulations and 
anticipating the selectivity toward various analyses. The current advancement 
status exhibits that immunosensors and aptasensors can possibly improve the 
presentation of gadgets for pathogenic microorganism identification, and 
this methodology can resolve a conceivably huge number of difficulties in 
bioassays (Cho et al., 2020; Jeddi and Saiz, 2017). Nonetheless, during the 
immobilization cycle, the absence of direction of the antibodies or aptamers, 
which may bring about irregular conjugation with the objective of interest, 
is a basic issue that actually should be tended to. Extra difficulties are issues 
of explicitness, some because of the presence of vague adsorption that 
requires the advancement of appropriate materials and techniques to improve 
selectivity, empower site-explicit direction of bioreceptors on surfaces, and 
forestall vague adsorption (Mustafa et al., 2017). 

7.6 A GUIDE TO POLLUTION DETECTION: CURRENT TRENDS AND 
NOVEL APPLICATIONS 

Nanotechnology is a recent field of science that deals with nanomaterials. 
These nanoparticles, when integrated with sensors, can detect many types 
of contaminations whether it be in the soil, food, or the environment. Nano
biosensors also play an important role in the field of medicine and therapeutics. 

In recent advancements, nano-biosensors have proved to be an effective 
tool to detect pesticides because of their nature, that is, its high sensitivity, 
selectivity, and fast response by reacting with the target to develop a signal. It 
is expected that very soon in the future, detection of pesticides will be carried 
out with the help of commercialized nanoparticles that are integrated with 
bioelements. The development of pesticide detecting nano-biosensors has 
shown a great advancement and is quite reliable (Christopher et al., 2020). 

Nowadays, agricultural products contain a much higher amount of pesticide 
than approved. These develop serious health disorders hence detecting them 
is important. Recently array type and unimolecular nanomaterial-based nano
biosensors are designed for the detection of pesticides. Carbon nanotubes, 
iMono-based nano-biosensors, and nanoparticles are generally being used 
for the detection of smaller levels of organophosphorus pesticide. Quantum 
dot (QD) based fluorescent nano-biosensors also help to detect pesticides in 
soil. Acetamiprid binding DNA aptamers are currently being used to detect 
insecticides with the aid of QD. 
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Very rapid and sensitive detecting systems with high molecular 
precision are used to detect contamination and pathogens present in the soil. 
Nanoparticle-based nano-biosensors are a boon for the detection of these 
contaminants at a very low scale because of their enormous surface area. 
Ralstonia solanacearum is a bacterium that harms potato cultivation and 
is a very serious issue from the agricultural point of view. Aurum-based 
nanoparticles are used to develop nano-biosensors that can detect even a 
very small amount (15 ng) of the genomic DNA of Ralstonia solanacearum 
if present in the soil. Au nanorods based nanosensors have been developed 
to detect the virus in orchid plantations. Heavy metals that are present in 
soil and water cause havoc damage to the human system and environment. 
Hence, it is important to identify them and eliminate them from nature. 
Integration of nanomaterials with electrochemical biosensors helps in the 
detection of these heavy metals in the soil like the presence of mercury 
can be detected with the aid of AuNP integrated amperometric biosensors. 
Recently, a carbon nanotube-based single-walled electrochemical biosensor 
has been developed that can effectively detect the presence of Hg in water 
(Salouti and Derakhshan, 2020). 

There is a rapid growth in the development of biosensors to detect 
environmental pollution, and it is aided by the new advancement in the 
field of nanotechnology. Cost-effective, highly sensitive, and portable DNA 
nano-biosensors are a good option for monitoring the quality of water. This 
serves as a solution to many new challenges arising from the detection of 
water pollution (Soukarié et al., 2020). The high concentration of chromium 
consumption leads to mutation and develops cancer. It is generally present in 
the effluents that go and mix with the water bodies. In a recent study, it was 
found that ionic chromium can be recognized with the aid of Au nanoparticles 
that have been secured by Xanthoceras sorbifolia extract (XT-AuNP). Ag 
nanospheres (C-SNSs) that are manufactured at distinct pH values are now 
helping to detect the presence of chromium in water (Aguilar-Pérez et al., 
2020). Lead is another heavy metal that is generally found in the industrial 
sewage and water bodies where this sewage is drained out. It is extremely 
important to detect them and eliminate them hence a recently developed 
cantilever nano-biosensor is used (Rigo et al., 2020). A newly designed 
alternative for the detection of heavy metals is the quantum dots and carbon 
nanodots based system that is based on Förster resonance energy transfer 
(FRET). It mainly consists of carbon nanodots as acceptor components 
and GQD as donors. The recent trend applies SPR nanosensor to detect 
the presence of zinc. The use of zinc ion imprinted poly (2-hydroxyethyl 
methacrylate-N-methacryloyl- (L)-histidine methyl ester) SPR nanosensor 
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to detect the presence of zinc in the water-based fluid is common nowadays. 
It is fast, cost-efficient, and much more effective. Even to detect temperature 
the newly developed temperature nano-biosensors made of carbon dots are 
being used. 

Currently, there is a trend to use nano-biosensors to detect environmental 
viruses. Detection of these viruses using a single-walled carbon nanotube 
field-effect-transistor (swCNT-FET) is common. This recent technique helps 
to deactivate the airborne viruses with the help of engineered water nano
structures (EWNS). The presence of bacteriophage viruses in water bodies is 
detected by the use of a molecularly imprinted polymer (MIP) nanoparticle
based affinity system (Debnath and Das, 2020). 

7.7 CONCLUSION 

Significant developments have been made in the biotechnology and nano
technology sectors to get rid of harmful pollutants. Globally, air contamina
tion in multiple media is a serious health issue. The need for rapid biosensor 
identification will grow due to ever growing public health issues about the 
damage that environmental emissions will cause. The pivotal part of the 
new biosensing method is nanomaterials. The future of nano-biosensors 
will depend on the performance of advanced technologies that are evolving. 
The nano-biosensors have a lot of characteristic features like, high surface 
area to volume proportions, good electrochemical properties, needs normal 
storage conditions, accuracy of the transducer, pH, temperature, sensitivity, 
and linearity. There are several approaches to nano-biosensors that include 
enzymatic nano-biosensors, nanomaterial-based fluorescent biosensors, 
nano-biomaterials as a detection signal for environmental pollution, nano
biosensors specifically designed for detecting phenolic compounds, nanowire 
sensors, etc. The process of detection still suffers from some disadvantages 
such as diffusion limitations, lack of affinity, and weak stability, and it can be 
overcome with the significant research activity in the area of high sensitivity, 
rapid response, and long-term stability. 
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ABSTRACT

The world of sensing technology is expanding into new horizons owing to 
their exceptional selectivity and sensitivity based application. These remark-
able sensing progresses have been positively influenced by the conjugation 
of biology, material sciences, and nanotechnology into an advanced sensing 
technology. The combination of biology with nanotechnology has allowed 
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the sensing technology to enable faster, cheaper, as well as more reliable 
evaluations and applications in various scientific domains. Thus, a new era in 
sensing has been developed into nanobiosensing technology. Environmental 
monitoring, various processes assessment, detections of contaminates, and 
complex environmental forensics are among the most promising applica
tions of nanobiosensors, and thus, a an important area of research. In this 
regard, the nanobiosensors containing noncarbon nanomaterials such as 
metals, metal oxides, their composites, nonmetals other than carbon, and 
their conjugations have been given significant attention due to their remark
able potential in the area of environmental science and research. 

This chapter therefore highlights the role and importance of noncarbon
based nanobiosensors, their recent advancements, and major factors which 
have made the noncarbon-based nanobiosensors a preferential and successful 
choice in nanobiosensing technology. This chapter intensively highlights the 
environmental applications of noncarbon-based nanobiosensors and key 
future challenges associated with it. 

8.1 INTRODUCTION 

Increasing industrialization, urbanization, and usage of hazardous 
substances in chemical processing as well as their by-products have put 
our environment and life at high risk (Alharbi et al., 2018; Hill, 2020). 
Increasing pollution level in the soil, water, and air bodies pose peril to life 
as well as the environment (Shaheen et al., 2020). The increasing pollution 
level has triggered the need to develop cutting-edge technologies to miti
gate pollution from the environment and ecosystem (Liu et al., 2020). In 
this regard, sensing technology has proved to be advantageous than others 
because it can check and control environmental pollution (Sugunan and 
Dutta, 2010; Li et al., 2015). Particularly, nanotechnology has become an 
exceptional choice in various filed of science and technologies (Baruah 
and Dutta, 2009; Li et al., 2015; Manam, 2015; Chandra, 2017; Chandra 
and Singh, 2018) including environmental science and pollution cleanup 
technology (Piplode, 2017; Piplode and Dawane, 2020; Chandra et al., 
2020) (refer to Figure 8.1). 

In the last few decades, biosensors have taken a center stage in sensing 
technologies and the use of nanotechnology along with various nanomate
rials have made this field a more fascinating and hot topic (Abdel-Karim et 
al., 2020). These nanomaterials can be classified into two broad categories 
such as carbon containing and noncarbon containing (Li et al., 2015; 
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Nandita et al., 2020). The noncarbon containing materials may be various 
metals, their oxides, composites, as well as elements that are nonmetals 
other than carbon. Their application in controlling environmental pollu
tion is a very comprehensive subject as the changes and dynamism of 
environmental conditions are extremely rapid (Yaraki and Tan, 2020). In 
biosensing application of nanotechnology, selected nanomaterials incorpo
rated with a biosensing mechanism is used to detect targeted compounds. 
This has created a remarkable enhancement in various scientifically 
burning domains such as analysis of pollutants and pesticides in the soil, 
presence of toxic materials and their intermediates, detection of parasitic 
pathogens and their toxins in the drinking water, contamination of dyes and 
heavy metals in water bodies, and the assessment of weather conditions or 
humidity/temperature monitoring (Li et al., 2015; Mehrotra, 2016) (refer 
Figure 8.2). 

FIGURE 8.1 The various applications of nanotechnology in field of science and technologies. 

A general sensor mechanism comprises receptor functions and trans
ducer functions (refer Figure 8.3). In principle, the bioanalyte of interest 
binds on to bioreceptors which modulates the physiochemical activity of 
the binding process of a typical biosensor (Viswanathan, 2009; Malik et 
al., 2013) and nanomaterial it is involved in, thereby enhancing the whole 
process for better detection or signal enrichment. Nanobiosensors have 
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been developed using specific recognition molecules such as DNA, anti 
body, aptamer, enzymes, protein, etc. (Bisen et al., 2010), integrated on a 
surface to make it sensitive toward selective targets such as environmental 
pollutants and to generate a unique as well as enhanced signals. These 
enhanced signals may have various forms such as electrochemical, optical 
responses (Malik et al., 2013), colorimetric signals or fluorescent responses 
(Hoon et al., 2020). Some of the applications of nanobiosensors include 
biotoxin detection, carcinogen detection, GMO detection, gas detection, 
agrochemical residue detection, pathogen detection, sugar detection, and 
allergen detection (D’Souza et al., 2017). 

FIGURE 8.2 Various environmental applications of nanobiosensors. 

The environmental application of nanobiosensors includes detection of 
environmental pollution and toxicity, agricultural monitoring, groundwater 
screening, and ocean monitoring (Kumar and Guleria, 2020). Thus, this 
chapter highlights the nanobiosensing materials, especially the noncarbon
based nanomaterials in biosensing technology and their various applications 
in environmental pollution assessment specifically since the last two decades. 
The chapter also includes the challenges in nanobiosensor technology as 
well as emphasizes the prospects of nanobiosensing technology under the 
lens of noncarbon-based nanomaterials. 
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FIGURE 8.3 The general mechanistic approaches involved in a sensor/nanobiosensor. 

8.2 NONCARBON-BASED NANOBIOSENSORS AS ADVANTAGIOUS 
AND PREFERENTIAL CHOICE 

Factors such as sensitivity, wide-scale application flexibility, toxicities, 
biocompatibility, and cost effectiveness determine the quality of sensor and 
must be considered while designing a sensor. In this regard, use of noncarbon
based sensor could prove to be a better alternative as it can overcome these 
issues. Such nanomaterials are acquiring immense consideration in the field 
of sensing due to their application in mitigating environmental pollution 
(Malik et al., 2013). 

Noncarbonbased nanobiosensors, such as metallic nanobiosensors, have 
been a very preferential choice for diverse types of principles-based sensor 
making such as colorimetric, fluorescence-based, and dynamic light scattering 
(DLS) based, as well as their various combinations (Kanan et al., 2009). Their 
remarkable surface functionality is useful in the colorimetric evaluation and 
are promising as signal enhancer in DLS processes to build various nano
level DLS sensing applications. Even metal-based fluorescent nanobiosensors 
composed of <2 nm nanoclusters have been developed for making ultra-small 
biotemplate versions (Yaraki and Tan, 2020). The fluorescence emission of 
the nanobiosensors such as metal and semiconductor nanomaterials, quantum 
dots, silica, as well as polymer nanomaterials can give narrow peak spectra 
which in turn can be adjusted by varying their particle size distribution 
during production. This gives flexibility because multiple emission spectra 
can now be achieved for noncarbon nanomaterials by varying their particle 
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size distribution; which in turn makes it possible to build multi-colorimetric 
or multiplex assay using a single light source only (Goldman et al., 2004; 
Koedrith et al., 2015). It can be done along with additional benefits such as 
very high intensity, photostability, resistance toward photo bleaching as well 
as good biocompatibility (Koedrith et al., 2015). 

As a noncarbon material which is mostly metallic nanomaterials have 
good magnetic properties (Koedrith et al., 2015); thus recently the use of 
magnetic beads along with fluorescent nanomaterials have helped to manage 
the critical limitations of low fluorescence intensity problems by focusing 
the targeted samples during the process and is advantageous for fluorescent-
based materials in biosensing technology. They have been applicable as 
open-valent scaffolds for supramolecular gatherings as well as multipurpose 
artificial platforms for superficial coatings such as various chemical integra
tions toward the aptamers, antibodies, and other sensitive bioreceptor targets 
to prepare biosensor (Koedrith et al., 2015). 

Various types of carbon-based nanomaterials in biosensing technology 
have used single/ multiwalled carbon nanotubes and graphene. They have 
various advantages which include huge surface–to-volume proportion, low 
charge-carried thickness, electrical conductivity enhancements (Shirsat et 
al., 2007; Fortunati, 2019; Norizan et al., 2020) excellent conducting and 
electrocatalytic properties, high thermal conductivity, better mechanical 
flexibility (Viswanathan, 2009; Li et al., 2017; Aziz, 2007) fast electron 
transfer, and good biocompatibility (Liang, 2017; Han, 2017; Trindade, 
2019). Despite these, the major limitations of carbon-based nanobiosensors 
include narrow surface to interface with biological constituents, nonspecific 
adsorption of other biomolecules, problematic management during sensor 
construction progression, challenging chemical functionalization, require
ment to functionalize the surface for increasing biocompatibility, and hard to 
dissolve in water especially graphene (Scida et al., 2011). 

No doubt, the carbon-based nanomaterials have a varied array of moni
toring applications such as gas sensing, heavy metals analysis, biomolecules, 
and toxic chemicals evaluations (Doria et al., 2012) but on the other hand, 
the noncarbon-based nanomaterials also have larger physicochemical, 
spectral, and optical features that help in enhancing the performance of a 
new class of biosensors (Rackauskas et al., 2017). For example, metal oxide 
nanowires are developed as a promising class of sensing nanomaterials due 
to their flexible manufacturing methods and chemical stability (Munawar et 
al., 2019; Abdel-Karim et al., 2020). Thus limitations of carbon-based nano
biosensors have led the pathway for the noncarbon-based nanobiosensors in 
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biosensing technology (Abdel-Karim et al., 2020). But the optimum use of 
biosensing technology has been obtained by the combination of both carbon- 
and noncarbon-based nanomaterials in the biosensing technology (Wang et 
al., 2019; Abdel-Karim et al., 2020; Noah, 2020). The noncarbon-based 
nanomaterials have their advantages as well as limitations compared with 
carbon-based nanomaterials. Some of the advantages of noncarbon-based 
nanomaterials include effective electron transfer and increase in surface-to
volume ratio, superior conductivity (Ma et al., 2016; Zhang, 2016), good 
biocompatibility, easy functionalization, high pore volume, and surface area, 
as in mesoporous silica nanoparticle, which remains a salient feature and 
a lacking parameter in carbon-based nanomaterials (Fan, 2016; Afsharan, 
2016; Yin, 2017; Munawar et al., 2019). Other compensations include decent 
electron transference and great loading capability (Cao, 2013), distinct 
surface properties, flexibility of size and shape (Wang et al., 2017; Wang 
et al., 2017), speedy response and extraordinary electrocatalytic ability 
(Bahadir et al., 2016; Fang, 2016), improved charge transfer and stability 
(El-Said and Choi, 2014), as well as other decencies (Rahman et al., 2005; 
Tertiș, 2017; Taylor, 2017). These above qualities have made noncarbon 
based nanomaterials a versatile choice in the applications of biosensing 
technology. Although the noncarbon-based nanomaterials have huge and 
enormous advantages and have limited drawbacks such as instability of 
their electrical properties under high salt concentration, stability shifts under 
signal amplification, tough to make disciplined scattered size dispersal, 
negative correlation of electrostatic potential with distance, time consuming 
when used with coated surfaces, thin-film morphological dissimilarity, and 
worries regarding material constancy and stable concentration (Díez, 2018; 
Lu et al., 2020). Therefore depending on the application, a combination of 
both carbon and noncarbon-based nanomaterials in biosensing technology 
can be developed into a robust and a versatile biosensor for the welfare of 
the environment and humans (Wang et al., 2019). 

In the case of environmental pollutants such as various gas detection and 
monitoring, both carbon-based materials (Sayago et al., 2008; Lee et al., 
2018; Han et al., 2019) and noncarbon-based materials (Afzal et al., 2012; 
Kwon et al., 2017) have been giving fascinating opportunities for their use 
in sensing technology (Sharma et al., 2018). The noncarbon-based nanoma
terials have gained significant attention (Wang et al., 2017) and most of the 
times, is a preferential choice of material for specific environmental applica
tions comparatively (Kanan et al., 2009). It has been receiving attention in 
the construction of gas sensor strategies (Ponzoni et al., 2005; Wang et al., 
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2014; Jaroenapibal et al., 2018) as well as for future potential in sensors/ 
biosensors/nanobiosensor technology. Pollutants that were previously 
promising targets for carbon-based sensor applications are providing better 
detections when the sensing carbon material has been doped with noncarbon 
materials (Penza et al., 2008; Ueda et al., 2008; Kanan et al., 2009). 

The use of various metals (Ag, Au, Pt, Pd, Cu, Co, etc.) in nanotechno
logical applications (Maduraiveeran and Jin, 2017) have been preferred in 
biosensors because of their easy synthesis, attractive biological-based/green 
alternative fabrication (Manam and Murugesan, 2020A), and economically 
cheap and scalability (Manam and Murugesan, 2020B). The large surface 
area has been the most important property of metallic nanoparticles prefer
ence, which helps in immobilization of the biomolecules efficacy followed 
by unique electron transfer quality, high catalytic activity, and enhanced 
biocompatibilities (Cai, 2016; Chang et al., 2016). The exceptional anti
microbial activities of silver nanoparticles (Manam and Murugesan, 2014, 
2020A,B) paved a way for its applications in biosensing technology 
and portable water technology as well as the ease of fabrication by using 
different biological medium also gave an additional advantage over other 
type materials (Li et al., 2011; Manam and Murugesan, 2014; Aritonang et 
al., 2019; Manam and Murugesan, 2020A). In this regard, silver nanomate
rials have been considered important among different noble metal nanopar
ticles because they have been subjected to new manufacturing practices 
along with unusual subsequent morphologies and behaviors. These silver 
nanoparticles have various advantages such as to accommodate more active 
sites on their surface due to their large surface area which allows an easier 
passage for electrons to flow more effectively (Yu, 2011; Shahdost-fard and 
Roushani, 2017). The addition of silver nanoparticles to reduce graphene 
oxide dramatically enhances the electrical conductivity and the restoration 
of structural imperfections of the reduced graphene oxide (Cho, 2018). Thus, 
the addition of noncarbon-based nanomaterials, especially silver nanopar
ticles, to carbon-based nanomaterials enhances the specificity and electrical 
conductivity during the biosensing process. 

The use of various metal oxides such as WO3, Bi2O3, ZnO, SnO2, and TeO2 
are remarkable choices for nitrogen oxide sensing applications. Likewise, 
WO3, TiO2, SnO2, as well as chromium, copper, and iron-based oxides have 
exceptional capabilities in sensing applications of various pollutants such as 
sulphur dioxide, H2S, ozone sensing, NH3 sensing, and other volatile organic 
compounds evaluation (Kannan et al., 2009). Various metal oxyhalides have 
been also found to be impressive candidate for assessment of hazardous and 
persistent pollutants (Piplode et al., 2020; Piplode and Dawane, 2020) and 
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candidate for potential future environmental sensor applications (He et al., 
2020). Thus noncarbon-based materials are indispensable tools right now in 
the environmental sensing technology. 

8.3 SELECTED CASE STUDIES ON NANOBIOSENSORS AND THEIR 
VARIOUS ENVIRONMENTAL APPLICATIONS 

Environmental monitoring and forensics have always been a critical task 
(Luo and Yang, 2019) due to their extremely complex and dynamic nature 
of environmental processes, interconnected cycles, and presence of different 
types of chemicals along with diverse toxicities (Lega and Teta, 2016; 
Erickson, 2020; Buckley et al., 2020). The following selected examples 
have been highlighting the use of noncarbon-based materials in the making 
of nanobiosensors and their potential environmental applications. The case 
studies have also been covering the use of specific nanomaterials along with 
the biosensor toward a targeted specific environmental pollutant assessment 
and a detailed evaluation of various performance attributes of prepared 
nanobiosensor such as linearity range of detection, the lower limit of detec
tion as well as the sensitivity values. 

8.3.1 METAL-BASED NANOBIOSENSORS 

Metal-based nanobiosensors are significant candidates for various environ
mental applications and their recent advancements have made them potent 
for advanced sensing. Their great biocompatibility with other biological 
tissues (Wu et al., 2019), unique optical properties because of their localised 
surface plasmon responses (Ryu and Ha, 2020; Yaraki et al., 2020), and their 
remarkable photoluminescence properties due to the quantum confinement 
effect (Goswami et al., 2016; Badshah et al., 2020) make them useful for 
various applications (Rizwan et al., 2018). These significant qualities of 
metal nanomaterials help make colorimetric or dynamic light scattering as 
well as fluorescence sensing principle type of sensors fabrication (Yaraki 
and Tan, 2020). 

Metal nanomaterials, specifically the Silver nanomaterials, have been 
associated with various biomedical applications (Manam and Murugesan, 
2013, 2014, 2017), and recent bioinformatics (Manam and Murugesan, 2017) 
made them an exceptional nanomaterial tool in biosensing technology. Simi
larly, gold nanoparticles are also considered as a remarkable electrochemical 



 

 

 

 
 

 

 

 

228 Nanotechnology for Environmental Pollution Decontamination 

biosensing platform due to their rare biocompatibility and biomolecular 
functionality (Lin, 2012). 

In one study, Lin et al. (2006) has developed a biosensor by using Au 
nanoparticles-acetylcholinesterase (AChE) for the paraoxon detection and 
evaluated the localized surface plasma response for investigation. They 
reported that 1–100 ppb paraoxon can be easily detected by using this method 
along with 0.234 ppb as the detection limit under optimum conditions. Valera 
et al. (2008) developed conductometric-based biosensor by using gold 
nanoparticles for the detection of atrazine. They reported linear ranges from 
0.1 to 1 µ/gL for atrazine in microenvironment along with all the necessary 
technical aspects detailing. In a very specific study on pesticide detection, 
Lisa et al. (2009) developed gold nanoparticles based biosensor for DDT 
detection. They reported a very simple method for the detection of DDT in 
nanogram level. The lowest detection limit has been found around 27 ng/mL 
by using this method. In a fiber optical sensor study, Lin and Chung (2009) 
used gold nanoparticles modified optical fiber based biosensor for Cd2+ 

detection. They reported detection linear range from 1 to 8 ppb for Cd2+ 

along with the 0.16 ppb lowest detection limit by this method. In a real water 
pollution evaluation study, Li et al. (2011) developed Ag-based biosensor for 
As3+ detection. They used surface-enhanced Raman scattering for detection 
purpose. They reported 4–300 ppb and 0.76 ppb linear detection range and 
lowest detection limit for As3+ ions, respectively. In another evaluation, Chen 
et al. (2011) used Au nanoparticles based biosensor for methyl parathion 
(MP) detection. They used a square-wave voltammetry technique for the 
detection of MP and reported 0.001–5.0 µg/mL and 0.3 ng/mL linearity 
range and detection limit respectively, under optimum experimental 
conditions. Wu et al. (2012) described a biosensor for the detection of As3+ 

by using aggregated gold nanoparticles along with the combination of 
colorimetric and scattering techniques for analysis. They reported 1–1500 
ppb and 40 ppb linear detection range and lowest detection limits, respectively, 
by naked eye visualization. They also detected 0.6 ppb and 0.77 ppb values 
for colorimetric assay and response scattering assay, respectively, for a real 
water sample. In a typical soil sample evaluation for acetamiprid pesticide 
detection, Shi et al. (2013) used Au-based biosensor and reported the linear 
range between 75 nM and 7.5 µM along with 5 nM lowest detection limit for 
acetamiprid pesticide. They highlighted the sensitivity of the method by 
explaining that pesticides, having a similar structure including imidacloprid 
and chlorpyrifos also coexist with acetamiprid, could not interfere with the 
detection process using this method. Liu et al. (2014) developed a gold-based 
biosensor for atrazine detection and reported 0.05–0.5 ng/mL linear detection 
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range along with the low detection limit of 0.016 ng/mL, under optimum 
conditions. Guan et al. (2014) reported poly (gamma-glutamic acid) 
functionalized gold nanoparticles enhanced biosensor for Hg2+ detection in 
mineral water sample along with PGA and CTAB to build biosensor. They 
reported 0.01–10 µM and 50–300 µM two linear detection ranges along with 
1.9 nM lowest detection limit. Kumar et al. (2014) developed biofunctionalized 
Au nanoparticles for Hg2+, Pb2+, and Cd2+ detection. They used Hibiscus 
Sabdariffa (Gongura) leaves and stem extract for the synthesis of Au 
nanoparticles. This was reported for the first time as biofunctionalized Au 
NPs for toxic metal detection. Au nanoparticles were prepared by using the 
leave extract exhibited high sensitivity without selectivity, whereas Au 
nanoparticles that have been prepared by using stem extract exhibit 
selectively sensing for only Hg2+ ion. Wei and Wang (2015) used biosensor 
based on gold, fourth-generation poly (amidoamine) [PMAM-G4] and AChE 
for carbaryl detection by using Cyclic and Linear Voltammetry methods for 
pollutants detection. Effect of various operation parameters such as enzyme 
amount, the concentration of glutaraldehyde, and inhibition time has also 
been discussed in this study. They highlighted the biosensor’s linear range 
from 1.0 to 0.9 µmol/L along with 0.032 µmol/L lowest detection limit. In a 
study to detect organothiophosphate insecticide, Dou et al. (2015) developed 
a unique nanobeacon construction (gold nanoparticles functionalized with 
DNA aptamer and FAM as fluorophore) based biosensor for isocarbophos 
detection. With the use of this “turn off” strategy based biosensor they 
reported 10 µ/L lowest detection limit for isocarbophos. Mura et al. (2015) 
developed Au nanoparticles based biosensor for nitrate detection in water. 
They also used cysteamine and citrate for biosensor development to evaluate 
the nitrate profile in the water. They detected precisely 35 ppm of nitrate in 
the water by using this method along with very easy detection with the naked 
eyes. Deng et al. (2016) used colorimetric pH indicator gold biosensor for 
evaluation of urea, urease, and urease inhibitor. They highlighted the use of 
3, 3', 5, 5' tertamethylbenzinide-H2O2 to make the biosensor and gold 
nanoparticles as catalyst for sensing method. They reported 0.5 µM and 1.8 
U/L detection limit for urea and urease. They used urine and soil sample for 
urea and urease detection, respectively. In one attempt to make gold-based 
nanobiosensor for highly persistent and hazardous pesticide detection, Lang 
et al. (2016) developed Au nanorod based biosensor for paraoxon and 
dimethoate pesticide detection. Both pesticides belong to the organophosphate 
class of pesticides. The results indicated the 1–5 nM linear range and 0.7 and 
the lowest detection limit for paraoxon as well as 5 nM–1 µM detection 
linear range and 3.9 nM lowest detection limit for dimethoate. They further 
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enhanced this method by comparing the effect of Au−Ag hetero-structures 
nanorod based biosensor under the same experimental conditions and 
concluded that the Au nanorod based nanobiosensor exhibited higher 
electrocatalytic properties as compared with Au−Ag based nanobiosensor. In 
a typical application of biosensor to detect Cu2+ in water, Peng et al. (2016) 
developed Au-based biosensor and studied the rhodamine b hydrazine (RBH) 
ions used for biosensing application by utilizing the EIS method for detection 
of pollutant. The prepared AuNPs-RBH biosensor exhibited 0.1 pM to 1 nM 
linear range along with 12.5 fM lowest detection limit for Cu++ in water. In 
a promising work to develop a versatile biosensor for the detection of surface 
water pollutants, Tan et al. (2016) developed a biosensor by using Au 
nanoparticles for detecting all the nine heavy metals. It was a first report 
where all the nine heavy metals (Ag+, Hg2+, Cr3+, Sn4+, Cd2+, Cu2+, Pb2+, Zn2+, 
and Mn2+) were detected with a very low detection limit in nano range with 
100% identification accuracy. In this study 30 nM detection limit was 
observed for Hg2+ ions. This sensor exhibited superior performance as 
compared with other previous sensors with the use of real water samples 
along with dynamic and static quenching processes. Li et al. (2017) reported 
using an Ag nanocluster based biosensor for Hg2+ detection along with the 
use of single-stranded DNA for the construction of the biosensor. They 
reported 0–150 nM linear detection range and 4.5 nM as the lowest detection 
limit. In an attempt to develop a fast, simple, selective, cost-effective, and 
reusable biosensor, Skotadis et al. (2017) reported a novel platinum-based 
biosensor for Pb2+ ion detection by using Pt- DNAzyme biosensor along with 
the 10 nM value of lowest detection limit of the sensor. In a colorimetric 
sensing based study for pesticides evaluation by using nanoparticles, 
aptamers, and cationic peptide, Bala et al. (2017) developed an Au 
nanoparticle based biosensor for malathion detection. They reported a very 
simple method to detect malathion. In the absence of malathion, Au 
nanoparticles remain red and in the presence of malathion, the Au 
nanoparticles turned into blue color. The linear range of 0.01–0.75 nM has 
been observed for malathion. A lowest detection limit of 1.94 pM has been 
reported in this work. In a recent work, Madianos et al. (2018) developed a 
sensor/biosensor for detecting acetamiprid and atrazine by using platinum 
nanoparticles. It was a first report on biosensor-based aptamers evaluation 
for atrazine detection. They reported linear detection ranges from 10 to 100 
and 1 pM lowest detection limit for acetamiprid as well as 100 pM–1 µM 
linear range and 10 pM lowest detection limits for atrazine in this study. In a 
recent attempt for making “turn on” strategy based biosensor by using 
fluorescent response energy transfer (FRET) phenomena for pesticides 
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detection, Cheng et al. (2018) fabricated an Au-based biosensor for detection 
of chlorpyrifos with diazinon and malathion simultaneously. They also used 
QDs and aptamer to construct the biosensor. They reported a lowest detection 
of 0.73 mg/L for chlorpyrifos. 

8.3.2 METAL OXIDE BASED BIOSENSOR AND ENVIRONMENTAL 
APPLICATIONS 

Metal oxide sensors have been widely studied and are among most sensitive 
sensor materials for specific environmental applications (Kayhomayun 
et al., 2020) such as specific reduction/oxidation gas sensors available for 
the commercial, industrial, as well as home sensing systems applications 
(Korotcenkov, 2007; Kanan et al., 2009; Miller et al., 2014; Dey, 2018). 
Eectrochemical performance, catalytic ignition, or resistance variation. based 
systems have been associated with making metal oxide-based biosensors 
(Kanan et al., 2009; Yang et al., 2017). Metal oxide-based biosensors exhibit 
unique benefits such as cost-effectiveness, portable size, measurement 
easiness, robustness, ease of creation, and very sensitive low detection limits 
up to ppm levels along with the exceptional durability and resistance toward 
poisoning (Kanan et al., 2009; Korotcenkov and Cho, 2017). Thus they have 
gained significant popularity in sensing technology and research domains 
(Kayhomayun et al., 2020). Various noncarbon containing or metal oxides 
such as TiO2, SnO2, ZnO, WO3 have been useful in the environmental sensing 
applications (Rim et al., 2017, Wu et al., 2019) as well as others such as In2O3, 
CuO, ZrO2, iron oxide, CeO2, MnO2, antimony oxide, IrO, and CoOx. The 
competitiveness of metal oxides is based on various characteristics such as 
chemical stability, light excitation/light conversion, and surface-to-volume 
proportion (Zhang and Gao, 2019; Erban and Enesca, 2020). Some selected 
examples are discussed here. 

8.3.2.1 TIO2-BASED BIOSENSOR AND ENVIRONMENTAL APPLICATIONS 

TiO2 is a promising n-type semiconductor a candidate for numerous 
applications like photo catalysis, photovoltaic, or energy storing as well 
as biosensing due to their high chemical stability, biocompatibility, 
morphological resourcefulness, etc. With such understanding, in a very 
genuine study, Yu et al. (2003) invented a novel amperometric biosensor 
based on TiO2 for phenol detection. In this study, tyrosinase and TiO2 
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sol−gel matrix has been used for the sensing environmental application. 
They reported that a short time of less than 5 s is required to detect the phenol 
in the environment. The method can easily detect phenol with linear ranges 
from 1.2 × 10−7 to 2.6 × 10−4 M along with a low detection limit of 1.2 × 10−7 

M. The nanobiosensor exhibited 103 µA/mM sensitivity in a sol−gel matrix. 
In an industrially applicable study, Cheng et al. (2008) reported a biosensor 
based on TiO2 for the detection of lactic acid. In this method, nano-TiO2 
lactate dehydrogenase electrode is used for the detection of lactic acid by 
using the Cyclic Voltammetry (CV) technique. They reported that the lactic 
acid range from 1 to 20 µmol/L can be easily detected by using this method 
along with a 0.4 µmol/L lowest detection limit. In another study, Chen et al. 
(2009) developed a novel biosensor using TiO2 for sensing of urea by using 
potentiometric techniques for the investigation. They evaluated the effect of 
various processing/concentration parameters such as pH, the concentration 
of urea, and ionic strength and reported a highly sensitive and very quick 
detection of urea (25 s) in the study. This method showed a wide linear 
range from 8 to 3 and 5.0 µM linear ranges and a lowest detection limit, 
respectively. Wu et al. (2009) used TiO2 in an amperometric method for the 
detection of nicotine. They reported that this method has a sensitivity of 
31.35 µA/mM/cm2 within the range of 0–5 µM along with a value of 4.9 for 
the lowest detection limit for nicotine. In another study, Kafi et al. (2011) 
designed a biosensor on the glassy carbon electrode by using Hb, TiO2, and 
methylene blue dye to detect H2O2. They used amperometric method for 
detection purpose. In this biosensor study, the role of immobilized Hb has 
been recognized as an important role in H2O2 detection. Prepared biosensor 
showed linear ranges from 2 × 10−7 to 1.6 × 10−4 M and a very low detection 
limit of 8 × 10−8 M. Recent studies explored the use of TiO2 in improving 
the selection in electrochemical biosensing (Dai et al., 2020), better 
photocatalytic systems (Wang et al., 2020), and other applications (Nadzirah 
et al., 2020; Jafari et al., 2020). 

8.3.2.2 SNO2-BASED BIOSENSOR AND ENVIRONMENTAL APPLICATIONS 

SnO2 is also a great candidate for diverse applications and plays a key role in 
biosensing technology due to its salient features such as a great surface area, 
worthy biocompatibility, less poisonousness, admirable chemical stability, 
and catalytic action along with easy and flexible synthesis approaches (Dong 
and Zheng, 2014; Zhou et al., 2013; Lavanya et al., 2012). In a very sensi
tive sensor preparation work, Li et al. (2010) designed a mediator-free HRP/ 
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Sb-doped SnO2 nanowire-based biosensor to detect H2O2 using thermal 
evaporation method for sample preparation along with electrochemical 
impedance spectroscopy (EIS) method for detection purposes. They reported 
that the HRP/Sb-doped SnO2 biosensor exhibits higher efficiency in compar
ison with the undoped HRP/ SnO2 biosensor. Low detection limit for H2O2 
has been observed as 0.8 µM by this method. In another study for sample 
pollutant detection, Liu et al. (2010) used SnO2-based biosensor. In this 
study, SnO2 nanorods array was prepared by using hydrothermal synthesis 
method and grown directly on an alloy substrate. They reported that the 
prepared nanorod array based biosensor can detect H2O2 with a wide linear 
range from 0.8 to 35 µM along with a low detection limit of 0.2 µM. The 
method showed very good sensitivity (379 µA/mM/cm2). Recently, Song et 
al. (2020) developed a very sensitive biosensor by using 13 nm mesoporous 
SnO2 hierarchical architectures to accurately assess H2S under a high-humid 
atmosphere at ppb level. 

8.3.2.3 ZnO-BASED BIOSENSOR AND ENVIRONMENTAL APPLICATIONS 

ZnO is a wider platform for biosensing application. Its various forms such 
as ZnO nanorods (Zong and Zhu, 2018), nanoparticles (Lei et al., 2011), 
and ZnO nanocone arrays (Yuea et al., 2020) are remarkable candidates 
for various types of sensors in the biomedical and environmental domains. 
Zhao et al. (2009) developed a biosensor based on ZnO for the detection 
of p-cresol, 4-chlorophenol, and phenol. In that study, tyrosinase, boron-
doped nanocrystalline diamond, 3 aminopropyltriethoxysilan (APTES), and 
tetraethoxysilane (TEOS) was used to develop the biosensor. They reported 
a linear range from 1 to 175 µM with a detection limit of 0.1 µM for p-cresol, 
linear range from 1 to 150 µM with a detection limit of 0.25 µM for 4- 
chlorophenol, and linear range from 1 to 150 µM with a detection limit of 
0.20 µM for phenol under optimum conditions. Again in a remarkable study, 
Zhao et al. (2014) designed an electrochemical ZnO biosensor for to detect 
L-lactic acid. In this study, ZnO nanowires were prepared by using chemical 
vapor deposition method and prepared ZnO nanomaterial of 500 nm size. The 
results highlighted that the prepared ZnO nanowires successfully detected 
the L-lactic acid with a wide linear range of 12 µM to 1.2 mM along with the 
sensitivity of 25.6 µA/mM/cm2 sensitivity. In a typical biosensor experiment 
for the detection of urea, Rahmanian and Mozaffari (2015) designed a 
novel biosensor by using ZnO along with polyvinyl alcohol, F-doped SnO2, 
urease enzyme, and cyanuric chloride for designing and developing the 
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biosensor. The CV and EIS methods were used for evaluation purpose. They 
reported that using ZnO-based biosensor urea can be easily detected with 
linear ranges of 5.0 to 125 mg/dL along with a detection limit of 3.0 mg/ 
dL under experimental conditions. Sundarmurugasan et al. (2016) used ZnO 
nanosphere based biosensor for immediate recognition of monocrotophos 
(MCP) and dichlorvos (DDVP). They used orange samples for the study and 
reported 0.036–0.012 nM detection limit for MCP and DDVP, respectively. 
Ahmad et al. (2017A) reported a very sensitive ZnO based biosensor 
for phosphate detection. They prepared a Field Effect Transistor (FET) 
type biosensor and used pyruvate oxidase and ZnO nanorods on SiO2/Si 
substrate for the fabrication. They synthesized the ZnO nanorods by using 
a hydrothermal method and used the CV method to detect pollutants. They 
concluded the detection of phosphate with wide linear ranges from 0.1 to 7 
µM along with 0.05 µM and a lowest detection limit for phosphate under 
optimum conditions. The biosensor displayed high sensitivity (80.57 µA/ 
mM/cm2) toward phosphate detection. Ahmad et al. (2017B) prepared the 
simple one-step low-temperature route-assisted ZnO biosensor for the 
detection of uric acid. They reported a sensitivity of 239.62 µA/mM/cm2 

for detecting uric acid and the detection time was only 2 s along with the 
linear range of 0.01 to 4.56 µM and 5 nM as the low detection limit. Pabbi 
and Mittal (2017) developed an electrochemical biosensor based on ZnO 
quantum dots (QDs) for the detection of acephate pesticide. In that study, 
chlorella sp. algae, surface-active alkaline phosphate, and SiO2 were used to 
prepare a sensitive biosensor with the help of amperometric method to detect 
pesticides in the concentration ranges from 10−11 to 10−3 M of acephate. 
Zhang et al. (2014) studied the detection of glucose and hydrazine using 
Zn−ZnO integrated electrode. In that study, ultrathin ZnO nanofilms were 
used as the biosensor. They reported a wide linear range of 0.5 µM to 14.2 
mM along with 0.5 µM as the lowest detection limit for hydrazine. Recently, 
Theerthagiri et al. (2019) reviewed various biological, environmental, and 
energy-related applications of ZnO. 

8.3.2.4 WO3-BASED BIOSENSOR AND ENVIRONMENTAL APPLICATIONS 

WO3 is an n-type semiconductor based metal oxide with significant applica
tions such as various bioelectronics, neural assemblies, and interfaces as 
well as clever biosensing devices exfoliation (Liu et al., 2015; Santos et al., 
2016; Li et al., 2019; Zhang et al., 2020). Deng et al. (2009) developed a 
third-generation biosensor based on WO3/cytochrome c for H2O2 detection. 
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This unique system has been reported as free from anodic as well as cathodic 
interferences. Cyclic Voltammetry results revealed that the prepared biosensor 
exhibit activity with a wide linear detection range from 3 × 10−7 to 3 × 10−4 M 
for H2O2 within 5 s along with a low detection limit of 2.4 × 10−7 M. Harihran 
et al. (2011) developed a biosensor using nanocrystalline WO3 for L-DOPA 
or levodopa detection. In this method, WO3 was prepared by using a simple 
microwave-assisted synthesis method and CV method for sensing purpose. 
They reported that at pH 7.2, L-DOPA can be easily detected with linear 
ranges from 1 × 10−7 to 1 × 10−6 M along with 12 × 10−8 or 120 nM as the 
lowest detection limit for L-DOPA. In a very remarkable study for making a 
mediator-free biosensor, Liu et al. (2015) reported WO3 nanowires (NWS) 
based on direct electron transfer hemoglobin with high length diameter ratio 
for nitrate detection by the use of hydrothermal synthesis method along with 
amperiometric method for the detection of pollutant. The biosensor showed 
a wide linear range from 1 to 400 µM of nitrate in the sample along with 0.28 
µM as the lowest detection for nitrate in the study. In a doping study, Zhou 
et al. (2017) developed Na-doped WO3 biosensor for bisphenol A detection 
by the use of a hydrothermal method for synthesis. The prepared Na-doped 
WO3 had a rod-like morphology. They used the Differential Pulse Voltam
metry (DPV) method for detection of pollutant. The biosensor showed a wide 
linear range from 0.08 to 22.5 µmol/L along with 0.028 µmol/L detection 
limit under optimum experimental conditions. In very recent work, Feng et 
al. (2018) utilized a flower-like WO3 hierarchical structure for the detection 
of aflatoxin B1 (AFB1). They prepared a WO3 material with large surface 
area and porous hierarchical structure which was able to detect AFB1 in 
the environment. This WO3 material was synthesized using hydrothermal 
method. They used the photoelectrochemical method for detection of the 
pollutant. They reported linear ranger from 1 to 120 pg/mL for AFB1 along 
with a lowest detection limit of 0.28 pg/mL under experimental conditions. 

8.3.2.5 OTHER METAL OXIDES BASED BIOSENSORS AND THEIR 
ENVIRONMENTAL APPLICATIONS 

With the beneficial properties such as decent toxicity, compatibility with 
biological entities, unique super magnetism, catalytic advantages, synthetic 
mimetic applications, and wild electron transfer ability, the other metal 
oxides are also receiving significant attention in the field of biosensing 
technology (Wang and Tan, 2007; Yang, 2014). In a report on zirconium 
oxide-based nanomaterial for environmental applications, Liu et al. (2003) 
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used ZrO2-based biosensor for H2O2 detection. They used sol−gel method 
for ZrO2 synthesis. They concluded a highly sensitive nanobiosensor 
(sensitivity of 111 µA/mM/cm2) with the detection linear ranges from 2.5 
× 10−7 to 1.5 × 10−4 mol/L in a short time (10 s). In a similar kind of work, 
Liu et al. (2004) made ZrO2-based material and used hemoglobin, ZrO2,and 
DMSO for making a sensor for H2O2 detection. They reported a fine linear 
range from 1.5 to 30.2 µM along with 0.14 µM as the lowest detection by 
the electrocatalytic response. In an attempt for making a versatile sensor for 
pesticide/insecticide detection in vegetables, Yang et al. (2005) fabricated 
ZrO2/chitosan-based biosensor and evaluated the sensor’s activity on various 
pesticides such as acetyl thiocholine, phoxim, malathion, and dimethoate. 
They reported linear ranges of 9.9 × 10−6 to 2.03 × 10−3 M, 6.6 × 10−6 to 4.4 × 
10−4 M, 1 × 10−8 to 5.9 × 10−7 M, and 8.6 × 10−6 to 5.2 × 10−4 M, respectively. 
In a study to make manganese oxide based biosensor, Yao et al. (2006) 
reported nano-MnO2 based biosensor for H2O2 detection. The amperometric 
technique has been applied to detect samples and reported a linear range 
from 1.2 × 10−7 to 2.0 × 10−3 M along with 8 × 10−8 M low detection limit 
for H2O2. The method showed a sensitivity of 2.66 × 10−5 µA/mM/cm2. 
This MnO2-based method has been used in toothpaste and hair dyes for 
the detection of H2O2. Lu et al. (2006) developed antimony oxide bromide 
(AOB) biosensor for H2O2 detection. They used hydrothermal method for 
the preparation of rod-like structures of AOB nanomaterial in the range of 
50 nm. They used chitason and horseradish peroxidase (HRP) for biosensor 
making. In a very comprehensive work with iron oxide nanomaterials, Hrbac 
et al. (2007) used five types of ferric oxides (hematite, magnetite, amorphous 
Fe2O3, beta Fe2O3, and ferrihydrite) for H2O2 detection. Persian blue is used 
to increase the applicability of these ferric oxide materials. They reported 
lowest detection limit of 2 × 10−5 M for H2O2. Iron oxide showed detection 
up to 8.5 µM of H2O2 in a very short time (less than 3 s) under experimental 
conditions. Salimi et al. (2008) developed CoOx-based biosensor for nitrate 
detection. They used the amperometric method for analysis. They reported a 
linear range of 1–30 µM and 0.2 µM as the lowest detection limit along with 
10.5 nA/µM sensitivity for nitrate. Kaushik (2009) used chitosan and Fe3O4
based biosensor for pyrethroid pesticides/insecticides, such as, cypermethrin 
and permethrin detection. In this biosensor, calf thymus deoxyribose nucleic 
acid (ssCT-DNA) and indium-tin-oxide (ITO) electrodes are used for 
biosensor deposition. DPV technique has been applied for investigating the 
biosensor. The results showed a linear range from 0.0025 to 2 ppm and 1 to 
300 ppm for CM and PM, respectively. The biosensor response times was 
found to be only 25 and 40 s for CM and PM, respectively. Ansari et al. 
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(2009A) reported about the detection of H2O2 based on nanocrystalline CeO2 
biosensor. In that study, amperometric technique was used. They reported 
a linear range for H2O2 from 1.0 to 170 µM using HRP/nano CeO2/ITO 
electrode. Jindal et al. (2012) reported a sensing method for detecting uric 
acid using CuO thin film. In this method, p-type CuO was used without any 
reagent or external method to detect uric acid. They used Cu and photometric 
assay for the detection study. They reported the linear range around 0.05–1.0 
mM and response around 2.7 mA/mM for the method under experimental 
conditions. Dong et al. (2012) worked on LaF3-doped CeO2 biosensor 
fabrication for nitrite (NO2

-) detection. They used myoglobin for detection 
using the amperometric technique. Their results show the linear range from 
5 to 4650 µM for nitrite detection in a short time (5 s) along with 0.2 µM 
as the lowest detection limit. Yagati et al. (2013) developed CeO2-based 
biosensor for amperometric detection of H2O2. They used CV and DPV for 
electrochemical behavior of porous CeO2 nanostructured film. They reported 
0.6 µM lower detection limit and up to 3 µM linear range for H2O2 in that 
study along with a short time (8 s) for detection of H2O2. In a typical study for 
phenols and pesticides detection, Mayorga-Martinez et al. (2014) described 
an IrO-based biosensor for catechol and chlorpyrifos detection. In this 
method, 0.08 and 0.003 µM detection limit has been observed for catechol 
and chlorpyrifos, respectively. They used electrochemical and amperometric 
methods for detection of pollutants. In another pesticide detection work, 
Jeyapragasam and Saraswathi (2014) developed Fe3O4−chitosan biosensor 
for carbofuran pesticide detection by using the CV technique to detect 
pesticide in a vegetable sample (cabbage). They observed 3.6 × 10−9 M low 
detection limit for carbofuran. The authors cross-checked whether the results 
are reproducible or not by using a comparative HPTLC method and found 
similar results. In another phenol detection work, Sarika et al. (2017) designed 
alfa Fe2O3 based biosensor for amperometric detection of catechol in the 
microenvironment. They used laccase enzyme to detect nanobiocomposite 
biosensor. They reported a biosensor that has linear detection range from 8 to 
800 µM along with the low detection limit of 4.28 µM for catechol. 

8.3.3 COMPOSITE NANOBIOSENSORS 

8.3.3.1 METAL-METAL COMPOSITE BASED BIOSENSOR 

In an attempt to make a composite nanomaterial-based biosensor for 
organophosphate pesticide and carbamate pesticide as well as specific 
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nerve agent, Upadhyay et al. (2009) developed a gold−platinum bime 
tallic nanoparticles based biosensor for paraoxon ethyl, Aldicard, and 
Sarin (nerve agent) detection. They used CV and EIS techniques for the 
analysis. The results obtained indicated the linearity ranges of 150–200, 
40–60, 40–50 nM for paraoxon, aldicard, and sarin, respectively. Cu/Ag 
nanocluster-based biosensor was developed by Su et al. (2010) for the 
detection of Cu2+ ions in real environmental samples of pond water and 
soil. They reported 5–200 nM detection linear range along with 2.7 nM 
as the lowest detection limit by using this method. In a comparative study 
between laboratory as well as real lake water samples, Song et al. (2016) 
developed Au−Ag core-shell nanoparticles based biosensor for As3+ ions 
detection. They reported 0.5–10 ppb linear range and 0.1 ppb as the lowest 
detection limit for As3+ ions in water sample and concluded a lab-to-land 
transfer technology with satisfactory results. 

8.3.3.2 METAL−METAL OXIDE BASED BIOSENSOR 

In a genuine attempt to detect organophosphate pesticide sensing, Zhao et al. 
(2013) developed Au and Fe3O4 composite biosensor for methyl parathion 
detection. They highlighted the additional qualities of a fabricated biosensor 
Au nanoparticles have qualities such as high surface-area-to-volume ratio, 
greater loading capacity, spontaneous electron transfer, and enzyme stabi
lizing ability. They reported linear range of 0.5 to 1000 ng/mL along with 0.1 
ng/mL detection limit. Li et al. (2015) developed Ag/ZnO based biosensor 
for Pb2+ ion detection. They used lake water and human serum as samples. 
They reported 5 × 10−12 to 4 × 10−6 M linear range for Pb2+ along with 9.6 × 
10−13 M as the lowest detection limit for Pb2+ ion. Ibrahim et al. (2018), in 
their recent work, reported the first-ever application of Au-In2O3-chitosan 
nanocomposites as biosensor for sensitively detecting (64.57 µAµmol/L/ 
cm2) antimycotin cycloperoxolamine (CPX) using CV and Square Wave 
Voltammetry (SWV). The CPX detection followed a linear trend in the range 
of 0.199–16.22 µmol/L, with 6.64 × 10−9 mol/L as the limit of detection 
(LOD). For detecting H2O2, Wu et al. (2018) used mesoporous TiO2 as the 
biosensor. They used rose petal and P123 dual template for the synthesis of 
TiO2. In this method, Pt had introduced electrodeposition method on TiO2 
to develop Pt/TiO2 modified material for H2O2 detection. They used the CV 
method for detecting and reported the ranges from 5 µM to 8 mM along with 
very low detection limit (1.65 µM). 
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8.3.3.3 METAL OXIDE-METAL OXIDE COMPOSITE BIOSENSOR 

Zhang et al. (2007) developed a hydroquinone (HQ) biosensor by using 
Fe3O4−SiO2 nanoparticles to make an oxide−oxide nanocomposite to detect 
HQ. They reported a linear trend in the range of 1 × 10−7 to 1.375 × 10−4 M, 
with 1.5 × 18−8 M as the LOD. They compared the obtained results of the 
biosensor with HPTLC results and concluded similar reproducibility. Njagi 
et al. (2008) reported biosensor based on the amperiometric method by using 
CeO2 and TiO2/CeO2 for sensitive phenol detection under the presence and 
absence of oxygen. They reported detection limit of 9 × 10−9 M and 5.6 × 
10−9 M in presence (LOD = 86 mA/M) and absence (LOD = 65 mA/M) of 
oxygen, respectively. They also tested this biosensor for dopamine detection. 
Ansari et al. (2009B) used TiO2−CeO2 based biosensor for urea detection. 
They constructed a nanocomposite film which was 23 nm in size. Urease and 
glutamate dehydrogenase (GLDH) were used in that study. They reported 
that the prepared TiO2−CeO2 nanocomposite film exhibit linear response 
range of 10 to 700 mg/dL. They highlighted the detection of urea with very 
low detection limit (0.166 µm) within 10 s along with the sensitivity of 
0.9165 µA/M/cm2/mM. Li et al. (2012) studied the multifunctional biosensor 
by making a WO3−TiO2 modified electrode for photoelectro catalytic 
evaluation of norepinephrine (NEP) and riboflavin (VB2) in the solutions. 
To selectively detect NEP and VB2 using a hybrid thin film of WO3−TiO2, 
prepared in ITO electrode; techniques like EIS, DPV, and CV were used. 
An NEP detection using the CV technique followed a linear trend in the 
range of 3.23 × 10−6 to 3.88 × 10−4 M, with 1.07 × 10−6 M as the LOD. A 
VB2 detection using CV technique also followed a linear trend in the range 
of 3.23 × 10−7 M to 4.0 × 10−5 M, with 1.87 × 10−7 M as the LOD. All the 
experiments were carried out at neutral pH by using Xe lamp. Srivastava et 
al. (2013) used a mediator-free microfluid biosensor for detection of urea. In 
this biosensor, urease, glutamate dehydrogenase, TiO2, and ZrO2 were used. 
They reported that this biosensor has linear ranges of 5 to 100 mg/dL for 
urea detection, with 0.07 mg/dL and 2.74 µA/[logmM]/cm as the LOD and 
sensitivity, respectively. Zhang et al. (2013) developed an immunobiosensor 
by using Fe3O4 and TiO2 for the detection of organophosphorus (OPs) agents 
by Surface Plasmon Response (SPR) and SWV methods for investigation. 
They reported a range of 0.02–10 nM along with 0.01 nM lowest detection 
limit for OPs. In another “turn on” strategy based biosensor study, Wu et 
al. (2016) developed AIE fluorogen-SiO2-MnO2 sandwich nanocomposite
based biosensor for organophosphorus pesticide (paraoxon) detection. 
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They used fluorescence strip for a visual detection of paraoxon along with 
thiocholine as the turn on switch. They reported 1–100 mg/L as the linear 
range and 1 mg/L as the lowest detection limit. 

8.3.3.4 OTHER NONCARBON-BASED BIOSENSORS 

Ji et al. (2005) reported CdSe−ZnS-based biosensor for paraoxon detection 
for the first time by Circular Dichroism (CD) and Photo Luminance (PL) 
techniques. They reported 10−8 M as the detection limit under experimental 
conditions. Vinayak et al. (2009) worked on CdTe-based biosensor for 
the detection of herbicide (2,4 dichlorophenoxyacetic acid) using the 
fluoroimmunoassay technique. They used N-(3-dimethylaminopropyl)-N
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
anti-2,4 D, IgG-antibody, and mercaptopropionic acid also for making the 
sensor and reported a promising detection limit of 250 pg/ML for 2,4 D in 
the solution. Wu et al. (2010) worked with a biosensor based on CdSe−ZnS 
quantum dots for Cu2+ and Pb2+ detection. They reported 0.2 and 0.05 nM 
as the lowest detection limit for Pb2+ and Cu2+, respectively, with a 25-min 
detection time. Fan et al. (2014) developed CdSe−TiO2 based biosensor for 
beta-Estradiol (E-2) in water sample. They reported a 0.05–12-pM wide linear 
range for E-2 along with 33 fM detection limit at optimum condition. These 
photoelectrochemical(PEC) method based biosensor’s results also show good 
reproducibility with HPLC results. Zhao et al. (2015) reported TiO2/CdS-based 
biosensor for Hg2+ detection by using PEC method. They used rhodamine 
123, probe DNA, and target DNA for constructing biosensors and reported 
10 fM–200 nM as the detection range, with 3.3 fM as the LOD. Shtenberg 
et al. (2015) used porous Si (PSi) nanostructure based biosensor for tracing 
heavy metals (Ag2+, Pb2+, Cu2+) in solution by enzymatic activity inhibition. 
They reported 60–120 ppb detection linear range for three metals along with 
the sensitivity order of Ag2+ > Pb2+ > Cu2+. They compared this biosensor with 
another gold nanoparticles based biosensor by using ICP-AES techniques and 
concluded good reproducibility of the results along with decent agreement. 
For arsenic evaluation in river and tap water samples, Ravikumar et al. (2018) 
developed MoS2 nanosheets based biosensor by using coprecipitation method 
for As3+ detection along with FRET phenomena. They reported 18 nM as the 
lowest detection limit for As3+ with excellent recovery in the environmental 
system. Hu et al. (2019A) developed Cd-Te QDs based biosensor for four 
different organophosphorus pesticides (paraoxon, parathion, dichlorvos, 
and deltamethrin) detection. They also used AchE for the construction of 
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nanobiosensor. They reported a linear range from 10−5 to 10−12 M for all the 
pesticides (paraoxon, parathion, dichlorvos, and deltamethrin) and with LOD 
as 1.2, 0.94, 11.7 and 0.38 pM, respectively. Very recently, He et al. (2020) 
reported CdSe−CdS quantum dot based biosensor for Hg2+ ions detection. 
They reported a linear range from 1 × 10−2 to 1 × 10−6 M and 1 × 10−13 lowest 
detection limit for their nanobiosensor. 

8.3.3.5 NONCARBON/CARBON COMPOSITES 

In a typical pesticide detection study in vegetable samples, Jiao et al. (2017) 
reported GO/Fe3O4-based biosensor for chlorpyrifos detection. They also 
used chitosan and carbon black for constructing the nanobiosensor and 
reported a linear detection range of 0.1–105 ng/mL with 0.033 ng/mL as 
the LOD for chlorpyrifos. Again in the pesticides detection work, Yang et 
al. (2013) developed NiO/caboxylic-reduced grapheme-based biosensor for 
carbofuran, methyl parathion, and chlorpyrifos detection. AchE and Nafion 
carbon electrodes were used in this analysis. They reported a linear range 
of 1 × 10−13 to 10−10 and 10−10 to 10−8 for methyl parathion and chlorpyrifos, 
respectively, along with 5 × 10−14 as the lowest detection limit for both 
methyl parathion and chlorpyrifos pesticides. In the case of carbofuran, two 
linear ranges 10−12 to 10−10 M and 10−10 to 10−8 M along with 10−13 m as the 
lowest detection limit were observed. Hu et al. (2013) developed porphyrin 
decorated Au/graphene nanocomposite based biosensor for HQ detection. 
They used white light mediated PEC method for the study and reported 4.6 
nM as the lowest detection limit along with 20–240 nM linear detection range 
for HQ. Liu et al. (2013) reported Au-PTA-TiO2 nanotube based biosensor 
for H2O2 detection by using CV, SWV, and chronoamperometry methods for 
evaluation. They reported linear range of 65–2600 µM along with 5 µM and 
18.1 × 10−3 µA/µM as the lowest detection limit and sensitivity, respectively. 
Jiang et al. (2015) developed Ag/N-doped graphene (NG) based biosensor 
for acetamiprid detection by using one-step thermal treatment method for 
synthesis. They compared the activity of Ag/NG, Ag, and NG under the 
same experimental conditions and reported superior activity of Ag/NG over 
Ag and Ng. They reported a linear detection range of 1 × 10−13 to 5 × 10−9 

M, with 3.3 × 10−14 M as the LOD. In a versatile biosensor making study, 
Liu et al. (2015) developed Pd−Co alloy nanoparticles embedded carbon 
fiber (PdCo-CNF) based biosensor for H2O2 and nitrate detection by using 
EIS, CV, and DPV methods. They reported 0.2–23.5 µM and 0.1 µM linear 
detection range and lowest detection limit for H2O2 respectively. In the case 
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of nitrate, they reported two linear ranges of 0.4–30 µM and 30–400 µM 
along with 0.2 µM as the lowest detection limit. In a study on detecting a 
broad spectrum neonicotinoid insecticide by making a “turn on” strategy, Lin 
et al. (2016) developed multiwalled carbon nanotubes (MWCNT), ZnS−Mn 
QDs and aptamers based biosensor for acetamiprid pesticide detection. They 
reported visual detection of the pollutant along with 0–150 nM linear range 
and 0.7 nM lowest detection limit. In another pesticide (organophosphorus 
pesticide) detection study, Chun et al. (2016) developed a nitrogen-doped 
carbon dot and gold nanoparticle based biosensor for paraoxon detection 
along with the use of AchE for the construction of nanobiosensor and 
evaluated the activity by using the FRET phenomena. They reported a 
wider linear detection range of 10−4 to 10−9 g/L, with 10−9 g/L (3.6 × 10−12 

mol/L) as the LOD for paraoxon. Again with the pesticide detection work, 
Mogha et al. (2016) developed ZrO2/RGO-based biosensor for chlorpyrifos 
detection. They used hydrothermal method for ZrO2/RGO nanocomposite 
synthesis. Amperiometric method was used for electrochemical study, and 
the detection range was found to be linear in the concentration range: 10−13 

to 10−9 M and 10−9 to 10−4 M, with 10−13 M as the LOD. For H2O2 sensing, 
hollow TiO2- reduced graphene oxide microsphere of special morphology 
were synthesized by Liu et al. (2017) wherein they used amperiometric 
method for detection purpose. They reported a wider linear detection range of 
0.1–360 μM, with 10 nM as the LOD. In an organic thiophosphate fungicide 
detection study, Arvand and Mirroshandel (2017) developed a “turn on” 
strategy oriented L-cysteine capped ZnS QDs and GOs based biosensor 
for edifenphos detection by using the FRET phenomena. They also used 
environmental and agricultural samples and reported 5 × 10−4 to 6 × 10−3 mg/L 
linear detection range along with 1.3 × 10−4 mg/L lowest detection limit for 
edifenphos. Wang et al. (2018) developed CDs and AuNPs based biosensor 
for acetamiprid detection. They used FRET and inner filter effect (IFE) 
phenomena for detection and reported 1.08 µg/L lowest detection limit for 
acetamiprid. They reported checking thesensitivity of this biosensor toward 
dimethoate, chlorpyrifos, and dichlorvos pesticides. They used real vegetable 
(tomato, cucumber and cabbage) samples for this study. Chen et al. (2018) 
developed a CQDs-MoS2-based biosensor for bisphenol S detection. They 
developed a type of fluorescent aptamers by using the FRET phenomena, in 
which CQDs and MoS2 worked as emitter and absorber, respectively. They 
reported 0.05–2 µM linear detection range for Bisphenol S along with 2 
nM lowest detection limit under optimum conditions. In an experiment for 
antibiotic detection, Yang et al. (2018) developed a metal−organic framework 
(Cu-TCPP) based biosensor for chloramphenicol (CAP) analysis. They used 
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a double-stranded DNA and hairpin probe aptamer for the construction of 
biosensor as a type for fluorescent aptamer by using the FRET phenomena. 
They reported 0.001–10 ngm/L linear detection range along with 0.3 pgm/L 
as the lowest detection limit under optimum experimental conditions. In a 
recent work on drug residue detection, Okoth et al. (2018) developed Au− 
graphene-doped CdS-based biosensor for diclofenac detection. This study 
was based on PEC method using a visible light source and they reported 
1–150 nM linear detection range and 0.78 nM lowest detection limit. Hu et 
al. (2019B) first time reported the simultaneous detection of acetaminophen 
(APAP) and p-hydroxyamenophen (P-HAP) by using SnO2 carbon nanofiber 
composite. They synthesized doped SnO2 carbon nanofiber composite by 
using electrospinning technology and used EIS and DPV techniques for 
detection purpose. They reported 0.50–700 µM and 0.20–50 µM linear 
detection range for APAP and P-HAP, respectively, along with 0.086 and 
0.033 µM detection limit for APAP and P-HAP, respectively. Both actual 
sample and serum environment samples have been used and significant 
results were obtained. Very recently, Li et al. (2020) developed a gold-doped 
carbon-dot based biosensor for Pb2+ ions detection by using microwave 
conditions for the synthesis. They reported 0.0005–0.46 µmol/L linear 
detection range and 0.25 nmol/L lowest detection limit. They also compared 
these results with the undoped carbon-dot material and concluded superior 
activities of Au-doped carbon-dot material. 

8.4 KEY CHALLENGES INVOLVED WITH NANOBIOSENSING 
TECHNOLOGY 

Recent advancements in nanobiosensing technology have resulted in a broad 
array of nanobiosensors, exhibiting diverse applications. Therefore in recent 
times, the sensing domain has widened and more nanobiosensors are being 
explored to handle some of the significant constraints in fabricating a trust
worthy and cost-effective biosensor. Thus, the key challenges for advanced 
nanobiosensing technology is directly associated with its cost, linearity, sensi
tivity, multifunctionality, response to selectivity, response time, detection 
mechanism, long lastingness, and toxicity issues (refer Figure 3). Another, 
daunting task is to deal with their ability to detect trace amount of analyte 
diverse samples of soil, water bodies, biofluids, and air (Hahn et al., 2012). 
Also, the detection limit and response or recovery time are highly fluctuating 
and can affect the sensor efficiency. Moreover for a specific analyte, the data 
achieved from a biosensor must have an acceptable precision so that it can 
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be reproduced within a certain range. A biosensor must avoid the systematic 
error to make sure that the accuracy of the results and its expected value are 
static. Therefore, adequate standard samples must be used for calibration. 
Since most of the biosensing applications are either clinical or nonclinical,it 
would be a good idea to evaluate their size dependent toxicity (Hahn et al., 
2012; Munawar et al., 2019; Martin-Gracia et al., 2020; Bhalla et al., 2020). 

On the other hand, as it is well known that the toxicity of the nanobiosensors/ 
or nanosensors highly depends on their size, their applications have been 
relatively critical. Therefore, various questions such as why these noncarbon 
materials are used, what fabrication mediums will be needed to obtain them, 
what characteristics do they have that can allow them to embody the intent, 
what level of engineering will be required to control and assess all the 
influencing parameters involved in the sensing technology, how we will be 
able to evaluate, design, and manipulate the processes involved, how long-
lasting materials or products will be, will they maintain the same quality or 
desired catalytic activities when shifted to another medium or isolated from 
their original mediums as well as an assessment of their further applicability 
and fate with the respect of toxicities have always been asked (Li et al., 2015). 

FIGURE 8.4 A brief illustrations of the vital challenges associated with nanobiosensor. 
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Other challenging factors associated with the nanobiosensors are the 
components and the structure of the sensor mechanism because the key 
benefits of any sensor is also directly associated with them. The materials, 
structure of receptor, or bioreceptor depend on the kind of samples that are 
being analyzed, the mechanism of detection involved, the type of transducer 
for signal conversion, and the detector for the response capturing are points 
that influence any design (Li et al., 2015). Additionally, flexibility and sensi
tivity are complementary qualities for the nanobiosensors and carbon as well 
as noncarbon nanomaterials, and both have shown great potential in resolving 
these issues. The excellent conductive properties of metallic nanomaterials 
have further allowed in improving the flexibility. Searching and making of 
multifunctional nanomaterials that can incorporate with biological sensing 
will surely enhance the results (Wen et al., 2020). Despite the simplicity and 
wider sensing application, majority of the sensing mechanisms have not yet 
been fully understood because of the complexity involved in the various 
parameters which can affect biosensors sensitivity (Kannan et al., 2009). 

Receptor and transducer are the two significant functions which are 
generally involved in the sensing mechanism. They along with the other 
factors such as adsorption−desorption kinetics, physicochemical properties, 
surface property, Gibbs free energy, thermodynamic, and kinetic stability 
(Korotcenkov, 2005; Kanan et al., 2009) are the most important domains 
involved in sensing mechanism. Since nanobiosensing is a very new 
technology and a high level of engineering has been involved in the formation 
of the compact as well as the sensitive sensors, the cost is still a very critical 
challenging step. But due to the advancements of material sciences and 
engineering as well as the availability of new cheap materials are creating a 
potential hope for the future with cost-saving options (Li et al., 2015). 

8.5 FUTURE ASPECTS FOR NONCARBON-BASED NANOBIOSENSING 
TECHNOLOGY 

For a highly selective and sensitive onsite analysis of an analyte, the emergence 
of nanotechnology and its applications in different areas (refer Figure 
8.1) have provided several functional nanomaterials as a promising solid 
substrate platform (Holzinger et al., 2014). Applicability of nanomaterials 
to be used as biosensor provides a remarkable prospect of developing 
new-generation nanobiosensing techniques (Li et al., 2015). Applications 
of biosensor or noncarbon-based biosensor technologies for environmental 
applicability are still in their budding stage and are facing huge challenges 
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due to the inherent features of environmental analysis. Nanomaterials 
or noncarbon-based nanomaterials are evaluated in the development of 
biosensors for environmental usages (pollution mitigation). The engineered 
nanocomposite along with versatile nanostructures (particles, rods, wires, 
and tubes) makes the modified biosensor more sensitive and flexible for the 
analysis of analyte/pollutants. A paper-based device provides platform for a 
potential portable, miniaturized, economical, and user-friendly biosensor/or 
nanocomposite/or nanobiosensor. These types of biosensors are meeting the 
need of onsite detection of environmental samples or pollutants (i.e., soil, 
river water, seawater, air, etc.). Recently, incorporation of nanomaterial, 
nanocomposite inside these biosensors brings new tactics for improving 
their analytical performances. While many biosensors have been developed 
and tested till date against a wide range of environmental contaminants in 
laboratory, only a few biosensors are currently being used. Thus, it is clear 
that more advances and efforts are needed to bridge innovation that will 
play very crucial role in the development of efficient, automated, real-time 
biosensors with high throughput analysis (HTA) of environmental pollutants. 
Indeed, it is the need of the hour to make such an effort to adopt crucial 
technologies to mitigate environmental pollutants. There are several tools and 
techniques that are available or being developed to improve the nanomaterial
based nanobiosensors by improving the selected dimensions such as their 
electrochemical dimension, optical dimension, and magnetic dimensions. 
These modulations allow developing a single-molecule biosensors along with 
high throughput biosensor arrays (Pandey et al., 2008). One more important 
future prospect has been associated with the modulation of the electrodes 
surface which is directly linked with their interfaces, their preparative materials, 
characterization, and constraints, control on mechanisms specifically for the 
presently noncarbon-based sensing technology (Malhotra and Ali, 2018). The 
improvement in the signal-to-noise proportion, augmentation in transduction 
processes, and strengthening of the signals have been directly linked with 
major future requirements. Biological molecules and nanomaterials exhibit 
special structures as well as unique functions, therefore their awareness is still 
a future task in the field of noncarbon-based sensing technology (Zhang et al., 
2009). A better scientific control on the mechanisms as well as the interaction 
sciences between the biomolecules present in the surface of the prepared 
biosensor and the nanomaterials are essential to explore the current utilities 
as well as to fabricate the new generation of biosensors/nanobiosensors that 
in turn advance the creation of future robust and variable noncarbon-based 
sensing technology (Malhotra and Ali, 2018). The combination of both carbon-
based and noncarbon-based nanobiosensors have found their applications in 
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various domains such as biomedical, agricultural, and environmental sectors. 
Nanomaterial-based biosensors (both carbon and noncarbon-based) showed 
eye-catching prospects, which will be largely applied in various medical 
diagnosis (Srivastava et al., 2020), food analysis, and process control (Zhang 
et al., 2020) as well as environmental evaluations in the near future (Verma 
and Rani, 2020; Şensoy and Muti, 2020). 

8.6 CONCLUSION 

Noncarbon nanobiosensor based nanobiosensing technology holds immense 
future potential in environmental-related technologies because they open a 
window of promising research domain, much needed for the betterment and 
welfare of humans and the environment. The noncarbon-based nanomaterials 
will be an ideal choice, with exceptional advantage in the enhancement 
of sensing technology along with precise sensitivity, broad flexibility, 
reduced toxicities, and costs as well as broader linear ranges and very low 
detection limits of pollutants in various environmental samples. The future of 
nanobiosensing will be in the hands of advanced materials such as composites 
and hybrids as well as the combination of carbon with noncarbon materials 
to make this technology a futile, robust, and versatile tool in the biosensor 
application at various fields. More research should be done and emphasis given 
to noncarbon-based nanobiosensors as there are limited studies done although 
they possess remarkable advantages in creating versatile nanobiosensors. 
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ABSTRACT

Environmental pollution is one of the major threats across the globe due 
to the rapid growth of industries, technologies, and urbanization. Develop-
ment in the manufacturing and production sector has increased pollution 
momentously. Hazardous pollutant sources, such as heavy metals, pesticides, 
pathogens, and other contaminants released in the surroundings are primarily 
responsible for the pollution of the environment and can cause significant 
influences on the well-being of humans. Nanotech is the upcoming area 
which needs to be integrated with environmental pollution. The convergence 
of nanotechnology and biosensors is an effective alternative to the conven-
tional analytical technique to analyze minute details in the environment. 
Biosensors are considered as potential devices to recognize the analyte. In 
recent years, nanomaterials have been implied for biosensor applications due 
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to their characteristic features. Integration of carbon-based nanomaterials 
(CBNs) such as carbon nanotubes, graphene, graphene oxide, and carbon 
nanowires can be used with biosensors for monitoring, sensing, and rapid 
detection of environmental pollutants. 

9.1 INTRODUCTION 

In the last few decades, various environmental issues of concern, such as 
contamination of water, air, soil, and other ecosystems are continuously 
increasing due to globally growing anthropogenic activities, industrializa
tion, and urbanization, especially in rapidly developing nations. Anthropo
genic industrial and agricultural activities are highly contributing this issue 
of contamination to the environment by disposing hazardous solid and liquid 
waste into water, releasing noxious gases into atmosphere, and excessive 
use of pesticides, synthetic fertilizers, pharmaceuticals, which eventually 
bioaccumulated in the tissues of consuming organisms (Ramnani et al., 
2016). Environmental pollutants include inorganic pollutants (heavy metal 
ions, nitrite, etc.), gaseous analytes (SO2, CO, NH3, methanol vapor, etc.), 
organic pollutants (phenolic compound, aromatic amine, nitroaromatic 
explosives, and pesticides), endocrine-disrupting chemicals (estrogen, 
bisphenol, and nonylphenol), and biological substances, such as pathogens 
and antibiotics. The regular consumption of such hazardous water, food, 
and air contaminated with such toxic chemicals may affect human health by 
causing severe or even fatal effects. Therefore, it is important to develop a 
constantly environment monitoring tool, which is sensitive, well-grounded, 
cost-effective, user as well as eco-friendly for the detection of contaminants 
in different ecosystems (Wang and Hu, 2016). The most commonly used 
analytical techniques for environmental pollutant detection includes gas 
chromatography–mass spectrometry (GC–MS), high-performance liquid 
chromatography (HPLC), surface-enhanced Raman spectroscopy (SERS), 
and atomic absorption spectroscopy (AAS) (Auroux et al., 2002; Padrón-
Sanz et al., 2005; Van Loon et al., 2012; Li et al., 2013). Although these 
analytical methods are quick to detect, costly, time-consuming, not useful 
for on-site detection and require trained users or experts for operating such 
devices. Biosensors itself contain incorporated chemical sensors, which are 
able to analyze the analytes qualitatively or semiquantitatively by incorpo
rating a bioreceptor that is indirectly connected with a transducer (Thévenot 
et al., 2001). A biosensor is a detection tool used specially for qualitative 
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sensing of a chemical substance that interacts with some biorecognition 
component. This interaction ismeasured by a transducer which outputs in 
readable form which shows the presence of particular target analyte. Thus, 
the biosensor consists of three major components: the biological receptor, 
signal transducer, and the detector. The biosensors are applied for sensing 
materials, such as antibodies, hormones, gas and immunological molecules, 
pharmaceuticals, proteins, enzymes, etc. (Kissinger, 2005). An extensive 
range of biosensors detection tool with nanomaterials have been investigated 
in a number of studies all over the world. Several studies are conducted 
regarding the application of nanotechnology and nanomaterials for designing 
these biosensing tools, and such devices are known as nanobiosensors (Malik 
et al., 2013). The nanosize of such nanomaterials (1–100 nm) makes them 
highly effective because most of their atoms placed at or close to surface and 
having all physicochemical characteristics which are greatly different from 
the same material at the bulk range which enhanced signaling and transduc
tion. The nanomaterials can be efficiently applied in the biosensors for the 
detection of analyte. The nanomaterials, majorly in use include nanorods, 
nanotubes, nanoparticles, and nanowires (Jianrong et al., 2004). The carbon-
based nanomaterials, such as CNT, graphene, graphene oxide (GO), have 
been widely used in biosensors for advanced detection of sample, and they 
have become a novel interdisciplinary frontier between biosensing and mate
rial science (Prasad et al., 2017). Merging of nanotechnology with biosensors 
can be used to monitor the environmental contamination at high speed. In 
this chapter, we emphasize on the various carbon-based nanomaterials which 
are used for biosensing, their synthesis and application for the detection of 
environmental pollutants. 

9.2 NANOBIOSENSORS 

The nanobiosensors are biosensors modified with nanomaterials. They 
can be actively employed for the identification of biomolecules, and these 
highly sensitive nanobiosensors can rapidly sense high levels of environ
mental pollutants, and therefore, they can play a major role in potential 
environmental biomonitoring (Mohammadi Aloucheh et al., 2018). In 
the 21st century, along with the progress of science, miniature biosensors 
based on nanotechnology were developed for the detection of analyte (Rai 
et al., 2012). Due to their high sensitivity, cost-effectiveness, user-friend
liness, reliability, and detection potential for specific molecules of these 
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nanobiosensors, their development has been quite interesting and fruitful 
with a wide range of applications, including determination of emerging 
pollutants without any isolation, concentration, or pre-sampling procedures 
(Steffens et al., 2017). 

9.2.1 COMPONENTS OF NANOBIOSENSORS 

Nanobiosensor is an analytical device. It is the advanced version of a 
biosensor device containing a biological recognition element in contact with 
the sensor for measuring the biological or biochemical signal and its conver
sion into electrical signal (Kanjana, 2017). The immobilized layer may 
consist of proteins, virus, cellular lipid bilayers, DNA/RNA, microbial cells, 
etc. The ideal nanobiosensor should possess special features such as potential 
of real-time monitoring of the molecule of interest, versatility specificity and 
selectivity toward particular target analyte, rapid, on-site detection, accuracy 
and repeatability over the useful analytical scale for monitoring the intended 
environment (Kwak et al., 2017; Thakur and Ragavan, 2013). 

Based on the mode of action, the nanobiosensors consist of (1) the biore
ceptor, such as antibodies, immunological molecules, proteins, enzymes, 
etc., which act as a template for the target analyte; (b) the transducer, which 
converts bioreceptor–bioanalyte interaction into electronic signal; and (c) 
the detector system that detects the electrical signal and amplify it properly 
(Malik et al., 2013). 

FIGURE 9.1 Components of carbon-based nanomaterials nanobiosensors. 
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9.2.2 TYPES OF NANOBIOSENSOR 

Nanobiosensors are categorized either by nanomaterials used for enhancing 
the biosensor properties, or by biorecognition element utilized for molecular 
identification, or by the kind of transducer utilized for identification. 

FIGURE 9.2 Types of nanobiosensors. 

9.2.2.1 NANOBIOSENSORS BASED ON NANOMATERIALS USED 

9.2.2.1.1 Nanoparticles-Based Biosensors 

Nanoparticle-based biosensors are more effective due to their nanoscale size 
and consequently, they exhibit high surface-to-volume ratio and are highly 
attractive and cost-effective due to easy and bulk synthesis using standard 
chemical methods. They need not be fabricated or modified with advanced 
approaches. Several metal nanoparticles are used to label different kinds 
of biomolecules by maintaining the integrity of their biological activities 
(Hrapovic et al., 2004). 
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FIGURE 9.3 Nanoparticles-based biosensors. 

a) Acoustic Wave Biosensors 
Acoustic wave biosensors were advanced to importantly progress the respon
siveness and restrictions of recognition (Ward and Ebersole, 1996). There can 
be various stimuli-dependent impacts in such type of sensor. Mass-dependent 
types of such sensors comprise the coupling of antibody-altered sol elements 
that fix themselves on the exterior of the electrode which has been mixed 
with the particle of analytes combined in such a way that antibody particles 
are halted on the electrode. The great amount of mass of bound sol elements 
of the antibody outcomes in an alteration in the vibrational frequency of the 
quartz-dependent detecting platforms, and this alteration acts as the basis of 
identification. In common, the accepted diameter of sol-dependent antibody 
particle is in the range of 5–100 nm. Elements of platinum, gold, titanium 
dioxide, and cadmium sulfide are most commonly used (Su et al., 2000; Liu 
et al., 2004). 

b) Magnetic Biosensors 
Magnetic biosensor uses the particularly intended magnetic nanoparticle. 
Such magnetic nanoparticles are commonly ferrite-based material, whether 
used separately or in a shared system. The conventionally used biodetectors 
and diagnostic tools become more sensitive, powerful, and versatile due to the 
incorporation of magnetic nanomaterials (Richardson et al., 2001). Magnetic 
nanoparticle is a commanding and adaptable analytic instrument in ecology 
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and medication. These nanoparticles can be frequently synthesized in the 
arrangement of either single domain or greigite (Fe3S4), superparamagnetic 
(Fe3O4), maghemite (g-Fe2O3), different kinds of ferrites like MeO_Fe2O3, 
where Me = Mn, Ni, Mg, Co, Zn, etc. Destined to biorecognitive particles, 
magnetic nanoparticles can be utilized to disperse or to improve the analytes 
to be recognized (Šafařı́ ́k and Šafařıková, 1999). Distinct gadgets like 
SQUID (superconducting quantum interference devices) have been utilized 
for fast discovery of biotic targets utilizing the super paramagnetic nature 
of magnetic nanoparticles. Superconducting quantum interference devices 
are utilized to curtain the exact antigens from the combinations by using 
antibodies destined to the magnetic nanoparticle (Chemla et al., 2000). 

c) Electrochemical Biosensors 
Nanoparticles are utilized as labels in the electrochemical detection of 
analyte. Often, electrochemical sensors are used for potential environmental 
monitoring due to the formation of electrochemically detectable ions by the 
oxidation of metal nanoparticles (Koedrith et al., 2015). Electrochemical 
biosensors are popular because of their low-priced, comparatively quick 
response time, user-friendliness, and small dimensions. Such sensors 
fundamentally work to enhance or examine the biological responses with 
the help of enhanced electric means. These gadgets are frequently dependent 
on the metallic nanoparticles. Chemical reactions among the biomolecules 
can be effortlessly and professionally carried out with the assistance of 
metallic nanoparticles, which significantly help in attaining immobilization 
of one of the reactants. This capability makes these responses very precise 
and removes any chance of receiving unwanted by-products. In the present 
condition, colloidal gold-dependent nanoparticles have been utilized to 
increase the immobilization of DNA on gold electrode that has significantly 
amplified the efficacy of a complete biosensor by additionally letting down 
the recognition boundary (Cai et al., 2001). 

9.2.2.1.2 Nanotubes-Based Biosensors 

Carbon nanotubes (CNTs) are nanosized materials with best electrochemical 
and electrical properties. Carbon nanotubes are suitable for transport of 
electrical indications produced upon identification of a subject, and thus, it 
plays a significant part in the current growth of enzyme-dependent biosensor 
(Balasubramanian and Burghard, 2006). CNTs are hopeful resources for 
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detection purposes because of their fascinating characteristics. Particularly, 
the greater length-to-diameter part proportions offer for larger surface-to
volume proportions (Sotiropoulou et al., 2003). Furthermore, CNTs have 
an excellent capability to facilitate quick electron transfer kinetics for a 
diverse variety of electroactive types, such as H2O2 or hydrogen peroxide 
or NADH. Additionally, CNTs’ chemical utilization can be done to assign 
nearly every chosen chemical type to themselves, this permits us to improve 
the biocompatibility and solubility of the nanotubes (Wang et al., 2003). 
CNTs, along with its exciting electrical and electrochemical features, 
are perfect together as an electrode and as a transducer component into 
a biosensor. Separate SWCNTs (single-walled CNTs) are tremendously 
subtle to their neighboring situation. Both chemoresistors and chemically 
delicate field-effect transistors (FETs) integrating unspoiled or precisely 
working CNTs have been revealed to be capable of sensing biomolecule 
(Balasubramanian and Burghard, 2006). 

9.2.2.1.3 Nanowires-Based Biosensors 

Nanowires are tube-shaped structures similar to that of CNTs, consisting 
of measurements in the order of a few microns to cm and widths in the 
nanoseries. Nanowires are the 1D structures with great electron-transport 
effects. Specifically, the movement of current transporters in the nanowire 
is dynamically enhanced and are dissimilar from those in majority of the 
supplies. The tiny dimensions and ability of nanowires make them suitable 
option to be utilized for biodetection of pathogen and numerous real-time 
monitoring of a widespread variety of biotic and biochemical classes, 
therefore, massively extemporizing the carriage precisions of currently used 
in vivo analytical methods (Cui and Lieber, 2001). Nanowire biosensor 
can be ornamented with practically any possible biochemical or biotic 
molecular detection units, by suitable superficial features. The nanomaterial 
transduces the biochemical binding action on its exterior into an alteration 
in the conductance of the nanowires in an tremendously subtle, realistic, and 
measurable manner (Wang et al., 2009; Wang, 2002). 

9.2.2.1.4 Bionanomaterial-Based Biosensors 

The special features of nanomaterials additionally when combined with 
catalytic function of biomolecules form various efficient nanosensors. The 
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self-organization of biological molecules within sensors are led to obtain 
a well-defined nanostructure with biomaterials (Abdel-Karim et al., 2020). 
Inside the biosensor, the bioreceptor is united with an appropriate transducer 
that creates an indication after collaboration with the particle of attention. 
The occurrence of the biotic component forms the system tremendously 
precise and very subtle, offering an advantage to the traditional techniques. 
Throughout the time, various naturally occurring and man-made biotic 
sources have been utilized in the biosensor. The utmost significant botic 
sources are the dendrimers, enzymes, tinny films, etc. In an enzyme-depen
dent biosensor, the biotic material is an enzyme that reacts distinctively with 
its substratum (Guilbault et al., 2004). 

9.2.2.2 BASED ON BIORECOGNITION OR BIORECEPTOR 

Nanobiosensors can be categorized into the following: 

a.  Enzyme-dependent nanobiosensors 
b.  Immuno-nanobiosensors 
c.  DNA-nanobiosensors (Fu et al., 2017) 

9.2.2.3 BASED ON STRUCTURE AND TRANSDUCTION 

a) Optical nanobiosensors 
Optical nanobiosensor works on fiber optic by means of absorbance, total 
internal reflection, or fluorescence, bioluminescence, chemiluminescence, 
evanescent wave, or SPR (surface plasmon resonance). Optical nanobiosen
sors are usually handled for the recognition of pathogens depending on the 
fluorescence and SPR (surface plasmon resonance). Usually, this approach is 
depending on the tracking of the shift in an optical sign among the working 
pathogens and nanomaterials. The major advantage of this technique is that 
with tiny cell disturbance, the device can mix into the inner parts of the cells. 
Optical transducers are promising devices to design a potential, low cost, 
user-friendly and on-site nanobiosensing tool (Fu et al., 2017; Kabariya and 
Ramani., 2017). 

b) Electrochemical nanobiosensors 
Electrochemical transducer is potentiometric, amperometric, conductometric, 
and impedimetric systems. The structure of carbon nanomaterial includes two 
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types, which are 2-dimensional, that is, planar in the case of graphene and 
1-dimensional, that is, tubular in shape for CNTs. These form them perfect 
transduction constituents. Moreover, its electrochemical features like fast 
electron transfer kinetic, lesser residual charge, available reusable surfaces, 
widespread probable window and improved current with noteworthy 
decrease in excess potentials create carbon nanomaterial a suitable option 
for biosensing applications when compared with other carbon-dependent 
electrode material like glassy carbon (Wang et al., 2009). 

i) Carbon nanomaterials used for electrochemical Biosensors 
Nanomaterial are utilized for the manufacture of electrochemical biosensor 
and are established for the ecological examination. Electrochemical biosensor 
can be categorized based on the source of nanomaterials and transducer 
utilized for the electrode alterations (Mazzei et al., 2015). The carbon nano
materials have been widely utilized for an electrochemical biosensor due to 
their larger external region, because of this, numerous recognition actions 
can occur concurrently on its external area and the binding of biomolecule 
is easily possible too. Carbon nanomaterials exhibit the electrical, physical, 
mechanical, and optical characteristics that make them ideal option to be 
utilized in the biosensor. Their charge storing and electron transfer property 
can be put together for the electrochemical uses The electrochemical perfor
mances of the biosensors could be improved by adjusting the structure of their 
molecules to engineer their electrochemical activity. Carbon nanomaterials 
do own a greater surface-to-volume ratio, electrical conductance, and motor
ized power which make thema suiable option for use in the electrochemical 
biosensor (Royea et al., 2006; Goyal et al., 2010; Revin and John, 2012). 

b) Mechanical nanobiosensors 
Usually, nanomaterial is used in the biorecognition of materials (1) as 
subsistence for the load of many pointers, for example, fluorescent dyes, 
biomolecules, or Raman reporters to intensify the detection action by its 
high surface-volume proportion or (2) as the pointer which is formed with 
the help of chemical reaction to attain numerous signal intensification (Fu 
et al., 2017). Biomolecular collaboration is calculated through motorized 
nanoscale biosensor. Depending upon the alterations in the external stress 
created by the interaction among the target and probe particles on its surface, 
chemical vapor at tiny level can be recognized. The extent of the shift in the 
surface stress depends on the type of contact which happened, consisting of 
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the forces of electrostatic, van der Waals, hydrogen bonding, etc. There are 
three ways for transforming detection of the targeted analytes into the canti
lever micromechanical bending’s: (1) bending in response to a surface stress, 
(b) bending in response to a mass loadings, and (c) bending as a consequence 
of a temperature alteration (Choudhary et al., 2015). 

9.3 CARBON-BASED NANOMATERIALS FOR BIOSENSING 

Nanomaterial structures are commonly recognized as exciting gadgets with 
precise chemical and physical features because of their smaller dimension 
impacts and larger surface which provide the specific and varied character
istic as compared with majority of the substances. The study of such varied 
features offers the chance to advance biosensor characteristics and enhance 
the strength of identification through dimension and structure regulation 
(Pandit et al., 2016). Presently, along with nanotechnology advancements, 
the investigations about the features of nanomaterials and nanobiosensors 
are too increasing. The curiosity and significance of nanomaterials in the 
manufacture of nanobiosensors lie in their unusual features which makes 
them an optimal choice for detection devices. (Malik et al., 2013). Materials 
containing carbon show superior characteristics like greater conductance, 
higher stability, lesser price, wider usable window, and easier surface 
working (Zhang et al., 2016). Thus, these have been widely considered 
and used for different electroanalytical usages, especially the upcoming 
nanoscale carbon material groups of CNTs, graphene, and nano/mesoporous 
carbon. This nanostructure enables promising revelation of surface groups 
for the association among analytes and transducing materials, forwarding 
to notable identification action for ecological contaminants (Ramnani et al., 
2016; Brett, 2001). Integration of nanotechnology with biosensors became 
faster, cleverer, cheap, and easy to use. The transducing mechanism has been 
notably enhanced with the use nanostructures and nanomaterials (Pandit et 
al., 2016). 

9.3.1 PROPERTIES OF CBNS 

9.3.1.1 CARBON NANOTUBES 

CNTs initially defined in the year 1991 by Sumio Iijima (S. Iijima, 1991), 
In carbon nanotubes, each carbon atom having three electrons makes a 
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trigonal coordinated s bond to three carbon atoms by using sp2 hybridization 
(Iijima, 1991; Yang et al., 2019; Kumar et al., 2017). Carbon nanotubes are 
fundamentally one sheet of graphene trundled in the manner of a hollow 
tube flawlessly. CNTs have the characteristic feature of rolled graphene 
sheets piled in the tubular/cylindrical structure with a diameter of several 
nanometers. The CNTs can have diverse lengths, diameters, layers and 
chirality vectors (Iijima, 2002; Iijima and Ichihashi, 1993). CNTs generally 
become the option for the manufacture of biosensor due to their greater 
power and their notable physicochemical features. CNTs are connected 
with superior conductance, higher sensitivity, great biocompatibility, and 
excellent chemical stability (Hu and Hu, 2009). Based upon its chirality, 
CNTs can have properties of metal, semiconductors, and have vigorous 
optical absorption in the near-infrared range. 1-D nature, charge transfers in 
CNTs were discovered to happen by quantum impacts and single blowout 
along with the tube axis, while causing no scattering. Such exclusive electric 
and physical features of CNTs make them suitable to be used in biosensors 
so that some alterations in the electron transfer can signify the incidence 
of a biotic marvel whose drive is to identify it. The surface of CNTs can 
be changed with varied chemical groups, or biomolecule can be controlled 
on the total area of surface, mechanical, uniform distribution in solution, 
optical absorption, ability of conduct electrical current, and strength 
abilities to attain enhanced functionality of the electrochemical biosensors. 
For such motives, CNTs are widely utilized as a surface transformer to 
plan the electrochemical biosensor (Heydari-Bafrooei and Ensafi, 2019). 
Furthermore, the end and sidewall of the CNT can be effortlessly altered by 
assigning any wanted chemical groups. CNTs can be outstanding transducer 
in the nanoscale sensor because of their noteworthy sensitivity. Through 
literature, it is described that CNTs can increase the electrochemical 
reactivity of significant biomolecule, and arbitrate quicker electron transfer 
kinetics for a wide variety of electroactive types (Wang, 2005). Generally, 
CNTs can be classified on the basis of structure as into two types: single-
walled carbon nanotubes SWCNTs and multiwalled CNTs (MWCNTs). 
SWCNTs consist of only a sheet of graphene containing sp2 hybridized 
carbon structured into a hexagonal honeycomb networks with diameters 
around 0.4–3 nm and a length of up to several µm (Balasubramanian and 
Burghard, 2005). MWCNTs are made of concentrical cylinder of trundled 
graphene sheets, having variable diameters of several tens’ of nanometers 
relying on the number of graphene sheets, and the distance between sheets 
and interlayer spacing is nearly 0.34 nm (Ajayan, 1999). SWCNTs can be 
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of semiconducting or metallic nature relying on their chirality and diameters 
of the tube (Wilder et al., 1998). There are three chiralities for SMCNTs: 
armchair, zigzag and chiral armchair. SWCNTs are metallic and remaining 
chirality are semiconducting in nature. MWCNTs consist of multilayers of 
graphene, and every layer can have a diverse chirality (Gao et al., 2012). 
SWCNTs show superior chemical stability, greater mechanical power, 
and a variety of electrical conductance characteristics. MWCNTs show 
metallic electric features which are parallel to metallic SWCNT (Hu et al., 
2010), which in few aspects make them an optimal for the electrochemical 
application. Optical characteristics shown by MWCNTs are lesser prominent 
than that of the SWCNTs, so they are utilized as a delivery system for greater 
biomolecule consisting of plasmid (DNA) into cell. Both these types of CNTs 
consist of 1-D arrangement and show superior features, such as conductance, 
adsorptive capability, and higher bioconsistency. Such features allow carbon 
nanotubes to transport high fluxes with slight heating (Wei et al., 2001). 
The less width and specific physical characteristics consisting of superior 
electrical conductivity, ampere density, modulus, and stability of SWCNTs 
make them suitable option for making electrochemical detecting gadgets 
(Sarkar and Srinives, 2018). 

9.3.1.2 GRAPHENE 

Graphene (GR) structure consists of 2-dimensional sheets of carbon atoms in 
a form of hexagonal structure like a honeycomb arrangement. In the structure 
of graphene, carbon atoms are sp2 hybridized, and one carbon is bonded with 
three other carbon atoms at a 120 degree bond angle, all of them are arranged 
in the same plane. For such reasons, a grid of hexagon is done. Various 
functional groups, along with hydrogen atoms can be arranged into the free 
space (Erol et al., 2018). Graphene, as the most popular 2-D nanomaterial, 
has widespread concern from its discovery in the year 2004. This astonishing 
nanostructure discloses excellent electric conductance, higher electron transfer 
rate, mechanical power, and larger surface area, which makes it capable 
for numerous potential usages in the area of tangible electronics, energy-
storing gadgets, detection gadgets, catalyst, membrane, and nanocomposite. 
Specifically, in detecting instruments, graphene has showcased huge hopes 
in the aspects of its outstanding conductance, larger surface region, wider 
electrochemical window, and electrochemical stability (Ping et al., 2011; Yao 
and Ping, 2018). Graphene is being utilized as a transducing nanomaterial in 
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conductometric, impedimetric, and amperometric detectors for sensing the 
pathogen and bacteria’s (Xu et al., 2017). Graphene can be exfoliated and 
reacted for the formation of GO to create stable spreading in water because of 
the existence of the epoxide, hydroxyl, and carboxyl functional group (Chang 
et al., 2014). After reducing, graphene is altered into rGO or reduced GO 
with low oxygen content and organizational defects giving higher thermal 
conductance. GO, rGO or reduced graphene oxide is utilized with superior 
outcomes in the electrochemical biosensors: graphene showcases certainly 
a greater surface region and thus it could be effortlessly immobilizing the 
enzyme by amidic bonds compared with rGO but rGO, being similar to pristine 
graphene, should showcase, in principles, much greater conducting property 
than GO (Carbone et al., 2015; Pumera, 2011). Generally, the derivative 
of graphene-dependent material consists of GO, graphene quantum dots, 
single and multilayer form of graphene, and rGO. GO has an oxygen reliant 
functional group, that makes it simple to spread in an aqueous and organic 
solvent. This is an extreme benefit of graphene that enables it to syndicate 
with remaining compounds, such as ceramics and polymers. Though, GO 
is cloistered concerning the electrical conductance. To restore the electrical 
conductance, it is necessary to recover the hexagonal honeycomb arrangement 
of graphene again by reducing GO into rGO. rGO will not be handily spread 
as it has a propensity of combination. Like CNTs, graphene could also be 
chemically working, refining its features for utilization in various applications 
(Heydari-Bafrooei and Ensafi, 2019). GO has a higher density of oxygen-
carrying functional group, and is not very conductive because of disrupted 
coupled π–π bonds. Its conductance can be restored by reducing, performing 
thermally, chemically, or electro chemically, and these materials are labeled 
as rGO. Though graphene sheets do not contain any oxygen, it can spread up 
to 30% in GO; yet, the quantity of oxygen can be reduced to about 5–10% 
in rGO through reduction (Filip et al., 2015). Graphene is being used in a 
variety of biosensors, and specifically for affinity-dependent biosensors like 
immunosensors or DNA sensors for detecting higher molecular mass analyte, 
like DNA or protein (Akhavan et al., 2012). Graphene reliant material 
with higher surface area and varied workings enables the immobilization 
of enzymes and antibodies that can intensely increase the electrochemical 
readout by signal enhancement. As GO or rGO is much less costly when 
compared with the remaining nanomaterials, then the strategy can result in 
the cheaper manufacture of ultrasensitive affinity-dependent electrochemical 
biosensor (Filip et al., 2015). 
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9.3.1.3 CARBON NANOFIBERS 

CNFs or carbon nanofibers are the cylinder-shaped cable type nanostructure 
in which graphene panes are loaded in dissimilar structures, such as ribbon, 
herringbone, or platelet. The extent of CNFs differs in the direction of microns 
and can be up to 10 μm while its widths vary in the range 10–500 nm. Its 
machine-driven power and electronic features are similar to CNTs. CNFs also 
have properties like the virtuous electric conduction, great superficial region, 
biocompatibility, and effortless manufacturing procedure which are important 
for electrochemical detection application. Furthermore, CNFs can be effort
lessly utilized to ensemble a specific sensing process (Endo et al., 2002). 

9.3.1.4 FULLERENE 

The allotropic alteration of carbon, commonly recognized as fullerene, was 
revealed in 1985 by H. W. Kroto, R. F. Curl, and R. F. Smalley (Kroto et 
al., 1985). It is considered as the first nanomaterial to be magnificently 
separated. The typical characteristic of fullerene is the creation of an amount 
of atomic Cn groups (n > 20) of carbon on a sphere-shaped exterior. Carbon 
atoms make the covalent bond among themselves in the sp2 hybridized state 
in fullerene. These carbon atoms are frequently existing on the superficial 
layer of the sphere shape at the vertexes of hexagons and pentagons. C60 
is fullerene which has been extensively researched and examined. It has 
extremely symmetrical sphere-shaped particles containing 60 C-atoms, 
existing at the apexes of 20 hexagons and 12 pentagons or 60 carbon atoms 
including 20-six member rings and 12-five member rings (Paredes et al., 
2008). Carbon atoms in fullerene are organized in a sphere-shaped arrange
ment commonly known as buckyball structure, and hence they do not have 
any size. Fullerene can create unswervingly from graphene the formation of 
pentagons on the sides of graphene, that is trailed by the deforming of the 
graphene plane to a spherical shape, which is called wrapped-up graphene 
(Afreen et al., 2015). Fullerene has substantial electrical, chemical, and 
physical features and is thus considered to be a perfect solid for constructing 
nano assemblages for a number of applications. Fullerene has sphere-shaped 
assembly that makes it likely to quicken the transfer of control and electron 
in numerous tenders. Fullerene could be transformed into a multipurpose 
material that is completed by functionalization with noncovalent and cova
lent communications. Fullerenes are automatically robust and can withstand 
great compressions (Heydari-Bafrooei and Ensafi, 2015). 
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9.3.1.5 CARBON NANO HORNS 

CNHs or carbon nanohorns are pointed crates that are alike SWCNTs. They 
are sp2 hybridized, semiconductive, extremely resilient to oxidation, and 
with equal response rates. Though, they consist of greater thickness of flaws 
that enable functionalization, they are typically broader, letting unrestricted 
drive of captured particles (Russell et al., 2016), and can be produced in 
higher amounts at room temperature in the nonappearance of possibly deadly 
metal substances. The application of CNHs has grown at a considerable 
sluggish rate than CNTs due to their combination into sphere-shaped group, 
which produces dispersal and superficial alteration problem. A novel method 
for unravelling groups into separate CNHs was described lately that could 
hasten its expansion (Karousis et al., 2016). 

FIGURE 9.4 Various ways of preparation of carbon-based nanomaterials. 

9.3.2 SYNTHESIS OF CARBON NANOMATERIALS FOR BIOSENSING 

9.3.2.1 CARBON NANOTUBES 

The most widely used approaches to the synthesis of CNTs include arc 
discharge, laser ablation, and chemical vapor deposition (CVD). Primarily 
SWCNT and MWCNTs are fabricated with arc-discharge approach. SWCNT 



 

 

 
 

279 Carbon-Based Nanomaterials 

and MWCNT were obtained by Iijima of the NEC Corporation. Moreover, 
Since 1985, laser ablation method was used for synthesizing the fullerene as 
well as CNTs. High power laser beam radiation applied on the graphite sheet 
in the presence of an Ar or an N2, evaporated carbon transformed at 1200°C 
to MWCNT in an Ar or an N2 atmosphere. Impregnation method is used 
for the production of SWCNT bundles. Graphite can be impregnated with 
certain catalysts, such as nickel(Ni) and cobalt (Co) to enhance the property 
(Xu et al., 2016). 

MWCNT is produced with arc-discharge method. In this method, arc is 
placed between two carbon rods under some conditions whereas suitable 
metal catalysts, such as Co, Fe, Ni, Pt, and Rh are utilized for the fabrication 
of SWCNT. CVD is another adaptable and cost-effective approach for the 
production of CNTs on a diverse scale based on the morphology and crystal
line structure. In this method, carbon sources (generally gaseous) are heated 
under high temperature in the temperature furnace. Carbon sources with high 
temperature are split into carbon atoms in the presence of transition metal 
catalysts, such as Co, Ni, or Fe which initiate the development of CNTs. 
CNT production is very high with the CVD approach and the nanotubes 
produced are structurally defectivecompared with other approaches. CNT 
produced with the processes mentioned above is purified through refluxing 
with some strong acid, sonication-assisted surfactants dispersion in aqueous 
solution, or by the process of air oxidation (Kroto et al., 1985). 

9.3.2.2 GRAPHENE 

Various methods were intended for graphene synthesis, such methods are 
mechanical exfoliation, pyrolysis, chemical reduction of GO, chemical 
exfoliation, epitaxial growth, CVD approach, and plasma synthesis (Xu et 
al., 2016). Peel-off or micromechanical exfoliation method depends on the 
separation p-stacked layers in graphite through repetitive exfoliation with 
scotch tape. Peel-off method of graphene synthesis is highly superior, though 
the sample size is very small or is in micron size (Hernandez et al., 2008). 

In the chemical reduction approach, graphene is produced with the reduc
tion of GO. In this approach, Hummer’s method is used for the oxidation of 
graphite and to form graphite oxide, and then exfoliated through sonication 
for the generation of GO flakes (Paredes et al., 2008). Graphite is treated 
with potassium permanganate, sodium nitrate, and concentrated sulfuric acid 
for a short time to bring polar oxygen-containing functional groups, such as 
epoxide, carboxyl, carbonyl, and hydroxyl to introduce hydrophilic nature in 
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the layers (Hummers et al., 2007); To make stable dispersion of single layers 
and few layers of GO in a various organic solvent or the water, oxygen-
containing layers in GO can be mechanically exfoliated with the sonication 
process. An exfoliated solution of graphene is stabilized in the surface-active 
agent, then the flakes of GO can be applied on a suitable substrate with spray 
coating and drop-casting. 

Chemical defects and crystalline damages are in greater compromise in the 
electrical properties of exfoliated GO than pristine graphene. The chemical 
oxide group and sp3 defects must be reduced to remove such imperfection 
to restore the electrical properties (Stankovich et al., 2007). GO is reduced 
electrochemically with the application of reducing potential on GO layers or 
with reducing agents (e.g., hydrazine), or by using high temperature (Mao et 
al., 2011; Ramnani et al., 2016). To synthesize pure graphene at a manufac
turing level, the frequent method which is used to produce graphene sheets 
is the method of decomposition of SiC at high temperature (De Heer et al., 
2007), or the graphene is epitaxially grown on transition metals, such as Ni, 
Pd, Ru, Ir, and Cu by CVD of only carbon and hydrogen (Hass et al., 2008; 
Kim et al., 2009). Graphene can be utilized for the electrode modification 
and sensing mechanism due to its distinctive characteristics that are rapid 
conductivity, elevated elasticity, mechanical strength, surface area, and fast 
heterogeneous transfer rate (Akhgari et al., 2015). 

9.3.2.3 CARBON NANOFIBERS 

The CNFs can be obtained by laser ablation (Guo et al., 1995) approach. 
Other methods, such as thermal chemical vapor deposition, plasma-enhanced 
chemical vapor deposition (PECVD), and electrospinning methods are also 
used for the production of CNFs (Sharma et al., 2011). In the thermal chemical 
vapor deposition method, an organic compound is decomposed with a metal 
catalyst at a stable temperature (Zahid et al., 2018). The CVD fabricates CNFs 
along with impurities which need an additional complex decontamination 
process whereas the electrospinning method produces CNFS through a very 
simple process with high purity (Liu et al., 2008; Tang et al., 2011). 

9.3.2.4 FULLERENE 

Fullerenes are synthesized simply with the primary laser ablation of graphite, 
followed by arc-discharge method, and thermal decomposition of an aromatic 
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organic compound. Fullerene was first discovered by Kroto et al. (1985). It 
was obtained by sublimation of graphite through a pulsed laser beam (Kroto 
et al., 1985). 

9.4 APPLICATION OF CARBON NANOMATERIAL-BASED 
BIOSENSORS FOR MONITORING ENVIRONMENTAL POLLUTION 

The rapidly growing global urbanization and industrialization are directly 
impacting over environmental safety and eventually human health. The 
hazardous pollutants, which are challenging the environmental quality 
by imparting issues of concern related to water and soil pollution include 
various organic and inorganic toxicants, heavy metals, steroids, hormones, 
pesticides, industrial chemicals, and infectious microbes, etc. Even these 
toxicants are found in very small quantities, such as micrograms or 
nanograms per liter, they have strong potential to damage human health 
(Salouti et al., 2020). Since commonly found heavy metals contaminant 
are cadmium, lead, mercury, arsenic, and nickel are nonbiodegradable, 
carcinogenic, and have the ability of bioaccumulation within the organism. 
Their small dosage may also cause severe health hazards (Sankhla et al., 
2016; Sonone et al., 2020; Steffens et al., 2017). The natural and synthetic 
hormones toxicity may lead to testicular and prostate cancer, low sperm 
count, endometriosis, and breast enhancement (Moraes et al., 2015; Salouti 
et al., 2020). Moreover, pesticide pollutants are carcinogenic, teratogenic, 
and mutagenic and may cause hematopoietic cancers, immunologic 
abnormalities, and adverse reproductive, genotoxic, and neurotoxic effects
(Eskenazi et al., 1999; Ünal et al., 2011; Gulia et al., 2020; Sankhla et al., 
2018; Yadav et al., 2019). 

To overcome such severe environmental pollutants, it is important to 
develop a good environmental quality monitoring and biosensing tool. 
Carbon nanomaterial-based biosensors can be used for the assessment of the 
biological and chemical quality by monitoring major biological and chemical 
environmental pollutants (Salouti et al., 2020). These extremely sensitive, 
rapid, portable and low-cost biosensors target and detect the significant 
pollutants pathogens, pesticides, explosives, hormones, antibiotics, noxious 
gases, and heavy metal ions. The better utilization of these biosensors is 
beneficial and they are considered to be excellent tools to improve the 
environmental quality (Ramnani et al., 2016; Lin et al., 2019; Salouti et al., 
2020). To increase the sensitivity of the biosensing platform, it is modified 
with highly specific recognition elements, such as a molecularly imprinted 
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polymer (MIP), biological entities including different antibodies and aptamers 
(Torrinha et al., 2020). 

9.4.1 SENSING OF CHEMICAL CONTAMINANTS 

9.4.1.1 SMALL ORGANIC MOLECULES 

The mostly occurring organic pollutants of concern include natural as well 
as synthetic organic matter as humus substances, nitroaromatic explosives, 
dyes, toxins, pharmaceuticals, pesticides, personal care, and domestic waste 
compounds and their sensing is very important for maintaining the environ
mental quality (Smith and Rodrigues, 2015). Conventional detection methods 
are not able to accurately sense due to the minute size of such pollutants. But 
these compounds usually include some electroactive functional group which 
can be oxidized or reduced with the application of potential and this feature 
is broadly used to sense the pollutants using carbon-based electrochemical 
nanobiosensors (Ramnani et al., 2016). 

9.4.1.1.1 Nitro-Based Explosives 

Advancement in the development of nanomaterials shows strong potential 
to create electrochemical sensors for detecting explosives due to very high 
surface area-to-volume ratio, convergent rather than linear diffusion, enhanced 
selectivity, catalytic activity, and distinctive electrical and optical properties 
that can be exploited for highly sensitive molecular adsorption detection 
(O’Mahony and Wang, 2013). Since 2,4,6-trinitrotoluene (TNT) is a best 
known explosive material and is also used for the synthesis of various dyes, 
pesticides, and plasticizers. The occurrence of its residues in the soil as well as 
in water sources as persistent pollutants is a matter of environmental concern. 
The highly sensitive, selective, and rapid sensing of small molecules of TNT 
can be achieved by using portable SWCNTs-based chemiresistive affinity 
biosensor (Pennington and Brannon, 2002; Park et al., 2010). Graphene 
containing sensing device constructed by electrochemical reduction of GO 
onto a glassy carbon electrode (GCE) is employed for the detection of residues 
of TNT and other nitroaromatic explosives, such as dinitrotoluene (DNT), 
trinitrobenzene (TNB), and dinitrobenzene (DNB) (Chen et al., 2011). The 
CNTs and graphene nanoribbons are considered as potential biosensors for 
tracing of nitro-based explosives in seawater (O’Mahony and Wang, 2013). 
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9.4.1.1.2 Pharmaceutical Pollutants 

The growing medicinal needs and eventually increasing pharmaceutical 
production and consumption has become a global issue of environmental 
concern. The pharmaceutical pollutants may include various chemical products, 
such as antibiotics, hormones, β-blockers, anti-inflammatories, anticonvulsants, 
antacids, antidiabetics, analgesics, CNS agents, which are highly contaminating 
the ecosystems, especially water systems and causing severe impacts on 
human health. As antibiotics, hormones, and anti-inflammatories are highly 
consuming pharmaceuticals and consequently major occurring environmental 
pollutants, they were mostly studied for environmental biosensing (Torrinha 
et al., 2020). Here also, carbon nanoparticle-based biosensors are useful in 
the detection of these pollutants because of their extra properties such as high 
chemical toxicity, low cost, and commercial availability (Torrinha et al., 2020). 

9.4.1.1.2.1 Antibiotics 
Antibiotics are one of those types of pharmaceutical pollutants which are 
released not only from industrial or hospital waste but also through domestic 
waste and commercial livestock farming (Ramnani et al., 2015). Bueno et al. 
showed individual amperometric detection of six types of antibiotic residues 
belonging to a class of sulfonamide antibiotics or sulfa drugs using GCE/ 
MWCNT-Nafion® sensor (Bueno et al., 2013). While recently, Silva and 
Cesarino developed an advanced electrochemical biosensor, that is, GCE/ 
rGO–AuNPs electrode for selective detection of sulfamethazine antibiotic 
from polluted water, even in the occurrence of additional potential organic 
interferences. This nanocomposite was prepared by immobilizing gold 
nanoparticles (AuNPs) and rGO on GCE and then employed for biosensing 
under differential pulse voltammetry (DPV) optimized conditions (Silva and 
Cesarino, 2019). Tetracycline is also one of the most consumed classes of 
antibiotics. Lorenzetti et al. employed disposable and portable biosensor, that 
is, SPE/rGO with adsorptive stripping DPV (AdS-DPV) technique of in situ 
detection for sensing three types of natural tetracyclines (tetracycline, chlor
tetracycline, and oxytetracycline) and one semisynthetic tetracycline, that 
is, doxycycline. But this method has limited applicability due to short linear 
range and relatively low interelectrode precision. The tetracycline antibiotic 
can be analyzed by basically graphene-based (GCE/graphene/L-cysteine, 
MWCNT-based (GCE/MWCNT-Nafion®), and CB-based (GCE/CB-PS) 
nanobiosensors (Vega et al., 2007; Sun et al., 2017; Delgado et al., 2018). 
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9.4.1.1.2.2 Endocrine-Disrupting Chemicals 
Endocrine-disrupting chemicals (EDCs) are synthetic hormones, such as 
bisphenol-A(BPA), 17α-ethinylestradiol, and diethylstilbestrol, which causes 
adverse impacts over human as well as animal health mainly by affecting 
reproductive characteristics (Diamanti-Kandarakis et al., 2009; Vandenberg 
et al., 2012). Numerous studies have been conducted for sensitive detection 
of 17β-estradiol under DPV optimized conditions using graphene-based 
electrochemical sensors, such as GCE/rGO-MIP-Fe3O4, GCE/rGO-CuTthP, 
GCE/exfoliated graphene as well as with biochar-based nanobiosensors, 
such as GCE/biocharNPs (Li et al., 2015; Moraes et al., 2015; Hu et al., 
2015; Dong et al., 2018). Recently, in 2019, Duan et al. proposed potential 
17β-estradiol sensing mechanism GCE/MOF(Al)–CNT/PB/MIP(PPy) using 
CNT-based biosensor with the highest sensitivity (21,000 µA/µmolL). This 
advanced mechanism was modified as the double sensitization material 
with MIP for highly sensitive recognition and electrodeposition of a Prus
sian blue layer and polypyrrole (PPy) for better imprinting effect and rapid 
sensing (Duan et al., 2019). Several studies have been carried out for the 
potential detection of another disrupting hormone, that is, diethylstilbestrol 
using graphene quantum dots (GQD) of modified screen-printed electrodes 
as a nanobiosensing platform, that is, SPE/GQD, GCE modified with 
MWCNT, gold nanoparticles, and cobalt phthalocyanine film electrode as a 
nanobiosensing platform, that is, GCE/AuNPs/MWCNT-CoPc, and carbon 
black paste electrode as nanobiosensing platform, that is, CPE(CB) (Qu et 
al., 2012; Aragão et al., 2017; Gevaerd et al., 2019). 

9.4.1.2 HEAVY METALS 

Heavy metal pollutants are mainly released from metallurgical industries 
and are hazardous to human health as they are highly persistent in nature and 
bioaccumulative in living organisms. These heavy metals are mercury (Hg), 
copper (Cu), lead (Pb), nickel (Ni), cadmium (Cd), and zinc (Zn). Thus, their 
potential, rapid, and on-site sensing and real-time monitoring is a vital need 
to maintain environmental quality as well as individual well-being (Yilmaz 
et al., 2007; Ramnani et al., 2015). The detection of these elements is also 
possible with regular spectroscopic techniques, such as AAS, inductively 
coupled plasma mass spectroscopy (ICP-MS), etc. But these techniques are 
not suitable for real-time and on-site detection, as well as that are expensive 
and relatively time-consuming also. Alternatively, enzyme-based detection 
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methods can also be employed for sensitive sensing of metals, which is 
achieved by the inhibition of enzyme due to their binding with metal ions. 
But this method also has some limitations such as poor stability of enzymes 
at physiological pH and reduced selectivity due to other interference. There
fore, for potential sensing of heavy metals, the sensing tool must overcome 
such limitations (Burlingame et al., 1996; Wanekaya et al., 2008). 

Several studies have been conducted to develop a suitable carbon-based 
nanobiosensing tool for highly sensitive, selectivity, real-time and anti-
interference detection of heavy metals (Ramnani et al., 2015). The label-free 
and sensitive detection of Hg (II) can be conducted by using a chemiresistor 
based on SWNTs within the linear range 100 nM–1 µM (Gong et al., 2013). 
Li et al. (2009) proposed an electrochemical sensor GCE modified with 
graphene for the detection of Cd (II). Morton et al. (2009) conducted another 
study to develop the sensor GCE modified with carboxylated CNT for the 
detection of Cu (II) with cyclic voltammetry (CV). The sensing of Arsenic 
(III) was also performed on GCE modified with DNA-functionalized, 
single-walled carbon nanotube (DNA–SWNT) hybrid using linear sweep 
voltammetry (LSV) as a detection technique (Liu and Wei, 2008). The 
electrochemical sensor with graphene-modified GCE, DNA-wrapped 
metallic SWNTs, carboxylated CNT-modified GCE as potential biosensors 
for Pb (II) (Li et al., 2009; Morton et al., 2009; Lian et al., 2014). 

9.4.1.3 PESTICIDES 

Pesticides used for agricultural purposes are increasingly polluting the 
surrounding ecosystems and the consumption may cause hazardous effects 
on human health. Carbon-nanoparticle-based biosensors can be successfully 
employed for their detection and simultaneously environmental monitoring, 
because conventional chromatographic or spectrometric methods are not 
suitable for rapid, low cost and real-time monitoring. Carbamate (CBMs) 
and organophosphorus (OPs) pesticides are extensively used due to their 
desired and extensive applications. But both these pesticides are highly 
neurotoxic and may cause cholinergic dysfunction, neurological, and motor 
level complications (da Silva et al., 2018; Gulia et al., 2020). 

Carbaryl is the widely used pesticides from the CBMs class. The graphite-
based nanobiosensor, poly-p phenylenediamine/ionic liquid/CPE having 
linear range within 0.5–200 µM and limit of detection (LOD) 0.09 µM is 
developed for the detection of carbaryl residues in water (Salih et al., 2018). 
Several phenyl-CBMs, such as carbaryl, carbofuran, and isoprocarb can be 
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detected in water ecosystems using single carbon black nanoparticles-based 
(CBNs) biosensing tools (Della Pelle et al., 2016). Another pesticide of the 
same class, carbendazim can be sensitively sensed in river water, rice field 
water, and soil using graphene-modified CPE having linear range 2.61–52.3 
µM and LOD of 0.58 µM (Noyrod et al., 2014). Moreover, many studies have 
been conducted to develop graphene-, CNT-, CB-, GCE- and boron-doped 
diamond (BDD)-based potential environmental biosensors for the detection 
of CBM residues present in freshwater, sea water, paddy water, field water, 
and soil (Oliveira et al., 2020). 

Both OPs and CBMs have neurotoxic action and they inhibit the catalytic 
activity of acetylcholinesterase (AChE) which prevents the breakdown of 
the transmitter choline and consequently blocks the nerve transmission. 
Therefore, the characteristics of AChE inhibition have been widely used 
in developing electrochemical-enzymatic biosensors for sensitive, more 
selective, and noninterference sensing of CBM and OP pesticides. An 
amperometric biosensor based on the modification of the graphene surface 
by epoxy resins and immobilized AChE (graphite epoxy composite/AChE) 
having range within 6–20 µM and LOD of 0.001 µM can be employed for 
the detection of CBMs and OPs in water environments (Montes et al., 2018). 

9.4.1.4 NOXIOUS GASES 

The increasing industrialization leads to a release of toxic gases, such as 
NOx, NH3 and CO in the air. As an electronic property of graphene is strongly 
influenced by the adsorption of such noxious gas molecules, graphene and 
grapheme-derivative-based biosensors are considered as most promising gas 
sensing tools for environmental biomonitoring. The hybrid structure formed 
by blending of nanoparticles of metal oxides with graphene or its derivatives 
have been investigated, which showed a more selectivity and sensitivity with 
high gas sensing potential (Chatterjee et al., 2015). 

9.4.2 SENSING OF BIOLOGICAL CONTAMINANTS 

Various pathogenic bacteria and viruses are increasingly polluting the 
environment and these pathogenic microbes are causing major infectious 
diseases, which may lead to fatal effects on human health. Therefore, the 
need for the development of potential environmental monitoring tools for 
rapid and cost-effective sensing microbial pathogens is also increasing. The 
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commonly used detection techniques, such as enzyme-linked immunosor
bent assay (ELISA) and polymerase chain reaction (PCR) are not suitable 
for real-time and on-site detection because such techniques require sample 
pretreatment and long experimental procedures. Due to high sensitivity, 
rapidness and selectivity of carbon nanomaterial-based electrochemical 
biosensors can detect a broad spectrum of microbial outbreaks in drinking 
water ecosystems and surrounding environment with easy and cost-effective 
manner (Rodríguez-Lázaro et al., 2005; Ramnani et al., 2015). 

9.4.2.1 PATHOGENIC VIRUS 

Viruses are the smallest intracellular pathogens or infectious agents which 
affect the human body with various severe diseases. The carbon nanopar
ticles, such as CNT, QD, and GO can be employed to detect these pathogenic 
viruses present in the environment. Carbon nanomaterial-based aptamer and 
DNA sensors are mostly applied for sensing viruses (Mokhtarzadeh et al., 
2017). Wang et al. (2013)developed a sensor, that is, ssDNA-SWCNTs/ 
AuNPs for sensing hepatitis B and papilloma virus, where the DNAs of these 
viruses were captured by probe ssDNA and immobilized on CNT-based 
platform coated with gold nanoparticles. A target-specific and sensitive 
rGO-based aptamer sensor developed to detect HIV (human immunodefi
ciency virus) (Bi et al., 2012; Kim et al., 2014). Furthermore, various carbon 
nanomaterials have been developed to detect commonly found viruses in 
the environment, such as influenza virus, hepatitis B virus, rotavirus, etc. 
(Mokhtarzadeh et al., 2017). 

9.4.2.2 PATHOGENIC BACTERIA 

The potential and immediate biosensing of bacteria can be achieved with 
carbon-based nanomaterials-modified apt sensors. The selective and sensitive 
sensing of very commonly found bacteria, that is, Escherichia coli can be 
achieved with an aptamer-functionalized SWNT-based field-effect transistor 
(So et al., 2008). Graphene-containing biosensor can sense the metabolic 
activities of live bacterial cells in real-time, which has the potential to 
differentiate live and dead bacterial cells (Huang et al., 2011). Similarly, 
carbon nanotube-based potentiometric apt sensor can be used for immediate 
recognition of Salmonella typhi from an intricate sample (Zelada-Guillén et al., 
2009). Hernández et al. reported a simply constructed rGO and GO-modified 
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aptameric sensors for sensing challenging microbe Staphylococcus aureus 
with ultra-low detection limits (Hernández et al., 2014). 

9.5 CONCLUSION 

Excess population, rapid urbanization, and wrongful usage of technologies 
have increased Environmental pollution. There is an urgent need to use 
methods that detect such pollutants which affect the environment, humans, 
and overcome the load of conventional analytical techniques. Biosensors 
development play a vital role in the recognition of contaminants with few 
techniques, while the inclusion of nanostructures with biosensor enhances 
their sensitivity, reproducibility, and speed of operation. Nanomaterial 
applications are being increasingly used to design the novel biosensors. 
Nanomaterials have excellent properties, which improve the signal 
conversion and mechanism of biosensors. Carbon nanomaterials, such as 
CNTs, graphene, GOs, rGOs, may improve the sensitivity and accuracy of 
biosensors. Excellent physical and electric properties of CNMs improves 
the functionality of biosensors. These carbon-based nanomaterials 
nanobiosensors are widely used because of their low cost, compact size, 
robustness, and portability. Integration of carbon-based nanomaterials in 
biosensors increased the functionality of sensing devices and can easily 
monitor and detect various environmental pollutants. Sustaining life on 
earth will be the responsibility of everyone. Carbon-based nanomaterials 
nanobiosensors will open up a whole new dimension for the detection of 
environmental pollution. 
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ABSTRACT

Environmental pollution is a concern worldwide as it may cause serious 
damage to living beings’ health, threatening the existence of live on Earth. 
Activities performed by humans such as industrial ones are important sources 
of pollution. Regarding water, the increasing world’s population needs to 
receive from water treatment plants, a product with considerable quality to 
survive in a healthy way. However, with the enormous array of organic and 
inorganic contaminants that can pollute groundwater and surface water is 
becoming even more difficult to regulatory agencies to set quality standards 
for each of them and to assure if a water sample is secure to be used. Strategies 
to deal with pollution in order to reduce the risk it represents to ecosystems 
are highly necessary. When it comes to water pollution, nanoscience offers 
interesting alternatives. This chapter will address nanomaterials in protocols 
aiming to remediate water pollution.
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10.1 INTRODUCTION 

Environmental pollution is an old problem that has become even more risky 
as human actions are increasingly performed ignoring sustainability polices 
(Peuke and Rennenberg, 2005). Since Bronze Age, for example, the heavy 
metal lead (Longman et al., 2018), from which poisoning can impair cogni
tive ability and cause developmental disorders or at high levels may damage 
circulatory and nervous systems leading to death, is a harmful environmental 
contaminant (Yamada et al., 2020). However, the rapid industrialization and 
urbanization that happened and/or has been happening in several countries 
worldwide, increases the negative impacts over ecosystems threatening life 
on Earth (Chaoua et al., 2019; Zheng et al., 2020). 

Organic (e.g., pesticides and dyes (Tonelli and Tonelli, 2020)) and 
inorganic (e.g., heavy metals and radionuclides (Salt et al., 1995)) pollutants 
that can be accumulated by living forms passing through food chain increasing 
their harmful potential and/or persist on polluted environs for a long period 
of time are of special concern (Guerra et al., 2018; Varjani et al., 2019; 
Zhang et al., 2019). They, at low levels and without prolonged exposure, can 
cause acute intoxication and can damage DNA and as the dose and time of 
exposure increase, severe diseases, such as chronic kidney disease, cancer 
or even death may occur (Gavrilescu et al., 2015; Bagazgoïtia et al., 2018; 
Fatima et al., 2018; Singh et al., 2018; Ali et al., 2019; Farkhondeh et al., 
2020; Fulekar and Pathak, 2020). 

When it comes to water pollution, two important contaminant’s sources 
deserve to be highlighted: landfills and wastewaters. 

Landfills are highly dangerous waste disposal practice, they pollute not 
only water but also soil and air. Leachate production can end up contami
nating the surface water and also groundwater (Kim and Owens, 2010). 

Domestic wastewater possesses large concentration of organic material 
(Boutin and Eme, 2016), which can disrupt the ecosystem where the discharge 
occurs, and also causes hazard to living being in contact with this water prior 
to treatment (Moretti et al., 2015; Newton et al., 2015), and in great urban 
centers also a high level of drugs and human estrogenic hormones that are 
dangerous to ecosystem’s balance (Manickum et al., 2011, Gimiliani et al., 
2016; Deng et al., 2020). Mixed pollutants are present in domestic wastewater 
and this composition changes as it reflects population’s lifestyle (Gray, 2004). 
Emerging contaminants such as estrogenic endocrine-disrupting chemicals 
(e.g., bisphenol A and polychlorinated biphenyls) (Roy et al., 2009) and 
pharmaceuticals are serious threats to living beings and that can even be 
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found in treated wastewater (Klatte et al., 2017; Zhou et al., 2019; Yeung et 
al, 2020). The presence of pharmaceuticals in wastewaters is a consequence 
of the increase in medicines availability to treat humans and animals and as 
bioactive compounds that can induce effects even at small amounts. They 
can damage not only the species directly in contact with them but also to 
species that will consume contaminated water or organisms (Bebianno and 
Gonzalez-Rey, 2015; Sangion and Gramatica, 2016; Mezzelani et al., 2018). 

Industrial wastewater presents an enormous nocive potential as it may 
contains toxic heavy metal, pharmaceuticals, veterinary products, personal 
care products, dyes, pesticides, food additives, industrial compounds/ 
by-products, among others dangerous substances, mainly persistent ones, 
to a greater or lesser extent depending on the type of industry from which 
it comes (Tayeb et al., 2015; Yang et al., 2017; Iloms et al., 2020). Textile 
industry’s residues are rich in synthetic dyes, such as azo dyes (El-Sikaily 
et al., 2012) that commonly present mutagenic and/or carcinogenic potential 
that can be enhanced depending on the water treatment employed to treat 
them. If aromatic amines are generated, the mutagenic/carcinogenic potential 
enhances (Bhaskar et al., 2003; Pinheiro et al., 2004; Khan and Malik, 2018). 

Some pollutants, such as phosphorus and organics are not eliminated 
by commonly applied treatments such as chemically enhanced primary 
sedimentation. Industries sometimes perform treatment before throwing 
the pollutants on rivers (where they modify chemical composition affecting 
biological equilibrium) (Kazlauskienė et al., 2012; Zhou et al., 2020). And 
together with waters’ movement, the pollution may spread, thus contami
nating a large area and also groundwater (Kim et al., 2017; Sposito et al., 
2018; Ziadi et al., 2019). 

Water is a vital resource for humans and animals and its pollution should 
receive attention. Remediation strategies are necessary once water resources 
present limited self-recovery capacity and groundwater resources are being 
depleted (Sharma et al., 2016; Kurwadkar, 2019). Scarcity threatens societies 
and conventional purification methods that are generally not sustainable 
procedures, receive an increasing demand to deal with the most different 
kinds of pollutant once most surface water before treatment presents low 
quality containing a large amount of pollutants (Schwarzenbach et al., 2006; 
Ying et al., 2017). 

Remediation strategies capable of dealing with water pollution in a cost-
effective, sustainable, and efficient way are urgently required as same as 
human’s adoption of practices to reduce pollution generation. Water treat
ment technologies’ development alone proved to be unable to avoid reduction 
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in biodiversity and other negative effects of environmental contaminants 
(Melián, 2020). Wastewater treatment plants commonly require large energy 
input and the use of chemicals resulting in a relevant source of air pollution 
(Hao et al., 2019). 

10.2 THE NANOTECHNOLOGY FIELD AND THE NANOMATERIALS 

Nanotechnology field has been offering materials in nanoscale since late 
1950s to a large variety of uses. The term was introduced by Norio Taniguchi 
in 1974 (Taniguchi, 1974) and different protocols to synthesize and chemically 
modify these materials to perform specific task have been proposed since then 
(Drexler, 2004; Weiss et al., 2006; Zhang et al., 2008). 

The field has been in a continuous development process to advance to 
offer efficient and low-cost solutions to environmental science field (Lofrano 
et al., 2017). Green-fabricated nanomaterials have emerged as eco-friendly 
tools and green synthesis a strategic alternative to conventional physico
chemical strategies (that commonly apply hazardous substances) to fabricate 
nanomaterials (Bolade et al., 2020; Nasrollahzadeh et al., 2021). 

Nanomaterials (NMs) can be classified as nanoparticles (NPs), nanotubes 
(NTs), nanofibers (NFs), nanowires (NWs), and nanomembranes (NMBs) 
according to shape or morphology. NMs can be simply divided into inorganic 
NMs and organic NMs (Lu and Astruc, 2020). 

Nanomaterials are versatile in function (such as delivery of drugs and genes, 
vaccine development, imaging/diagnosis, energy storage, tissue engineering 
(Tonelli et al., 2015, 2016, 2020)) due to unique properties. At least in one 
dimension, these materials present a size ranging from 1 to 100 nm, displaying 
as a consequence quantum confinement and high surface-to-volume ratio (Bethi 
and Sonawane, 2018; Werkneh et al., 2020). Other relevant physicochemical 
properties to nanomaterial’s different functions include chemical reactivity, 
high stability (thermal and physical/chemical), and catalytic activity (Pradhan 
et al., 2001; Zhang et al., 2014; Xu et al., 2019). 

The majority of released nanoparticles aggregate as soon as hydrated, thus 
become the sediment in different rates. The extent of aggregation depends 
on the nanoparticle’s surface charge and charge magnitude. The coverage of 
the nanoparticle’s surface is likely made by mono- and divalent cations, by 
natural organic matter (NOM) or other organic molecules (Keller et al, 2010). 

It is also possible to improve some desirable characteristic and design 
a nanomaterial specifically to perform a task. Protocols to synthesize and 
functionalize (perform chemical modification on nanomaterial’s surface) 
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nanomaterials can be developed to originate a material that will meet 
researchers’ necessities. Nanosensors efficient to water pollution (Priya
darshni et al., 2018; Das et al., 2019; Rao et al., 2019; Xie et al., 2019) as 
same as nanostructures to remediate water removing contaminants (Santhosh 
et al., 2016; Khan and Malik, 2019) can be produced. 

The main concern involving nanomaterials’ use to remediate polluted 
water is the safety of these materials to the living beings. It is necessary 
to keep the acceptable security level on guaranteeing that the final product 
of treatment will not threat the health of who is consuming the water or 
dealing with it in treatment plants. The risks are considered low by research 
community from nanoscience field. However, studies on nanomaterials 
biocompatibility and safety must continue to be carried out to ensure that 
they are safe to be used in large scale (Pulizzi and Sun, 2018). 

Regarding chemical constitution, nanomaterials can be divided into 
carbon-based (e.g., graphene, graphene oxide, fullerene, carbon nanotube, 
carbon quantum dots) or NOM-carbon-based (e.g., magnetic nanoparticles 
and silver quantum dots) (Drexler, 2004; Weiss et al., 2006; Zhang et al., 
2008; Wicki et al., 2015; Werkneh and Rene, 2019; Trivedi et al., 2020). 

Many nanoadsorbents and nanomembranes are now known to be in the 
development stage for the sake of large-scale production and industrializa
tion. Given the fact that water recycling is considered an important aspect of 
sustainable development in human communities, particularly remembering 
the expansion of the water scarcity crisis around the world. Discovering 
new technologies that improve water quality are even more important in this 
scenario (Ghadimi et al., 2020). 

10.2.1 IMPORTANT NONCARBON-BASED NANOMATERIALS FOR 
WATER REMEDIATION 

Noncarbon-based nanomaterial, different from the carbon-based ones does 
not possess their structure based on carbon atoms. There are noncarbon-based 
nanomaterials that are structurally based on metallic atoms, for example, that 
have proved to be able to outcompete activated carbon in the capacity to deal 
with metal’s pollution in water samples (Table 10.1) (Sharma et al., 2009). 

Recently, nanoscale zero-valent iron (nZVI) has been receiving 
increasing attention as an efficient manner to reduce the availability of 
inorganic pollutants in water samples (Gil-Díaz et al., 2020). Uranium 
present in acid mine water could be remediated by nZVI as same as Al, 
sulfates, As, Be, Cd, Cr, Cu, Ni, V, and Zn (Klimkova et al., 2011). High 



 
 TABLE 10.1 Examples of Noncarbon-Based Nanomaterial to Remediate Polluted Water.

Nanomaterial	 Pollutant(s) References 

Nanoscale zero-valent iron (nZVI)	 U, Al, sulfates, As, Be, Cd, Cr, Cu, Ni, Klimkova et al. (2011) 
V, and Zn 

Cr6+ Gheju, 2011; Guan et al. (2015)

Cu2+ Li et al. (2013) 

Cu and Ni Gil-Díaz et al. (2020)

Phosphate, ammonia, Pb, nitrate, Shad et al. (2020)
chloride 

Nanoscale zero-valent iron nanoparticles coated with 4% Cr6+ Wang et al. (2018) 
bentonite

Sulfide-modified nZVI associated to graphene aerogel composite Trichloroethylene Bin et al. (2020) 

Nanoscale zero-valent iron conjugated to biochar Pb2+ Li, Wang et al. (2020)

Trichloroethylene Li, Z. et al. (2020)

Iron oxide nanoparticles Nitrate, nitrite, phosphate, ammonium Hesni et al. (2020)

Iron oxide nanoparticles associated to biochar Arsenite and arsenate Priyadarshni et al. (2020)

Coated magnetite nanoparticles Organic dyes and toxic metal ions Das et al. (2020) 

Iron magnetic nanoparticles As+5 Zeng et al. (2020)

TiO2 nanoparticles As Deliyanni et al. (2003; Mayo et al.
(2007) 

TiO2 decorated with gold nanoparticles Methylene blue Perera et al. (2020)

Hydrated Ti oxide nanoparticles on a support of agricultural Cu Chen, Y. et al. (2020) 
waste rice straw 
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 TABLE 10.1 (Continued) 

Nanomaterial Pollutant(s) References 

TiO2 nanoparticles decorated with SnO2 quantum dots Rhodamine B Lee et al. (2014)
 

ZnO quantum dots over SiO2 nanotubes Rhodamine B Zhang et al. (2012)


Cadmium telluride quantum dot associated to europium-metal Rhodamine 6G Kaur et al. (2016)

organic framework and 


Silver quantum dots Organic contaminants Kumar et al. (2019)


Silver nanoparticles coated with nanomagnetic biochar dots Dyes Zahedifar et al. (2020)


Polyvinylpyrrolidone-coated magnetite nanoparticles Oil Mirshahghassemi and Lead, 2015)


Cd, Cr, Ni, and Pb Hong et al. (2020) 
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level of Cu2+ could be remediated with efficiency greater than 96% by nZVI 
from wastewater in field experiment, and the nanomaterial could be easily 
separated and recycled enhancing cost-effectiveness and up-scalability 
(Li et al., 2013). When compared with the capacity to remediate soil 
samples, nZVI’s capacity to remediate water samples dealing with Cu and 
Ni pollution, by immobilizing them, is higher (Gil-Díaz et al., 2020). This 
nanomaterial presents high reactivity, low toxicity, low cost, the possibility 
of coated versions and bimetalic versions development and the capacity to 
also deal with organic pollutants in water samples (O’Carroll et al., 2013; 
Jiang et al., 2018). nZVI nanoparticles (nZVI-NPs) synthesized through a 
green method using the leaf extract of Mentha piperita as a reducing agent 
proved to be able to remove organic and inorganic contaminants from the 
canal at the University of Birmingham, UK (Shad et al., 2020). nZVI-NPs 
could efficiently remediate hexavalent chromium-contaminated wastewater 
(Gheju, 2011; Guan et al., 2015), but when coated with 4% bentonite, 
nZVI-NPs were even more efficient (Wang et al., 2018). When conjugated 
with biochar, the nZVI’s efficiency to deal with pollution increases. The 
hydrophilic biochar bound to nZVI presented increased binding force to deal 
with Pb2+’s pollution through reduction, complexation, and coprecipitation 
mechanisms (Li, Wang et al., 2020). Maize derived biochars bound to nZVIs 
could promote the total removal of trichloroethylene from groundwater 
condition in 20 min through reactive oxygen species (ROS) that promoted 
pollutant’s dechlorination (Li, Z. et al., 2020). nZVI’s functionalized version 
(sulfide-modified) associated with graphene aerogel composite proved to be 
an efficient option to remediate water contaminated by organic pollutants 
such as trichloroethylene (Bin et al., 2020). 

Magnetic nanoparticles constituted by iron oxide are biocompat
ible and biodegradable, present electronic properties of interest, can be 
found as ferrimagnetic maghemite (γ-Fe2O3) or ferrimagnetic magnetite 
(Fe3O4≡FeO∙Fe2O3), and their functionalization allows their optimization 
to perform desirable tasks (Lesiak et al, 2019). Iron oxide nanoparticles 
reduced the discharge burden of the effluent generated in fish farms, with 
a capacity that increased in first 6 h. The treatment in reactor had reduced 
nitrate, nitrite, phosphate, ammonium, total suspend, and dissolved solid 
levels (Hesni et al., 2020). Oil could be removed from oil–water mixture due 
to the use of PVP (polyvinylpyrrolidone)-coated magnetite nanoparticles 
(Mirshahghassemi and Lead, 2015). However, these coated nanoparticles 
can also remediate metals. Synthetic soft water and sea water polluted by 
Cd, Cr, Ni, and Pb at 0.1 mg/L could be remediated (near to 100%) by 167 
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mg/L of PVP– magnetite nanoparticles (Hong et al., 2020). Iron magnetic 
nanoparticles prepared in a friendly way from iron-containing sludge could 
co-precipitate arsenate in contaminated water removing at 0.2 g/L 400μg/L 
of As+5 in 1 h (Zeng et al., 2020). Magnetite nanoparticles can also be gener
ated in coated version through low-cost green synthesis protocol using crude 
latex of Jatropha curcas or leaf extract of Cinnamomum tamala offering a 
noncytotoxic material capable of remediating organic dyes and toxic metal 
ions’ pollution in water, and also presenting antibacterial agents’ action as 
same as antioxidant potential (Das et al., 2020). Iron oxide nanoparticles, as 
same as copper oxide nanoparticles were able to remediate arsenic pollution 
(arsenite and arsenate) and eliminate microbial contaminants from water 
samples, and to solve irreversible aggregation problem association to rice-
husk biochar helped to stabilize the structure (Priyadarshni et al., 2020). 

Not only nanosized magnetite but also TiO2 nanoparticles could deal with 
arsenic pollution through adsorption in a way more efficient than activated 
carbon (Deliyanni et al., 2003; Mayo et al., 2007; Zahra et al., 2020). In 
fact, the skeleton of activated carbon, as same as other porous matrix can 
be used with metal (hydr)oxide nanoparticles to deal with not only pollution 
promoted by arsenic but also by organic cocontaminants (Hristovski et al., 
2009a, 2009b). Clay immobilizing TiO2 and ZnO nanoparticles present the 
ability to remediate wastewater being suitable for the generation of filters to 
treat water (Mustapha et al., 2020). Hydrated titanium oxide nanoparticles on 
a support of rice straw, an agricultural waste could efficiently adsorb copper 
from contaminated wastewater (Chen, Y. et al., 2020). Nano-TiO2 proved 
to be phototoxic being an interesting option to remediate water especially 
through protocols involving solar energy or UV (Brunet et al., 2009). A low 
cost and eco-friendly protocol using green tea to generate a nanocomposite 
containing gold nanoparticles decorating TiO2 resulted in a material able to 
promote the adsorption of methylene blue in contaminated water samples at 
a rate of 8185cmg/g (Perera et al., 2020). 

Silver nanoparticles coated with nanomagnetic biochar dots generated 
through green synthesis using leaf extract of the plant Pistacia atlantica 
could remediate dyes from aqueous samples besides presenting the option 
of being reused and separated through magnetic process (Zahedifar et al., 
2020). 

When it comes to quantum dots, silver quantum dots are also efficient 
tools to deal with organic contaminants present in polluted water through 
photocatalysis (Kumar et al., 2019). SnO2 quantum dots attached to the 
surface of TiO2 nanoparticles contributed to charge separation and ROS 
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generation promoting more efficient Rhodamine B degradation (Lee et al., 
2014). Rhodamine B degradation was also efficiently promoted by ZnO 
quantum dots over SiO2 nanotubes (Zhang et al., 2012). Complete degrada
tion of Rhodamine 6G could be achieved in less than an hour by the nano
composite generated by europium−metal organic framework and cadmium 
telluride quantum dot (Kaur et al., 2016). 

10.2.2 IMPORTANT CARBON-BASED NANOMATERIALS FOR WATER 
REMEDIATION 

The versatility of carbon atoms allows the use of this tetravalent element, 
capable of hybridizing in sp, sp2 and sp3 configurations to generate a large 
array of different substances by binding to other carbon atoms and/or to 
other elements. It presents not only the naturally occurring allotropes (e.g., 
diamond and graphite) but also the synthetic ones (e.g., the carbon-based 
nanomaterials) (Silva, 2008; Rauti et al., 2019). Carbon-based nanomaterials 
are also capable of remediating polluted water (Fig. 10.1; Table 10.2). 

FIGURE 10.1 Carbon-based nanomaterial useful to water remediation protocols. 



 
 

 

 

 

TABLE 10.2 Examples of Carbon-Based Nanomaterial to Remediate Polluted Water.

Nanomaterial Pollutant(s) References 
Amino-functionalized C60 immobilized on 3-(2-succinic
anhydride)propyl functionalized silica
Ag-embedded C60 

C60 modified by Ag3PO4

Fullerene coating nano-titanium dioxide
Polyhydroxy fullerene
C60-modified graphite phase carbonitride
Anatase-TiO2 nanoparticles modified by fullerene
Carbon dots impregnated in defect-rich g-C3N4

Carbon dots decorating hollow carbon nitride nanospheres
Nitrogen-doped carbon quantum dots hybridized with g-C3N4 

Carbon dots attached to tungsten oxide
Graphene associated with iron oxide

Graphene oxide in magnetic aerogel
Reduced graphene oxide functionalized and associated to MnO2 

Graphene oxide platform containing nickel–benzene
dicarboxylate nanosized nickel metal organic framework 
Carbon nanotube platform containing nickel–benzene
dicarboxylate nanosized nickel metal organic framework
Carbon nanotubes grafted antifouling layer of polyacryloyl
hydrazide in poly(vinylidene fluoride) membrane
Chitosan–carbon nanotube supporting palladium nanoparticles 

Cimetidine and ranitidine

4-Nitrophenol, orange G dye
Dye acid red 18
Mesotrione (herbicide)

Methylene blue and phenol
Methylene blue
Hexavalent chromium, ofloxacin, bisphenol A and 
ciprofloxacin
Naproxen
Methylene
Cd2+, crystal violet
Methylene blue, rhodamine B, acid orange 7, and
phenol
Congo red, methylene blue, Cu2+, Pb2+, Cd2+, Cr3+ 

Methylene blue, arsenite
Methylene blue

Micropollutants and heavy metals

2-Nitroaniline, 4-nitrophenol, 4-nitro-o-phenyl
enediamine and 2,4-dinitrophenol, methyl orange,
Congo red, methyl red, and methylene blue dyes 

Lee et al. (2010)

Liu, R. et al. (2020)
Xu et al. (2016)
Djordjevic et al. (2018)

Bai et al. (2014)
Qi et al. (2016)
Liu H. et al. (2020)

Wu, Y. et al. (2020)
Seng et al. (2020)
Smrithi et al. (2020)
Hammad et al. (2020)

Xiong et al. (2020)
Tara et al. (2020)
Ahsan et al. (2020)

Chen, Z. et al. (2020)

Sargin et al. (2020) 
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The fullerene allotropic family’s most explored member is the C60: from 
which the discovery was recognized by the Nobel Prize in Chemistry in 1996 
(Biglova and Mustafina, 2019). It is generated by carbon atoms hybridized 
in sp2 disposed rings of five members (twelve) or six members (twenty) to 
form a hollow sphere. The bonds located on the borders of hexagons and 
pentagons present 1.45 Å in length and the bonds located on the borders of 
two hexagons present 1.38 Å in length (being considered as double bonds) 
(Hirsch, 1995). Functionalized versions of fullerene proved to be useful to 
treat polluted water samples. Amino-functionalized C60 (photoactive struc
ture) could be immobilized on 3-(2-succinic anhydride) propyl functionalized 
silica to efficiently remediate the contamination caused by pharmaceuticals 
pollutants (e.g., Cimetidine and Ranitidine) (Lee et al., 2010). In a version 
encapsulated in poly (N-vinylpyrrolidone, C60 proved to be more efficient 
than its hydroxylated version to generate ROS to remediate pollutants and 
induce the death of microorganisms sensible to superoxide and singlet 
oxygen (Brunet et al., 2009). Ag-embedded C60 was able to enhance the 
catalytic reduction of 4-nitrophenol. Photodegradation of orange G dye was 
improved making it an interesting tool to wastewater remediation (Liu, R. et 
al., 2020). C60 modified by Ag3PO4 photodegraded with an efficiency of 90% 
the dye Acid Red 18 after 1 h presenting more than 3.0 times of degradation 
rate improvement when compared with unmodified version (Xu et al., 2016). 
Besides being modified by other structures, fullerene can also be used as a 
coat to other nanomaterials.Nano titanium dioxide coated by fullerene and 
polyhydroxy fullerene could remediate the herbicide mesotrione (Djordjevic 
et al., 2018). Graphite phase carbonitride modified by C60 showed the effi
cient photocatalytic degradation of the dye methylene blue and phenol from 
contaminated samples (Bai et al., 2014). Anatase–TiO2 nanoparticles after 
being modified by fullerene exhibited enhanced photocatalytic activity to 
degrade the dye methylene blue (Qi et al., 2016). 

Carbon dots are considered zero-dimensional nanomaterials due to 
their low size, and are highly useful in chemical sensor/bioimaging, it is 
a field capable of remediating polluted water (Rani et al., 2020). These 
quantum dots, besides presenting high catalytic activity and being easy 
to functionalize through different protocols, possess superconductivity, 
good dispersibility, strong fluorescence, and high crystallization (Seme 
niuk et al., 2019; Wang et al., 2019a). Defect-rich g-C3N4 impregnated by 
N-doped carbon quantum dots presented high performance to deal with 
mixed inorganic (hexavalent chromium) and organic (ofloxacin, bisphenol 
A and ciprofloxacin) water pollution (Liu, H. et al., 2020). Sustainable 
nitrogen-doped carbon quantum dots derived from Bombyx mori silk 
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fibroin could improve photocatalytic capability of TiO2, thus converting it 
into a more suitable material to remediate water contamination (Wang et 
al., 2020). Hollow carbon nitride nanospheres decorated with carbon dots 
originated a metal-free photocatalytic nanoreactor that could efficiently 
degrade 10 mg/L of naproxen after 5 min of natural solar irradiation (Wu, 
Y. et al., 2020). Nitrogen-doped carbon quantum dots were hybridized 
with g-C3N4 to offer an efficient pollution remediator of methylene blue 
presenting 2.6-fold increase in activity when compared with g-C3N4 alone 
(Seng et al., 2020). Carbon dots obtained through green synthesis protocol 
using the peels of Trichosanthes cucumerina were attached to tungsten 
oxide originating a nanosystem capable of Cd2+ removal and crystal violet 
degradation (Smrithi et al., 2020). 

Graphene is a bi-dimensional nanomaterial that consists of sp2 carbon 
atoms organized in hexagonal rings with interesting mechanical and optical 
properties and a high thermal conductivity to be developed for different 
desirable roles (Novoselov et al, 2004). Graphene and the oxide generated 
from this nanomaterial can be used chemically designed/modified to 
be suitable for desirable roles, such as water remediation (Tiwari et al., 
2020; Wang et al., 2019b). Graphene-containing biochar, for example, is 
an interesting tool to water remediation (Fang et al., 2020). Iron oxide’s 
capacity to degrade organic pollutants (such as methylene blue, rhodamine 
B, acid orange 7, and phenol) could be enhanced by graphene that presented 
high photo-Fenton activity. The nanosystem was stable at pH from 3 to 9 
being suitable to serve as feasible water treatment material (Hammad et al., 
2020). By oxidizing graphene flakes and then exfoliating, graphene oxide 
can be generated (Aliyev et al., 2019). This nanomaterial does not depend 
upon the surfactant’s use to be dispersed in water and present lower toxicity 
and higher biocompatibility when compared with graphene (Pinto et al., 
2013; Kiew et al., 2016). An aerogel framework consisted on amphiprotic 
microcrystalline cellulose enabled self-gelation of Fe3O4 and graphene 
oxide to generate a magnetic aerogel that presented good adsorption capacity 
for dyes (Congo red and methylene blue) and metal ions (Cu2+, Pb2+, Cd2+, 
and Cr3+) (Xiong et al., 2020). Reduced graphene oxide functionalized 
with functional groups of black cumin seeds and associated with MnO2 
particles could remediate water samples contaminated by methylene blue 
and arsenide exhibiting Langmuir sorption capacity of 232.5 and 14.7 mg/g 
(Tara et al., 2020). Graphene oxide, as same as carbon nanotube, served as 
platforms to nickel–benzene dicarboxylate nanosized nickel metal organic 
framework. The system was able to perform the adsorption of the water 
pollutant methylene blue (Ahsan et al., 2020). 
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Carbon atoms in hexagonal ring can also originate tube-like nanomaterials 
known as carbon nanotubes, product of graphite sheet rolled that presents 
high thermal conductivity and elasticity. The main methods used to generate 
these materials include chemical vapor deposition, electric arc, and laser 
deposition. The single-walled carbon nanotube possesses only one layer, 
the double-walled carbon nanotube possesses two and multiwalled carbon 
nanotubes present more layers of carbon atoms (Dresselhaus et al., 2000; 
Anzar et al., 2020). Carbon nanotubes are applied in different protocols of 
sensor’s development and can also as previously mentioned, be applied in 
water remediation procedures, especially after functionalization to optimize 
desirable characteristics such as capacity to promote efficient attachment 
to contaminants (Ahsan et al., 2020; Sousa-Moura et al., 2019; Verma and 
Balomajumder, 2020; Wang et al., 2019b). An antifouling layer of polyac
ryloyl hydrazide (PAH)-grafted-carbon nanotubes in poly (vinylidene fluo
ride) membrane revealed to be able to remediate trace micropollutants and 
heavy metals from water samples (Chen, Z. et al., 2020). Chitosan–carbon 
nanotube-supported palladium nanoparticles were efficient to deal with 
organic pollution promoting the reduction of 2-nitroaniline, 4-nitrophenol, 
4-nitro-o-phenylenediamine and 2,4-dinitrophenol, and the degradation 
methyl orange, Congo red, methyl red, and methylene blue dyes (Sargin et 
al., 2020). 

10.3 KEY MECHANISMS FOR WATER REMEDIATION THROUGH 
NANOMATERIALS 

The technologies of water remediation using nanomaterials are advantageous 
especially when compared with classic advantages, classic physicochemical 
protocols that are applied to perform this role. Physicochemical protocols 
present high costs when performing large-scale remediation as same as some 
bioremediation protocols based on enzymes, and may also negatively impact 
the environment generating harmful waste (Ye et al., 2017; Baldissarelli et 
al., 2019; Crini and Lichtfouse, 2019). Nanotechnologies, on their turn, can 
be performed at inexpensive manner (e.g., nano-TiO2 are stable to corrosion 
and inexpensive nanoparticles that present high photocatalytic activity are 
capable of efficiently degrading the pollutant dye methylene blue (Jain and 
Vaya, 2017)) and it is also possible to develop green synthesis protocols 
to generate eco-friendly nanomaterials to be used in water remediation 
in an ecologically sustainable way. There are nanotechnologies that are 
compatible to existing water treatment set-ups being easily integrated to 



 

 

 
 

 

 

315 Nanomaterials to Remediate Water Pollution 

make the process costs less. The enzyme Protocatechuate 3,4-dioxygenase 
from Rhizobium sp. LMB-1, for example, is capable of remediating water 
containing organic pollutants that could be immobilized to modified Fe3O4 
nanoparticles making reusability possible and increasing the stability of 
protein (Zhang, L. et al., 2017). 

Nanomaterials suitable for water remediation can be catalysts, nanoadsor
bents or constituents of nanomembranes and the main mechanisms through 
which nanomaterials can remedy contaminated water include filtration, 
adsorption, and degradation. They will be addressed separately. 

10.3.1 FILTRATION TO DEAL WITH WATER POLLUTION: THE 
NANOMEMBRANES 

Filtration (regular filtration, nanofiltration, ultrafiltration), as same as reverse 
osmosis, is performed when there is necessity to separate solid pollutants from 
water. At the end of filtration, treated water is obtained and the membrane 
retains pollutants that were eliminated from aqueous environment (Fig. 10.2) 
(Singh, R. et al., 2020). For example, membranes constituted by reduced 
GO (rGO)@MoO2 and rGO@WO3 presented a high separation efficiency to 
organic water pollutants rhodamine B, Evans blue, methylene blue (Thebo 
et al., 2018). 

Nanomembranes present nanofibers and nanopores among them, being 
able to retain solid contaminants present in aqueous samples (e.g., metallic 
ions) and possessing higher size than the one from nanopores. In membranes 
of molybdenum disulfide in nanosheets, hydration state severely impacts 
pore structure, reflecting on water permeability and filtration capacity. Fully 
hydrated membranes present moderate-to-high molecular and ionic rejection 
and high water permeability. Dry membranes are almost impermeable to 
water (Wang et al., 2017). 

Chemical modification and the addition of functional nanomaterials into 
nanomembranes also can allow improvements in thermal and mechanical 
stability, exhibition of multifunction (e.g., degradation capacity to be 
exhibited by the membrane) and synergism, adjustments in permeability (Han 
et al., 2013; Qu et al., 2013). Mechanical stability of thin film composites 
membranes could be enhanced by zirconia nanoparticles grown over 
polydopamine/polyetheylenimine that also provided high salt retention and 
water flux (Lv et al., 2016). Through chemical modification, protocols have 
been developed to allow nanomembranes to exhibit selective permeability 
to deal with specific pollutants of interest (Yin et al., 2013; Turchanin 
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and Gölzhäuser, 2016; Yaqoob et al., 2020). Functionalization can also be 
performed to prevent membrane fouling and membrane clogging. Fouling 
layers can be prevented to build up by adding titanium and silver-based 
nanomaterials to the surface of nanomembranes (where they can oxidize 
organic contaminants) avoiding clogging (Mollahosseini and Rahimpour, 
2014; Gehrke et al., 2015; Sumisha et al., 2015; Li, Liu et al., 2016). To 
solve the low water permeance problem from membranes of pure graphene 
oxide and total rGO, reduction degree was adjusted to a weak one, avoiding 
small interlayer spacing from total rGO and the lack of pristine graphitic 
sp2 domains from pure graphene oxide. As a consequence, stability and 
separation performance were optimized (Zhang, Q. et al., 2018). 

Characteristics of materials used to generate nanomembrane directly 
impact membrane’s ability to filtrate different pollutants. Polyamide layer 
generated through embedding polysulfone support with zeolite nanoparticles 
offered a membrane with high rejection to small molecular weight negatively 
charged pharmaceuticals (Dong et al., 2016). ZnO nanospheres offered a 
similar effect by being added to inner-skinned hollow fiber composite nano
filtration membrane (Li, Shi et al., 2016), as same as silica nanospheres added 
to trimesoyl chloride and piperazine distributed over polysulfone support (Li, 
Wang, Song et al., 2015). Superior separation performance was observed on 
nanostrand-channelled graphene oxide ultrafiltration membrane that could 
deal with water polluted by rhodamine B through a fast separation (Huang 
et al., 2013). Despite being able to efficiently deal with positively charged 
dyes (such as methyl viologen and methylene blue), neutral ones (such as 
rhodamine B) and negatively charges ones (such as methyl orange, orange G, 
brilliant blue, methyl blue, and rose bengal), the graphene-based membranes 
generated by shear-induced alignment of liquid crystals of GO presented 
higher retention to negatively charges molecules (Akbari et al., 2016). 

Polymeric membranes can receive nanomaterials to become able to 
degrade pollutants present in polluted water. Catalyst nanomaterials such 
as metallic ones are interesting examples. Nano zero-valent iron (nZVI), 
alone or supporting noble metals, can offer efficient reductive degradation 
of chlorinated organic pollutants (Wu et al., 2005; Wu and Ritchie, 2008). 
Nanomembranes containing TiO2 can also perform photocatalysis to degrade 
organic pollutants (Leong et al., 2014). Copper mining water could be 
efficiently treated by using a ceramic nanofiltration membrane that possess 
α-Al2O3 flat-sheet supporter containing Fe2O3, TiO2, or ZrO2 nanoparticles. 
This membrane also served to waste salt recycling and purification of 
seawater (Wang and Wang, 2020). 



 

 

317 Nanomaterials to Remediate Water Pollution 

FI
GU

RE
 1

0.
2 

N
an

om
em

br
an

es
 to

 tr
ea

t p
ol

lu
te

d 
w

at
er

 th
ro

ug
h 

fil
tra

tio
n.

 



 

 
 
 
 

 
 

 

318 Nanotechnology for Environmental Pollution Decontamination 

In order to prevent bacterial attachment to the membranes and biofilm 
formation, nanomaterials exhibiting antimicrobial properties, such as 
carbon nanotubes and silver nanoparticles can be used in association with 
filtration membranes (Andrade et al., 2015; Liu et al., 2018; Qing et al., 
2018). There are also nanomaterials functionalized to present antimicro
bial properties that can serve as nanomembranes to treat contaminated 
water, such as graphene and graphene oxide (Li, Liu et al., 2016; Bodzek 
et al., 2020). 

10.3.2 ADSORPTION OF WATER POLLUTANTS PROMOTED BY 
NANOMATERIALS 

Adsorption of water pollutants can be performed by regular nanoadsorbents 
or by nanomotors offering adsorption capacity. 

10.3.2.1 NANOADSORBENTS 

Nanoadsorbents or nanosorbents remediate water by interacting with 
pollutants through van der Walls interactions or polar ones, restraining 
pollutants mobility and attaching to them (the coagulation process). If the 
complex possess higher density when compared with water, it precipitates 
(sedimentation process) to the bottom of the recipient. If the complex is less 
dense than water, it floats (flotation process) to the surface. So, depending on 
the polluted being remediated, the nanosorbent–pollutant complex will suffer 
sedimentation or flotation (Fig. 10.3) (Boutilier et al., 2009; Medvedeva et 
al., 2015; Kyzas and Matis, 2018; Yaqoob et al., 2020). 

FIGURE 10.3 Nanoadsorbents remediating polluted water. 
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Prussian blue-based nanoparticles immobilized in a platform can be used 
to remediate water polluted by Cs ions and this insoluble dye can also be 
useful to treat patients that were exposed to Cs radionuclides as in Brazil 
in 1987 (IAEA, 1988). The dye efficiently performs adsorption of heavy 
metals and on its crystal form, the face-centered cubic Bravais lattices have 
dimensions similar to Cs hydration radius (Kim et al., 2017). Polyacrylonitrile 
nanofibers with Prussian blue nanoparticles could promote the adsorption of 
137Cs from polluted water (Kim et al., 2018). Activated charcoal–Prussian 
blue nanoparticles could adsorb at pH 6.8 the elements Cs+, Sr+2, and Co+2, 
only saturating at 67.9, 29.6 and 15.3 mg/g, respectively (Ali et al., 2020). 
Polyacrylonitrile nanofibers decorated with Prussian blue nanoparticles 
offered stable structure, able to remove Cs ions efficiently from contaminated 
samples (Gwon et al., 2020). Mesoporous silica gel doped by Prussian blue 
nanoparticles could rapidly promote the removal of rubidium and cesium, 
even at low concentration, from complex matrixes (Yuan et al., 2020). The 
Prussian blue-based nanoparticles also present magnetism, favoring the 
removal of the complex nanosorbent–pollutant from water by applying a 
magnetic field (Wang and Huang, 2011) and photocatalytic activity (Li, X. 
et al., 2015); γ-Al2O3 spheres with Prussian Blue nanoparticles could deal 
with orange G dye’s pollution though nanoadsorption and nanophotocalysis 
(Doumic et al., 2015). 

Pollution provoked by pharmaceuticals (such as fluoxetine hydrochlo
ride) can be remediated by carbon nanotubes I association to activated 
carbon by adsorption (Sousa-Moura et al., 2019). Single-walled carbon 
nanotubes could efficiently show adsorption for benzoic acid offering a 
high adsorption rate to its water contaminant (Li, De Silva et al., 2020). 
Multiwalled carbon nanotube is a highly effective adsorbent to deal with 
water pollution caused by ciprofloxacin hydrochloride (Avcı et al., 2020). 
Ion-imprinted carbon paste electrodes developed based on multiwalled 
carbon nanotube composites presented excellent selective adsorption for 
Pb2+ being suitable to remediate water contaminated by the ion (Wang, H. et 
al., 2020). Batch adsorption of pollutants like trichloroethylene and Congo 
red was performed involving nanomaterials, including carbon nanotubes, by 
insoluble nanosponge β-cyclodextrin polyurethane modified with phosphor
ylated multiwalled carbon nanotubes decorated with titanium dioxide and 
silver nanoparticles (Taka et al., 2020). Dyes removal from polluted water 
could also be remediated by carbon nanotube attached to laccase enzyme, 
with adsorption capacity being regenerated by enzymatic degradation of 
contaminants (Zhang et al., 2020). 
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Organic pollutants and heavy metals can be remediated through the use 
of the tailored adsorbents known as dendrimers through adsorption based on 
electrostatic interactions, complexation, hydrogen bonding, or hydrophobic 
effect. Dendrimers can promote the adsorption of pollutants and also be 
designed to present catalytic activity (Crooks et al., 2001; Wazir et al., 2020). 
Its external branches can be terminated in functional groups, such as amine 
and hydroxyl, displaying affinity to heavy metals adsorption and the interior 
shells, by being hydrophobic environments, can deal with organic pollutants. 
Dendrimer-ultrafiltration system could be designed to recover Cu2+ ions from 
aqueous solutions (Diallo et al., 2005). Poly(propyleneimine) dendrimer was 
used to functionalize a magnetic zirconium-based metal–organic framework 
nanocomposite that presented good adsorption capacity for the dyes Direct 
red 31 and Acid blue 92, respectively 173.7 and 122.5 mg/g (Far et al., 2020). 
To promote the adsorption of Mn2+ and Co2+ present in polluted water, Schiff 
base functionalized polyamidoamine dendrimer/silica can be used (Qiao, W. 
et al., 2020). 

Graphene oxide can also promote the adsorption of pollutants, and presents 
a high water dispersion due to functional groups, such as phenol, hydroxyl, 
carbonyl, carboxyl, and epoxy (Aliyev et al., 2019). Organic dyes and Pb2+ 

and Cd2+’s remediation could be performed by a sustainable nanomaterial: 
date syrup-based graphene sand hybrid (Khan et al., 2019). The radionuclides 
U6+, Pu2+, and Th4+ could be adsorbed and coagulated by graphene oxide, 
being easily removed from polluted water after centrifugation (Li et al, 2012; 
Romanchuk et al., 2013; Laver, 2020). Cs+ could be removed at a rate of 220 
mg/g by graphene oxide fibers functionalized with sodium. After a wash 
step using NaOH, the nanomaterial is ready to a new removal cycle (Lee et 
al., 2019). Adsorption followed by catalytic advanced oxidation processes 
of personal care products could be performed by nanohybrids of reduced 
graphene oxide and nZVI, remediating 82–99% of the pollutants (Masud et 
al., 2020). The nanocomposite composed of magnetic graphene oxide and 
ZnO was able not only to adsorb but also to degrade the pharmaceutical 
pollutant tetracycline (Qiao, D. et al., 2020). Graphene oxide, after being 
modified by bis(2-pyridylmethyl) amino groups could act as adsorbent to 
remediate the pollution caused by Cu2+, Ni2+, and Co2+ with desorption/ 
regeneration capacities higher than 10 cycles (Chaabane et al., 2020). The 
reusable chitosan-reinforced graphene oxide–hydroxyapatite composite 
matrix exhibited high adsorption to remediate water contamination promoted 
by the dyes Congo red, Acid red 1 and Reactive Red (Sirajudheen et al., 
2020). Graphene oxide nanoribbons are interesting options to remediate As5+ 
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and Hg2+'s pollution (Sadeghi et al., 2020). Graphene oxide after suffering 
functionalization by carbon disulfide improved graphene oxide's capacity 
to adsorpt the pollutant Pb2+ in 83.2% (Lian et al., 2020). A network of 
nanomaterials containing graphene oxide (carbon nanotubes/graphene 
oxide/sodium alginate, triple-network nanocomposite hydrogel) could be 
successfully used to remediate antibiotics’ pollution (Ma, J. et al., 2020). 

Pb2+ ions’ pollution can be remediated through nanoadsorption up to 125 
mg/g by oval CuO nanostructures (Farghali et al., 2013), as same as methylene 
blue dye from which water pollution can be efficiently remediated by cupric 
oxide nanoparticles (Mustafa et al., 2013). Copper atoms can be converted into 
Cu nanoparticles by green synthesis protocols using Cynomorium coccineum 
extract, and the nanostructure was used to promote adsorption of methylene 
blue dye (Sebeia et al., 2020). Anion exchangers doped with binary Cu2+–Fe3+ 

oxide proved to be able to promote the adsorption of As3+ water remediating 
arsenate pollution (Jacukowicz-Sobala et al., 2020). 

The industrial dye Acidic dye 36 could be efficiently adsorbed by nZVI in 
90 s at an optimum environment at pH = 5.5, nZVI concentration of 0.5 and 
dye’s concentration of 30mg/L (Delnavaz and Kazemimofrad, 2020). The 
commercial nZVI Nanofer 25 could not only deal efficiently with organic 
and inorganic pollution but also eliminated pathogens from contaminated 
water (Oprčkal et al., 2017). Core-shell nanoscale zero-valent iron showed 
efficient adsorption of Cu2+ being suitable to remediate water polluted by 
this ion (Dada et al., 2020). Additional function can be conferred to nZVI 
depending on the type of chemical modification performed on the nanomate
rial. For example, phosphate modification favors not only Cr6+ adsorption 
but also ion's reduction making remediation more efficient (Li, M. et al., 
2020). The same occurs with the composite composed by flax straw biochar 
and nanoscale zero-valent iron that presented higher capacity to promote 
Cr6+ adsorption and reduction than flax straw biochar alone (Ma, F. et al., 
2020). The system containing magnetic composite microbial extracellular 
polymeric substances in Fe3O4 could present enhanced Sb+5 reducibility/ 
adsorbability after association with nZVI (Yang et al., 2020). 

Magnetic nanoparticles of Fe3O4 can also adsorb pollutants from water. 
Hg2+ (at a maximum rate of 141.57 mg/g) could be remediated by this 
nanoparticle’s humic acid functionalized version attached to oyster shell (He 
et al., 2019). In a version coated with citric acid, magnetite nanoparticles 
could remediate Cd2+’s pollution (Singh et al., 2014). Hg2+ and Pb2+ from 
industrial wastewater could be remediated by reusable microspheres of silica 
and Fe3O4 (Hu et al., 2010). Metal oxide nanoadsorbents generally can be 
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regenerated by pH change and after various reuse cycles, they commonly 
maintain adsorption capacity, but in some cases, it may decrease (Deliyanni 
et al., 2003; Hu et al., 2006; Sharma et al., 2009). Green synthesis of these 
particles could be performed by using tea waste template to generate a nano
material able to promote As3+ and As5+’s adsorption (Lunge et al., 2014). 

10.3.2.2 NANOMOTORS OFFERING ADSORBENT CAPACITY 

Nanomotors are synthetic nanomaterials that can promote pollutants 
adsorption and/or catalysis (Ying and Pumera, 2018) (Fig. 10.4). They are 
complex structures capable of converting different sources of energy into 
motion, moving by themselves, eliminating the need for the mixing step 
during remediation (Sánchez et al., 2015). Inorganic and biological/organic 
materials can be used to generate them (Gao and Wang, 2014). 

FIGURE 10.4 Nanomotors to remediate polluted water. 

When performing adsorption of pollutants, they work in a way similar to 
regular nanosorbents, forming a complex with pollutants and precipitating or 
floating depending on the density of the complex. 

Nonomotors with noncatalytic properties are not so common to treat water 
pollution. Generally, nanomotors are able to promote not only the adsorption 
but also contaminant’s degradation (Yaqoob et al., 2020). A popular application 
for noncatalytic nanomotors is to treat Pb intoxication. Nanomotors capable of 
promoting excessive blood level of Pb2+ ions’ adsorption inside red blood cells 
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are useful to treat lead poisoning. A magnetic mesoporous silica/ε-polylysine 
nanomotor-based remover could perform this task presenting low cytotoxicity 
and blood compatibility (Liu, Z. et al., 2020). A magnetic nanomotor adsorbent 
containing Fe3O4 nanoparticle modified with meso-2, 3-dimercaptosuccinic 
acid proved to be also efficient to perform the Pb2+ adsorption in pig models 
(Wang et al., 2021). 

10.3.3 DEGRADATION OF WATER POLLUTANTS PROMOTED BY 
NANOMATERIALS 

Degradation of water pollutants can be performed by regular nanophoto
catalysts or by nanomotors offering catalysis capacity. 

10.3.3.1 NANOMOTORS OFFERING CATALYSIS CAPACITY 

Nanomotors can also promote pollutants’ degradation, converting them into 
nontoxic or less toxic subproducts by catalysis (Ying and Pumera, 2018). 

Fresh water and sea water, for example, contaminated by mixed pollution 
(organic per- and polyfluoroalkyl substances and inorganic heavy metal 
ions), could be remediated by a metal–organic framework (MOF) nanomotor 
system (Guo, Z. et al., 2020). Azo dyes could be degraded by bubble-
propelled Fe0 Janus nanomotors, low-cost and biocompatible nanostructures 
stabilized by an ultrathin iron oxide shell (Teo et al., 2016). Green cellulose 
nanocrystals (obtained from renewable biomass) decorated with Fe2O3/Pd 
nanoparticles (magnetoresponsive and catalytically active structure), in a 
self-propelled way not requiring surfactants, could in situ degrade pollutants, 
such as dyes, being interesting tool for water remediation (Dhar et al., 2020). 
A rotating magnetic field and the presence of NaBH4 allowed mesoporous 
magnetic nanorods containing a core of CoNi and a Pt shell to be propelled 
and degrade methylene blue, 4-nitrophenol, and rhodamine B (organic 
pollutants) (García-Torres et al., 2017). Self-propelled multimotion modes 
helix carbon nanocoil/TiO2 nanomotors could degrade more than 50% of the 
pollutant phenol in 30 min (Li, X. et al., 2019). 

Nanomaterials can also be used to generate micromotors to be applied in 
water remediation (Yaqoob et al., 2020). Colloidal carbon WO3 nanoparticle 
composite spheres could be used to generate a light-driven Au-WO3-C Janus 
micromotor to degrade sodium-2,6-dichloroindophenol and rhodamine B 
even in low concentration (Zhang, Q. et al., 2017). MnO2 wrapped carbon 
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nanotubes could be used to generate a bubble-propelled micromotor which 
can degrade the organic pollutant dye Congo red (Wu, X. et al., 2020). 

10.3.3.2 NANOPHOTOCATALYSTS 

Nanophotocatalysts can convert light radiation (e.g., sun light) into chemical 
energy to promote pollutant’s degradation (Fig. 10.5) (Gómez-Pastora et al., 
2017). The photocatalysis can happen through advanced oxidative processes 
(AOPs) or by electron–hole pair formation. In the first scenario, ROS are 
generated in the surrounding (Werkneh and Rene, 2019), and in the second 
scenario, the electron–hole pair formation in a semiconductor produces 
two redox polos: that can catalyze the formation of ROS or act directly in 
contaminants’ degradation (Li, Yu et al., 2016). 

FIGURE 10.5 Nanophotocatalysts promoting water remediation. 

Metallic oxides, especially iron and zinc ones, generally perform AOP, 
being indirectly responsible for pollutants degradation (the direct responsible 
are ROS). The energy from a luminous photon is absorbed, hydroxyl ROS 
(OH- and OH •) are generated through photo-Fenton reaction from water 
or hydrogen peroxide, and finally ROS can react with contaminants and 
degrade them (Singh and Pandey, 2020; Vaiano et al., 2020). 

Semiconductor nanomaterials generally perform electron–hole pair 
formation, being able to degrade pollutants through ROS or directly (Lam 
et al., 2016). These nanomaterials are capable of, after suffering stimula
tion, performing electron jumping from the valence band to conduction 
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band (Lam et al., 2016; Li, Yu et al., 2016). The energy from a luminous 
photon is absorbed stimulating band gap and a negative charge is arriving 
on conduction band. The valence band, from where the electron came from, 
suffers from an electron’s absence: a “hole” is generated creating a positive 
electric charge (Horikoshi and Serpone, 2020). As previously discussed, 
nanomaterials possess a high ratio superficial area/volume, and after the 
described process, the negative polo in surface (caused by the electron in the 
conductive band) will be able to reduce pollutants nearby, and the positive 
polo (due to “hole” in valence band) will be able to oxidize contaminants 
(Kuang et al., 2020). 

There are strategies that use only one nanomaterial to perform photo-
catalysis of pollutants (such as ZnO or TiO2 or iron oxide nanoparticles 
or Prussian blue nanoparticles) (El-Kemary et al., 2010; Das et al., 2014; 
Pastrana-Martinez et al., 2015; Singh and Pandey, 2020). However, 
association of two or more photocatalysts nanomaterials may offer better 
results benefiting from synergism (Bhanvase et al., 2017). 

Due to fast electrical conductivity and large surface area and other 
unique properties (thermal, electric and mechanical), graphene and its oxide 
are popular support to be used as photocatalyst for nanocomposites (And 
and Jimmy, 2011; Li, Yu et al, 2016). Associated with ZnO, for example, 
graphene could participate in rhodamine B’s photocatalytic degradation 
better than the substances separately (Li and Cao, 2011). 

Heavy metals and organic compounds could be remediated by carbon 
nanotubes containing TiO2/SiO2 in the hollow structure (Rasheed et al., 2019). 

Prussian blue nanoparticles can not only act as nanoadsorbent but also 
can act as nanophotocatalyst (Wang et al., 2011; Mai et al., 2017). The term 
“nanozyme” is used to refer to this nanomaterial once its ascorbic acid 
oxidase-like end peroxidase- activities can sometimes exceed the efficiency 
of the enzymes themselves (Zhang, W. et al., 2018; Komkova et al., 2018). 
Prussian blue nanoparticles can be generated in an eco-friendly way through 
green synthesis, for example, using β-cyclodextrin as surfactant and ethyl 
alcohol as a green solvent. The synthetized nanoparticle was stable and 
could degrade rhodamine B under visible exhibiting high catalytic efficiency 
(Yang et al., 2021). In the presence of light and in association with TiO2, 
Prussian blue (PB) can suffer reduction, induced by TiO2 photocatalysis, 
enhancing PB’s capacity to promote Cs+ adsorption and water remediation 
(Park et al., 2020). The nanocomposite composed of zinc oxide and Prussian 
blue promoted the efficient photocatalytic degradation of pollutants phenol, 
phenol, 3-aminophenol, and 2,4-dinitrophenol (Rachna et al., 2020). 
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Carbon dots can also act as photocatalysts (Cailotto et al., 2020). 
Methylene blue, for example, could be degraded by green-emissive version 
of the nanomaterial presenting photocatalytic activity (Das et al., 2019). They 
can also be used to modify other structures conferring them a high catalytic 
activity. ZnSnO3 cubes modified by carbon dots generated a composite that 
when compared with pure ZnSnO3, present 21 times higher photocatalytic 
degradation kinetic toward tetracycline under visible light (Guo, F. et al., 
2020). g-C3N4/SnO2 photocatalyst modified with carbon dots presented 
enhanced capacity to degrade indomethacin (Li et al., 2021). 

Silver-based nanomaterials can also be used to remediate polluted water. 
rhodamine B, for example, could be degraded by silver quantum dots with 
2D SnO2 nanoflakes through photocatalysis (Kumar et al., 2019). A BiOI 
nanocomposite co-doped with metal silver and carbon dots could efficiently 
show the photocatalytic degradation of the pollutant 4-Chlorophenol (Guo, 
Y. et al., 2020). The composite involving titanium dioxide–silver could be 
successfully applied to promote the photocatalytic degradation of methylene 
blue (Ibukun and Jeong, 2020). 

Fullerene-based nanomaterials are also interesting option to remediate 
contaminated water. Through photocatalytic activity, the pollutants phenol 
and methylene blue could be remediated by functionalized fullerene (using 
zinc porphyrin) associated with TiO2 (Regulska et al., 2019). Carboxyl
ated zinc phthalocyanine–carboxylated C60-titanium dioxide nanosheets 
could promote photocatalytic reduction of nitrobenzene to aniline (Liu, L. 
et al., 2020). Metal-free P-doped g-C3N4 photocatalyst was decorated by 
fullerene and could degrade efficiently the pesticide imidacloprid through 
photocatalysis (Sudhaik et al., 2020). Ag(I)-fullerene (C60) composite 
could promote the visible light-driven photodegradation of organic pollut
ants (Yi et al., 2020). 

ZnWO4 nanoparticles have proved to be able to convert into less toxic 
forms the pollutants V5+ and Cr6+ making it possible to recover V6+ and Cr3+ 

(Zhao et al., 2016). ZnWO4 (ethylene glycol 62.5) nanoparticles could 
promote methylene blue, rhodamine B, methyl orange, and Cr6+ photo-
catalytic removal (He et al., 2020). High stability of ZnWO4 nanoparticles 
also have been proved to efficiently degrade para-aminobenzoic acid 
(Faka et al., 2021). Fe3O4/ZnWO4/CeVO4 nanoparticles could promote 
the degradation of 90% of methyl violet and 70% of methylene blue, 
respectively. This degradation was observed after visible light irradiation 
(Marsooli et al., 2020). 

Dye-contaminated industrial wastewater could be successfully remedi
ated by mixed-phase bismuth ferrite nanoparticles (Kalikeri and Kodialbail, 
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2018). Bi2WO6 exhibits the capacity to promote the photocatalytic degra
dation of rhodamine B, however, after loading of Ag and graphene, the 
degradation efficiency enhanced considerably (Low et al., 2014). Bismuth 
ferrite nanoparticles promoted the photocatalysis of the dye Acid Yellow-17 
efficiently (Kalikeri and Kodialbail, 2020). Nitrogen-doped graphene oxide-
supported gadolinium-doped bismuth ferrite was efficient in remediating 
rhodamine B (Dixit et al., 2020). 

CuO nanoparticles can be generated through green synthesis using 
Citrofortunella microcarpa, and the nanomaterial proved to be useful to 
perform efficient rhodamine B's photocatalytic degradation under UV light 
(Rafique et al., 2020). In fact, green synthesis of different nanomaterials to 
perform water remediation have been proposed recently (Bessa et al., 2020; 
Bolade et al., 2020; Nasrollahzadeh et al., 2021). 

10.4 CONCLUSIONS 

The environment has been suffering with human actions ignoring sustain-
ability principles, and environmental pollution has become a serious problem 
worldwide. Live on Earth is threaten and urgent actions need to be performed 
in order to try to attenuate or even solve the risks. As water is a vital resource, 
water remediation protocols possessing low-cost and being eco-friendly, and 
able to be performed at large scale are highly necessary. Nanotechnology field 
has been presenting different kinds of nanomaterials, chemically modified or 
not, to efficiently treat contaminated water and restore its quality. 

10.5 FUTURE PERSPECTIVES 

Nanotechnology field has been advancing in a fast pace and is expected to 
continue to rapidly develop specially when it comes to protocols to generate 
biodegradable materials, preferentially through green synthesis, to perform 
desirable roles such as remediating polluted water. It is also expected that 
field experiments involving these materials to restore contaminated environs 
increase in number as same as research works on nanomaterials safety, 
biocompatibility and feasibility to be used in large scale. However, the 
success of implementing nanomaterials to remediate environmental pollution 
in aquatic environments is not sufficient to solve the problems generated by 
harmful anthropic actions. Environmental awareness and concern for sustain
able development must be widely adopted worldwide. 
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ABSTRACT

New strategies for remediation of polluted and nutrient-depleted soils are 
in high demand due to the increasing pressure of the growth of worldwide 
population and environmental issues generated by industrial activities. 
Approximately, three-fourth of the world population lives in tropical regions, 
where the heavy rains promote the fast lixiviation of soil nutrients and 
contaminants, and the high temperatures are related to the fast degradation 
of soil organic matter. Carbonaceous nanomaterials present novel properties 
arising from their reduced dimensionality that are valuable to elaborate new 
effective strategies to solve these problems. For example, these materials 
present high specific surface area, mechanical strength, versatility to be tuned 
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from stable to reactive forms, and superior adsorption capacity for a large 
variety of contaminants. These properties are valuable to formulate solutions 
to immobilize contaminants, avoiding the contamination of groundwater, to 
promote carbon sequestration in soil, as well as to formulate bioinspired slow-
release fertilizers. In this chapter the structural, chemical, adsorption, and 
application properties of carbon nanotubes, graphene, graphene oxide, biochar 
(artificially synthesized or from anthropogenic soils), and nanomaterials
based fertilizers are discussed. The adsorption aspects in soil are studied for 
the different materials, showing the benefits of their use in diverse scenarios. 
Scanning electron microscopy, transmission electron microscopy, atomic 
force microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, 
Fourier transform infrared spectroscopy, and energy-dispersive X-ray 
analysis are presented as tools for the comprehension of the structural and 
chemical properties of these materials and their use in soil. The consequence 
of their application is also discussed in different contexts. Structural disorder 
in nanoscale and the presence of surface functional groups are shown to be 
related to the superior performance of these materials in soil applications, 
being promising to the elaboration of sustainable soil use practices. 

11.1 INTRODUCTION 

The scarcity of foodstuff products in some regions of the planet has been the 
focus of studies by world organizations regarding their availability. According 
to the Food and Agriculture Organization of the United Nations (FAO), 
one of the aspects that inspire this study theme is related to the population 
increase, which suggests the increase in the necessity of production of 
foodstuffs (FAO, 2017). Soil degradation, scarcity, and unavailability of 
some nutrients are the main challenges found for food production. According 
to Achari and Kowshik (2018), studies have shown that the soils available 
for agricultural production are increasingly deficient in macro (N, P, and 
K) and micronutrients (Zn, Cu, B, Mn, among others), due to biological 
transformations. Also, environmental concerns are being leveraged in recent 
years regarding soil contamination with toxic metals (As, Cd, Ni, Pb, Cr, etc.), 
pesticides, pharmaceuticals, among others (Gavrilescu et al., 2015; Gong et 
al., 2018; Iavicoli et al., 2017; Mattina et al., 2003) and their implication 
for food security. From these observations, new strategies aimed to treat 
polluted or nutrient-depleted soils are in high demand, and new materials 
presenting enhanced properties emerging from their reduced dimensionality, 
such as nanomaterials, are becoming valuable options. Among different 
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nanomaterials used for that purpose, carbonaceous nanomaterials are on the 
rise and are the focus in this chapter. 

In the next sections, the structural, chemical, and adsorption properties of 
several carbonaceous nanomaterials are discussed in greater detail, as well as 
the results and perspectives of their use in soil remediation. 

11.1.1 CARBON NANOMATERIALS AS TOOLS FOR SOIL REMEDIATION 

In an attempt to increase the fertility of agricultural soils, fertilizers have 
become essential agents of correction. However, conventional fertilizers 
are characterized by low absorption efficiency by plants and quick release, 
requiring several applications to obtain better results (Raliya et al., 2017). As 
a strategy to overcome such difficulties, the literature has suggested the use 
of nanoparticles as fertilizing agents, being called nanofertilizers (NF), or 
even intelligent fertilizers (Achari and Kowshik, 2018). NF are differentiated 
from conventional fertilizers because they have a nanostructured formulation, 
allowing nutrients to be delivered more efficiently, enabling better absorption 
by plants and even slow release of their active compounds, beneficial for 
crop development (Raliya et al., 2017). Due to their dimensions in the order 
of nanometers (1–100 nm), the NF have characteristics, such as high specific 
superficial area, porous structure, and crystallinity, which act as reservoirs 
of functional groups that are responsible for the properties of the nutrient 
release rate, reducing material waste when applied (Achari and Kowshik, 
2018; Dimkpa and Bindraban, 2017). In addition, their adsorption capacity 
is improved due to these properties, being widely used for the removal (or 
immobilization) of several contaminants. 

Carbon nanomaterials (CNM) are promising in the perspective of the 
development of several cultures (Mukherjee et al., 2016; Vithanage et al., 2017; 
Zaytseva and Neumann, 2016) and contaminated soil remediation (Baragano et 
al., 2020; Dai et al., 2019; Gong et al., 2019; Lei et al., 2019; Yan et al., 2017). 
According to Vithanage et al. (2017), carbon nanotubes have been studied 
due to the ease of being absorbed by plants, influencing their development, 
increasing root growth, and mainly stimulating the increase in plant biomass 
and seed germination. Carbon nanotubes are also effective in immobilizing 
contaminants, such as chlorinated hydrocarbons (Ma et al., 2010), antibi
otics (Su et al., 2016), paracetamol (Yan et al., 2017), among several others. 
Graphene (GN) and graphene oxide (GO) present high mechanical resistance 
and functional groups on their surface, which allow their adaptation on several 
other surfaces (Alves, 2013; Mukherjee et al., 2016). These materials are being 
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used in the transport and slow release of micronutrients for plants (Kabiri et 
al., 2018), lead (Zhang et al., 2018b) and cadmium (Liu et al., 2016) adsorp
tion, and mainly for improvements in the physical and chemical stability of 
biocarbons and fertilizers (Kabiri et al., 2017). 

An emerging important class of carbonaceous materials for soil remedia
tion is the biochar (BC) and biochar-based fertilizer (BBF). These materials 
are obtained by the pyrolysis of different feedstocks and are mixed with 
conventional fertilizers, being bioinspired in the occurrence and proper
ties of the “Terras Pretas de Índios” (TPI) or Indian Dark Earths. TPI are 
anthropogenic soils found in the Amazonian region with remarkable fertility 
and resilience (Glaser, 2007; Glaser et al., 2000; Neves et al., 2004). They 
are nanostructured with a mixture of nanographitic and amorphous carbon 
(Archanjo et al., 2014; Archanjo et al., 2015; Jório et al., 2012; Ribeiro-
Soares et al., 2013), with beneficial uses reported as carbon retention in soil, 
improvement of chemical and physical properties of soil, nutrient retention, 
improvement of crop yields according to the soil properties, and adsorption 
of a broad number of contaminants (Chew et al., 2020; Purakayastha et al., 
2019; Ye et al., 2020; Zhang et al., 2013). 

The next sections will treat the general structural properties of these 
materials, and then their adsorption, structural, chemical, and application 
aspects will be related to their use for soil remediation from both polluted 
and nutrient-depleted soil remediation. 

11.1.2 CARBON NANOTUBES, GRAPHENE, AND GRAPHENE OXIDE: 
GENERAL STRUCTURAL MODELS 

Carbon is a chemical element presenting three conventional hybridization 
states (sp3, sp2, or sp), which allows the formation of complex structures 
with different properties (Zarbin and Oliveira, 2013). Thinking only of three-
dimensional (or bulk) structures formed purely for carbon atoms, graphite 
and diamond are two representative materials. The graphite carbon atoms 
present sp2 hybridization state, assuming the hexagonal structure, as shown 
in Figure 11.1a. The diamond is formed by carbon atoms in the sp3 state of 
hybridization, enabling the formation of a tetrahedral structure, as illustrated 
in Figure 11.1b. 

Although diamond and graphite are formed purely by carbon atoms, both 
have different properties. For example, diamond is a shiny, insulating, rare, 
hard, and expensive material. Graphite, on the other hand, is an abundant 
material in nature, opaque, electricity conductive, malleable, and cheap. Such 



 

 

  

 FIGURE 11.1 Crystalline structure representation of carbon materials and nanomaterials. 
(a) Graphite, (b) Diamond, (c) Graphene, (d) Fullerene, (e) Single-walled carbon nanotube, 
and (f) Multiwalled carbon nanotube. 
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characteristics allow the two materials to be used in several applications in 
the industry (Pan et al., 2015). In the 1940s, a versatile form involving only 
one sheet of carbon atoms in a “beehive” arrangement (Fig. 11.1c) with sp2 

hybridization was theoretically proposed (Wallace, 1947). However, experi
mental success in its synthesis was not obtained in the following decades. 
The proposed structure would be a sheet of carbon atoms with covalent 
bonds with sp2 hybridization, the graphite being generated by the stacking of 
these sheets, weakly bonded together by van der Waals interactions (Wallace, 
1947). In 1986, the term “graphene” was used for the first time to describe 
this material of atomic thickness (Boehm et al., 1986). 

In 1985, Kroto, Smalley, and Curl synthesized the first artificial structure 
formed by carbon atoms, fullerenes (Dresselhaus et al., 1996). Fullerenes are 
hollow spheres formed by sp2 hybridized carbon atoms (Fig. 11.1d), being 
considered a zero-dimensional structure because the electrons confined 
within them have zero degrees of freedom (Birkett, 1998; Neto et al., 2009; 
Smalley, 1997). They can be understood as a sheet of graphene carefully 
shaped to form a spherical shell. 

In 1991, Sumio Iijima called the world’s attention to the result of his 
effective synthesis of carbon nanotubes (CNTs). CNTs are one-dimensional 
cylindrical nanostructures formed by the covalent bonds between C atoms 
(sp2) with an average diameter of 1 nm and a length of the order of mm 
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(Iijima, 1991) and they can be understood as rolled graphene sheets. CNTs 
are named single-walled carbon nanotubes (SWCNTs) if only one layer 
of carbon atoms forms their structure (Fig. 11.1e) or multiwalled carbon 
nanotubes (MWCNTs) if concentric layers of carbon atoms are present (Fig. 
11.1f). It is worth mentioning that the characteristics of the CNTs depend 
on the chirality presented by the carbon atoms in these structures, as well 
as on the number of concentric nanotubes and the pattern established in 
their interior (Iijima, 1991). Applications in the industry involving CNTs 
have been increasingly studied due to their physical and chemical properties 
(Dresselhaus et al., 1998), such as the high electrical conductivity (Ebbesen 
et al., 1996), mechanical resistance, and hardness (Musso et al., 2009). 

Although fullerenes and nanotubes are formed by graphene sheets and 
graphite is formed by stacking graphene sheets, it was only in 2004 that the 
experimental isolation of graphene from a graphite sheet was carried out by 
André Geim and Konstantin Novoselov, being awarded in 2010 the Nobel 
Prize in Physics due to their contributions to the study of the physical and 
chemical properties of graphene (Novoselov et al., 2004). 

In the graphene two-dimensional crystal, composed of carbon atoms in 
the sp2 hybridization state, the so-called sigma (s) orbitals are responsible 
for the planar hexagonal patterns of the carbon sheets (Guimaraes, 2010). 
Because planar binding between the carbon atoms are covalent (Neto et al., 
2009), this material has a high elastic constant. Figure 11.1a illustrates the 
structure of graphite with its interatomic distances between layers governed 
by van der Waals interactions, and the reduction of graphite to graphene at 
the limit of a single atomic layer is represented in Figure 11.1b. 

Since its experimental synthesis in 2004, graphene became a material 
of great interest and importance due to its optical, mechanical, thermal, and 
electronic properties (Novoselov et al., 2004). From a mechanical point of 
view, graphene corresponds to the known available material with the highest 
elastic constant (Novoselov et al., 2004), which allows the application in 
different systems, such as soils (Kabiri et al., 2017), mortars (Barbosa, 2015), 
and concrete (Chuah et al., 2014; Mohammed et al., 2015; Pan et al., 2015) 
through its oxide or even its reduced oxide (Guimaraes, 2010). 

GO is a derivative of graphene containing functional groups (hydroxyl, 
epoxy, carbonyl, and carboxyl) whose characteristics allow a broad range 
of applications (Maraschin, 2016). GO is usually obtained from a chemical 
process of graphite oxidation, in which only one graphite sheet incorporates 
heteroatoms, especially O and H. The graphene oxidation generates defects 
(such as holes, for example) in its structure, which allows the incorporation 
of functional groups, enabling its interaction with materials of organic or 



 

 
   

 

FIGURE 11.2 Representation of the basic structure of graphene oxide. 

Source: Reprinted from He, H.; Klinowski, J.; Forster, M.; Lerf, A. A New Structural Model for 
Graphite Oxide. Chem. Phys. Lett. 1998, 287, 53–56. Copyright (1998), with permission from 
Elsevier. 
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inorganic nature (Alves, 2013). The insertion of some of those functional 
groups can alter the carbon atoms hybridization. Thus, GO has a structure 
that contains carbon atoms in both sp2 and sp3 hybridization states (Lerf et 
al., 1998), as shown in Figure 11.2. In this perspective, the GO presents 
distinct regions, some with unoxidized aromatic rings and others with 
functional groups containing O and H through its all structure, including the 
edges and the top and bottom of the layer plane. The amount of these regions 
is determined according to the level of oxidation presented by the material 
(Alves, 2013; Lerf et al., 1998). 

The level of oxidation present in the GO may vary according to the 
method used in the preparation of the material, as well as the purity of the 
precursor (Alves, 2013). The chemical properties of GO can be adjusted based 
on a possible variation in the amount of O through its chemical reduction 
(Dreyer et al., 2010). Such partial removal of O can enable improvements in 
semimetallic characteristics, making them close to those of graphene before 
oxidation, which increases its conductivity in comparison with the initial GO 
(Alves, 2013). 

The GO has attracted the interest of researchers from different areas due 
to its multifunctional properties (Andelkovic et al., 2019; Andelkovic et al., 
2018; Kabiri et al., 2017; Lerf et al., 1998; Zhang et al., 2014). Among the 
various possibilities of application of GO, it is worth highlighting its use in 
nanocomposites for performance in lithium batteries (Mussa et al., 2019), 
quantum dots (Li et al., 2019), and cement composites (Long et al., 2019). It 
has also been pointed as promising in the biomedical field as a drug transport 
agent in the body (Kazempour et al., 2019), especially in the fight against 
cancer (Ashjaran et al., 2019; Campbell et al., 2019). 
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11.1.3 ANTHROPOGENIC SOILS AND BIOCHAR STRUCTURAL 
MODEL: CONCEPT AND RELEVANCE FOR SUSTAINABLE SOIL 
REMEDIATION STRATEGIES 

BC is the carbonaceous material produced by the heat treatment of different 
feedstocks, such as plant and animal residues, in the absence of oxygen, 
in a pyrolysis process (Lehmann, 2007). Their structures are irregularly 
shaped and contain several functional groups, having physical and chemical 
properties of great interest (Cho et al., 2015; Madari et al., 2010; Novotny et 
al., 2009). The study involving BC properties originates in the characteriza
tion of the “TPI” or Indian Dark Earths, which have properties desired by 
the agricultural sector (Glaser et al., 2000). Found further north of Brazil, 
especially in the Amazon region (tropical region), the emergence of TPI is 
linked to the activities of Pre-Columbian civilizations, such as the accumula
tion and burning of organic materials for many years (Glaser et al., 2000). 
According to Glaser et al. (2000), this region has tropical characteristics such 
as high temperature and frequent rainfall, which allows the rapid degradation 
of organic matter in the soil. Due to these conditions, nutrients are easily 
leached by the rains, characterizing poor soils. 

Results obtained through radiocarbon dating found TPI with more than 
7000 years, having a pre-Columbian origin (Glaser, 2007; Neves et al., 2004). 
These soils have about three times more organic matter, nearly 70 times more 
stable carbon, and higher nutrient retaining capacity than the surrounding 
soils (Glaser, 2007; Neves et al., 2004). This higher stable carbonaceous 
content favors the conditioning of their fertility. As it is a very fertile soil, TPI 
started to be the object of study in several research centers, especially due 
to its physical and chemical properties, such as thermal stability and high-
nutrient content (Glaser, 2007). For the agricultural activities, the potential 
presented by the TPI is associated with their capacity to retain minerals and 
nutrients as well as their high cation exchange capacity, allowing their use as 
a direct natural fertilizer (Glaser, 2007). For Neves et al. (2004), the stable 
C content present in the TPI structure is similar to the carbonaceous content 
arrangement presented by the BC, whose structure varies according to the 
final temperature during the pyrolysis process. 

BC properties have been studied for several applications, from amend
ment of soils to pollution control. Such applications involving BC depend on 
the parameters associated with their structure, which can be understood as 
graphene planes containing defects and nonlinear bonds stacked in a random 
manner. Besides, heteroatoms, such as O, P, N, and S are generally present in 
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different functional groups or aromatic rings (Bourke et al., 2007). Covalent 
bonds between carbon atoms in the BC structure are responsible for their 
stability, making them materials with lower degradation rate in soil, unlike 
other forms of organic matter (Bourke et al., 2007). 

Currently, studies have shown that BC can promote benefits to the soil, 
such as improvements in the use of nutrients by plants, greater productivity, 
and better quality of the harvested product, approaching the characteristics 
presented by the TPI (Speratti et al., 2018). In this context, they are being 
used in the recovery of depleted soils (Speratti et al., 2018) and as more 
stable slow-release fertilizers (Filho et al., 2020). The last is one of the main 
challenges encountered in relation to the availability of nutrients for longer 
periods in the soil. In addition, like other carbonaceous materials, BC has 
been proposed as adsorbent for removing or immobilizing pollutants in 
soils due to their adsorption properties. The fundamentals and use of those 
materials for soil remediation using adsorption are explored in the next 
section. 

11.2 SOIL REMEDIATION USING ADSORPTION ON CARBONACEOUS 
NANOMATERIALS 

Several contaminants are not efficiently retained by soil particles, so some 
technologies of soil remediation consist in modulating the availability and 
mobility of contaminants in soil. Many of these technologies are based on 
the stabilization of contaminants in the soil matrix, avoiding their leaching 
to groundwater. Among the different available options for soil remediation 
which are based on the stabilization of the contaminant in the soil matrix, 
technologies involving adsorption has gained visibility in view of several 
advantages, such as versatility, sustainability, and cost-effective character 
(Shen et al., 2018). In this scenario, carbonaceous nanomaterials have emerged 
as efficient adsorbents for the removal of different types of contaminants in 
soils because of their surface properties, including high specific surface area, 
reactivity, and versatility. Understanding some fundamental questions about 
adsorption phenomenon will be needed to evaluate how these carbonaceous 
nanomaterials surface properties determine their nanoremediation ability in 
soils. However, prior to discuss the adsorption process as a technology of 
soil remediation, the natural adsorption phenomenon which can occur when 
a contaminant enters in the soil matrix should be understood, as presented in 
Section 10.2.1. 
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11.2.1 ADSORPTION: GENERAL ASPECTS IN THE CONTEXT OF SOIL 

Regarding the adsorption process, two concepts are of great importance: 
phase and interface. A phase denotes the macroscopic region of the system 
in which the intensive thermodynamic properties that do not depend on the 
extension of that region, are independent of the position in space. Thus, a 
phase is a homogeneous portion of the system. The contact region between 
two phases is called interface. From a microscopic point of view, the 
interface is characterized as the region of the system wherein the chemical 
composition continuously changes in space between the two phases forming 
the interface. In the environment, particles of the soil, aqueous solutions, and 
air are phases and the contact among them forms interfaces. For example, 
the contact between minerals in soils and aqueous solutions or between two 
different types of particles in the soil, as the mineral and organic fraction, 
forms interfaces with quite different properties. 

An important property associated with the interface is the interfacial 
tension. Consider the interface formed in the contact between the soil 
particles and an aqueous solution, for instance. Due to aspects involving the 
different chemical nature of the species present in each phase, the interface 
has an excess of Gibbs free energy per unit of area compared with that of 
the phases in contact. Therefore, it must be recognized that increasing the 
interfacial area has an energetic cost. At constant temperature and pressure 
conditions, increasing the area of the interface by dA will lead to a variation 
of Gibbs free energy (dG) given by: 

dG = γdA (11.1) 

where γ, the interfacial tension, is a positive quantity. Equation 11.1 makes 
evident that the decrease in the interface area (dA <0) promotes a thermo
dynamic stabilization (decrease in the Gibbs free-energy content, dG < 0) 
in a macroscopic system whose interfacial area is high. If this interface 
involves a phase comprising a porous solid material with a large specific 
surface area, as that involving the particles of soil, in contact with an aqueous 
solution, the surface area reduction is not possible to decrease the Gibbs free 
energy of the system due to the low mobility of chemical species in the solid 
structure. Then, the thermodynamic stabilization of the system will occur 
by a mechanism other than that of reduction of the interface area, that is, 
the interfacial tension will have to decrease, which can be achieved by the 
adsorption phenomenon. 

When an aqueous phase (or air) containing a contaminant is in contact with 
particles of soil (solid), the contaminant can concentrate in the solid–fluid 
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interface, altering the intensive thermodynamic properties of the interface. 
If the average equilibrium concentration of the contaminant in the interface 
region spontaneously become higher than the contaminant concentration in 
the phases forming the interface, the contaminant is adsorbed on the interface 
and the process is called adsorption. Figure 11.3 schematizes the adsorption 
of a contaminant on the interface formed between the soil particles and an 
aqueous solution in the soil. 

FIGURE 11.3 Adsorption of a contaminant on the interface formed between the soil particles 
and an aqueous solution in the soil. Adsorption is characterized by the higher contaminant 
concentration in the interface region (Cc,i) than in the phases forming the interface (Cc,p). 

When a fluid phase is in contact with a solid phase, the solid phase is 
commonly named adsorbent and the adsorbed contaminant is called adsor
bate. The functional groups or the group of atoms, located on the interface, 
with which the adsorbate interacts are the adsorption sites. Whether the 
immobilization process of the contaminant do not involve the interface, that 
is, the contaminant is transferred from one phase to another, then the process 
is called partition. Adsorption and partition are both referred as sorption 
processes, and depending on the adsorbent, both processes of immobiliza
tion can simultaneously occur. 

The adsorption can be quantified by the amount of adsorbate present in 
the fluid-solid interface per mass unit of adsorbent, qe, generally express 
in milligrams of adsorbate per gram of adsorbent. At constant temperature 
and pressure, qe is a function of the adsorbate concentration that remains in 
the fluid phase at the thermodynamic equilibrium condition, Ce, and a plot 
of qe versus Ce, at a fixed temperature, is named an isotherm of adsorption 
(Limousin et al., 2007). The isotherm profile is related to the intensity of 
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the binding between the adsorbate and the adsorption sites, which can be 
modulated by changes in the conditions of the systems such as temperature, 
pH of the fluid phase, etc. 

Usually, for a given Ce value, adsorbates that interact less intensely with 
the sites of one adsorbent are adsorbed with lower qe values. Therefore, the 
less intense is the interaction between a contaminant and the chemical species 
forming the interface region, the greater will be the availability and mobility 
of this contaminant through the environmental compartments, determining 
the contaminant concentration in the dispersions of the soil. In other words, 
from an environmental perspective, weak adsorption of contaminants on soil 
particles will allow a contaminant to be easily transferred from the soil to air 
and water. 

11.2.1.1 MECHANISMS DETERMINING CONTAMINANT ADSORPTION 
ON SOIL PARTICLES 

As previously highlighted, the efficiency of the contaminant immobiliza
tion in soil will depend on the intensity with which the contaminant binds 
to the adsorption sites on the surface of the soil particles. The type of this 
binding (chemical binding or intermolecular interactions) determining the 
adsorption of the contaminant on the adsorbent is generally referred as the 
adsorption mechanism, although the term mechanism is more appropriate 
to refer to the set of steps by which a process occurs. Understanding the 
adsorption mechanism of contaminants on soil is a fundamental aspect in 
the design of technologies of soil remediation. Under this aspect, adsorption 
can be classified as specific or nonspecific. The dividing line between these 
two processes is not always sharp. In the specific adsorption, also called 
chemisorption, the adsorbate is bonded to the adsorbent through covalent or 
ionic bonds with the functional groups in the interface. The modules of the 
adsorption enthalpy changes associated with the chemisorption are generally 
higher than 40 kJ/mol. On the other hand, in the nonspecific adsorption, or 
physisorption, weaker interactions, as van der Waals or electrostatic ones, are 
involved in the transfer of the adsorbate from the fluid phase to the interface. 
The values of enthalpy changes for physisorption are usually smaller, not 
exceeding, in modulus, 40 kJ/mol (Levine, 2009). Both chemisorption and 
physisorption can be endothermic or exothermic. 

Under certain conditions, chemisorption and physisorption of contami
nants on the particles of the soil can occur simultaneously or alternatively, 
which will depend on the adsorbate molecular structure, the soil composition, 
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and the nature of the functional groups on the surface of the soil particles. 
Moreover, changes in the nature of the adsorption process (physisorption or 
chemisorption) can also be caused by different geochemical condition, as the 
pH of the fluid phase, when an aqueous phase is involved, the presence of 
other contaminants in the soil or fluid phases, temperature, etc. For instance, 
artisanal and small-scale gold mining impacted soils contain particles with 
negatively charged surfaces of hydrous ferric oxides, kaolinite, and mont
morillonite which could readily adsorb positively charged species, as metal 
cations, from aqueous solutions through nonspecific electrostatic interac
tions (Tabelin et al., 2020). If the soil, however, has a high content of natural 
organic matter (NOM), which comprises fulvic, humic, and humin materials 
with a great variety of functional groups (carbonyl, carboxyl, amino, thio, 
etc.), then metallic ions can bind forming specific interactions. Therefore, 
considering the nature of the adsorption processes of metal ions in different 
soil particles, it is expected that NOM-poor soils will retain toxic metal less 
intensely, increasing the contaminant mobility in the environment. 

A combination of contaminants can also affect the adsorption process 
and it is needed to know the synergistic or nonsynergistic effect among those 
contaminants to enhance the effectiveness of remediation technologies in 
soils. For example, when metals and polycyclic aromatic hydrocarbons (PAH) 
are together in soils with high concentration of NOM, a synergistic effect 
potentializes the adsorption of the PAH (Saeedi et al., 2020). Particularly 
in remediation technologies based on adsorption, comprehending these 
aspects makes assertive the choice of adsorbents to be used properly in 
soil remediation. The next section presents the fundamentals on the use of 
adsorption for soil remediation. 

11.2.2 ADSORPTION FOR NANOREMEDIATION OF SOILS 

In the field of soil remediation technologies, there is an imperative need 
for the development of processes which can be employed for the treatment 
of soils contaminated with different classes of contaminants. Among these 
contaminants there are toxic metals (As, Cd, Ni, Pb, Cr, etc.) and organic 
compounds (chlorinated solvents, PAH, organophosphorus pesticides, 
polychlorinated biphenyls (PCB), poly-fluoroalkyl substances (PFAS), etc.) 
(Gong et al., 2018; Iavicoli et al., 2017; Mattina et al., 2003) as well as 
emergent contaminants (pharmaceuticals, personal care products, endocrine-
disrupting compounds, etc.) are among the prime), which have caused great 
environmental concern in recent years (Gavrilescu et al., 2015). This wide 
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range of chemical species, combined with the heterogeneity and complexity 
of the soil matrix, makes the development of remediation technologies for 
the treatment of contaminated soil a challenge. Several technologies have 
been proposed to solve soil clean up problem, including, for instance, 
chemical oxidation and reduction, soil flushing, leaching, thermal treatment, 
bioremediation, and adsorption, which can be applied ex situ and/or in situ 
(Koul and Taak, 2018a; Koul and Taak, 2018b). 

The remediation technology based on adsorption has been widely evaluated 
and extensively proposed as alternative to clean up soils contaminated with 
toxic metals (Garcıa-Sanchez et al., 1999; Gong et al., 2016; Lei et al., 
2020). However, its application in the treatment of soils contaminated with 
other classes of contaminants has been also highly explored (Gong et al., 
2016; Pernyeszi et al., 2006). The interest in this technology relies on several 
advantages, such as (1) the contaminant can be immobilized in the soil for 
dozens or even hundreds of years, avoiding groundwater or atmosphere 
contamination; (2) the immobilization of organic contaminants and toxic 
metals in soils can reduce their bioavailability, impacting long-term changes 
on soil microorganisms; (3) low mass ratio between adsorbent and soil can 
be used, decreasing the costs of application; (4) versatility in terms of site 
size and contaminant type; (5) ease of implementation and simplicity of 
design and operation; and (6) less secondary contamination (Jones et al., 
2012; Shen et al., 2018). 

Fundamentally, adsorption for soil remediation can be classified as a 
stabilization technology in which the contaminant in the soil is immobilized 
on the surface of a material designedly mixed with the soil matrix. Thus, 
adsorbent materials added in contaminated soils actuate as a sorption barrier. 
Because of the nature of the adsorption process, which is determined by the 
intensity of the interaction between the adsorbate and the adsorbent, this 
treatment technology has as premise the fact that the contaminants in the 
soil to be treated must interact more strongly with the adsorbent used for the 
remediation than with the soil particles. However, only this is not enough, 
especially when nanomaterials are employed as adsorbents. Figure 11.4 
illustrates other conditions that should be evaluated for the application of an 
adsorbent for soil nanoremediation, in which the term nanoremediation is 
used to design the remediation processes based on the use of nanomaterials. 

Considering those aspects, three steps are recommended to propose the 
use of adsorption as viable solution for remediation of a soil: (1) investigation 
of the physicochemical and adsorptive properties of the adsorbent; (2) bench 
studies to evaluate the potential of the adsorbent to treat the contaminated 



 

 

 FIGURE 11.4 Different behaviors associated with the addition of an adsorbent in the soil 
matrix: if no adsorbent material is added, (a) the contaminant can adsorb in the soil–water 
interface or be leachate through the soil; when an adsorbent material with adsorption capacity 
higher than the soil particles is added, the adsorbent itself can (b) present high mobility through 
the soil matrix, being leached with the contaminant, or (c) remain immobilized in the soil 
particles, avoiding the leaching of both adsorbent and contaminant. Whether the interaction 
between the soil and the adsorbent is very favorable, (d) soil particles can disadvantage the 
contaminant adsorption on the adsorbent (Zhao et al., 2019b). 
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soil of interest; and (3) field application followed by long-term monitoring. 
(Shen et al., 2018). The two first steps allow to determine if the adsorbent 
is stable and presents a high capacity to immobilize the contaminant, while 
the third one allows evaluating if environmental factors may affect the 
contaminant immobilization in the long-term. Figure 11.5 summarizes the 
main aspects regarding the use of adsorption in contaminated soil treatment, 
in which it is possible to understand how those steps contribute to develop a 
viable adsorption remediation process. 

In a simplistic point of view, stable designed materials that can strongly 
interact with the contaminant, immobilizing a great amount of them in 
their surface even under condition of interaction with the soil particles, are 
needed. Under these conditions, the use of nanomaterials has been proved as 
feasible and efficient, highlighting the possibilities of the nanoremediation 
for soil cleanup. Among a variety of nanomaterials that can be proposed 
for soil cleanup, including metal oxides and nanocomposites (Qian et al., 
2020), the carbonaceous nanomaterials, such as carbon nanotubes, graphene, 
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graphene oxides, and nanostructured biochar, have received attention due to 
their versatility and unique properties. Beyond their own surface chemical 
structure that can interact with different classes of molecules, carbonaceous 
nanomaterials may be manipulated at the atomic and molecular level by 
adding specific functionalities that can immobilize a particular contaminant 
within a complex soil mixture. 

FIGURE 11.5 Flowchart illustrating the fundamental aspects associated with the use of 
adsorption as treatment technology for contaminated soils (Shen et al., 2018). 

11.2.3 NANOREMEDIATION OF SOILS USING CARBONACEOUS 
NANOMATERIALS 

Despite the common point in which carbon nanotubes, graphene, graphene 
oxides, and nanostructured biochar are essentially made up of carbon, their 
different structures and properties make them useful for distinct applications. 
However, some common properties of those carbonaceous nanomaterials, 
namely, their large specific superficial area, porous structure, and/or capacity 
to form composites with other materials to improve their adsorption capacity, 
make all of them widely used as adsorbents in the environmental application 
field for the removal of several contaminants. Thus, beyond their widespread 
application to remove contaminants from aqueous matrices, carbonaceous 
materials have been also used in soil remediation. In this section, the main 
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advances in the field of soil remediation using different carbonaceous nano
materials are presented. 

11.2.3.1 CARBON NANOTUBES 

After the discovery by Iijima (1991) and the elucidation of their proper
ties, CNTs were extensively used as adsorbents for the removal of different 
contaminants from aqueous matrices. Although their use as adsorbent in soil 
remediation is still not fully explored, important advances have been made in 
this research field. In this section, firstly the fundamental aspects related with 
the use of CNTs for contaminant immobilization are discussed, and then the 
main applications of CNTs for soil remediation, including their application 
for sediment remediation, are presented. 

11.2.3.1.1 Fundamental Aspects of the CNT Application for Soil 
Remediation 

The potential of CNT to actuate for the treatment of contaminated soils can be 
attributed to two main aspects: (1) the effective retention of CNT by the soil 
matrix and (2) the great efficiency of CNT to adsorb large amounts of different 
classes of contaminants, especially hydrophobic organic compounds (HOC). 
The first aspect ensures that CNT will have a limited transport through the 
soil, avoiding its own leaching to groundwater; the second one guarantees 
the versatility of CNT to treat contaminated soils. 

The high efficiency of soil to retain CNT has been attributed to morpho
logical and surface properties of the CNT, such as irregular shape, large 
aspect ratio, and functionalization of the surface, as well as aspects of the 
soil, such as the high heterogeneity of particle size, high porosity and perme
ability, pore interconnectivity, surface potential, and hydrophobicity (Jaisi 
and Elimelech, 2009; Tian et al., 2012; Zhang et al., 2012). However, high 
CNT mobility can occur in some types of soil, favoring the co-transport of 
contaminants into deeper soil layers (Zhang et al., 2017b). 

Regarding the great capacity of CNT to adsorb different contaminants, 
the capacity has been specially related with the chemical features of CNT 
surface that allow multiple mechanisms to control the adsorption process, 
including hydrophobic interactions as well as electrostatic interaction, 
hydrogen bonding, and π-π interaction. 
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Hydrophobic interaction is the main mechanism determining the adsorp
tion of HOC on CNT, but it cannot completely explain the adsorption. 
Particularly for aromatic HOC, π-electron donor and acceptor interactions, 
formed between the aromatic structures of both CNT and adsorbate, can 
strongly contribute to the adsorption. In addition, if the functional groups 
are present in a large extension on the CNT surface and the HOC have polar 
or ionizable functional groups, the electrostatic interactions and hydrogen 
bonding can also influence the process of adsorption (Apul and Karanfil, 
2015). Functional groups containing oxygen, for instance, can be present 
on the CNT surface due to the presence of defects, generated during the 
synthesis, in its nanostructure or they can be incorporated by functional
ization. The presence of these oxygen-rich groups plays an important role 
in the adsorption of metal ions on CNT through electrostatic interactions, 
complexation, and/or ion exchange (Ihsanullah et al., 2016). 

Summarily, adsorption on CNT is deeply dependent on the chemical 
nature of the functional groups presents in both CNT and adsorbate, making 
a challenge to the task of quantifying the individual contributions of the 
distinct mechanisms controlling the adsorption. 

11.2.3.1.2 Applications of CNT for Soil Remediation 

Despite the great potential of CNT application for remediation of soil 
contaminated with HOC, there are few studies evaluating the use of CNT to 
treat soils contaminated with these contaminants, such as that showing the 
effective potential of multiwalled carbon nanotubes (MWCNT) for immobili
zation of dichlorophenyl trichloroethane (DDT), an organochlorine pesticide 
(Taha and Mobasser, 2014). Majority of studies in this field are concerned to 
understand the effects of CNT on the soil properties, and consequently, on 
the mobility, toxicity, and bioavailability of HOC, such as naphthalene, fluo
rene, phenanthrene, and pyrene (Li et al., 2013; Towell et al., 2011; Zhang 
et al., 2019). In general, the results from these studies have shown that the 
presence of CNT increases the retention of HOC, changing their adsorption 
and desorption processes in soils. These processes are influenced by the type 
and concentration of CNT, as well as the adsorbate and soil properties. For 
example, dissolved organic matter in soil and coexistence of clay inhibit 
pyrene adsorption on CNT, either by pore blockage of CNT aggregates or by 
occupying adsorption sites on the CNT surface (Zhang et al., 2019). 

For the purposes of remediation of soils contaminated with toxic 
metals, CNTs were only recently investigated as adsorbent for contaminant 
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immobilization. Particularly, MWCNTs have been used to immobilize 
lead, copper, nickel, zinc, and antimony in contaminated soils (Matos 
et al., 2017; Vithanage et al., 2017). Despite the capacity that metal 
immobilization depends on the metal under investigation, in general, the 
presence of MWCNT increases the adsorption capacity of the soil, thus 
improving the immobilization of those toxic metals in the soil matrix. The 
potential of CNT to immobilize metals in soils has been also pointed in 
an interesting study from Gredilla et al. (2019) who, although have not 
applied CNT with soil remediation purpose, have evidenced the mercury 
sequestration by CNT present in agricultural soils from a coal-fired power 
plant exhaust. 

Beyond the use of CNT as adsorbent, they have also been proposed as 
coadjutants in other processes of remediation in contaminated soils. For 
instance, the adsorption of Cr(VI) by functionalized MWCNT was inves
tigated together with their catalytic effect on the metal reduction by citric 
acid, in which the addition of the MWCNT to an oxisol enhanced the yield of 
Cr(VI) reduction in the remediation process (Zhang et al., 2018c). Similarly, 
the use of a CNT barrier was shown to improve the electrokinetic remedia
tion of 1,2-dichlorobenzene in clay (Yuan et al., 2009). 

11.2.3.1.3 Applications of CNT for Sediment Remediation 

The potential of CNT for remediation processes of solid matrices in the 
environment has been also demonstrated from their use for the remediation 
of sediments. Both MWCNT and SWCNT have been proposed to treat 
sediments containing residual contaminants, especially HOC, such as 
organochlorine pesticides, antibiotics, and drugs. However, as in studies 
involving soils, most of the studies in this field focus on understanding the 
effects of CNT on the physicochemical properties of sediments as well as 
the adsorption behavior of coexisting contaminants on the sediments them
selves. In general, both SWCNT and MWCNT present a great potential to 
immobilize the contaminants in sediments. However, regarding the effect 
of CNT type on this process, SWCNT is more efficient than MWCNT 
to immobilize the contaminants, which is attributed to its larger surface 
area (Hua et al., 2017; Zhang et al., 2017a). Table 11.1 summarizes some 
studies, from the last decade, demonstrating the great potential of CNT 
to contaminant immobilization in sediments contaminated with organic or 
inorganic contaminants. 



 

 

  

 

TABLE 11.1	 Studies, from the Last Decade, Demonstrating the Great Potential of CNT to Contaminant Immobilization in Sediments.

CNT type	 Contaminant Sediment Main result Refs. 
MWCNT Chlorinated

hydrocarbons 
SWCNT PCBa 

SWCNTs and Sulfamethoxazole,
MWCNTs sulfapyridine, and

sulfadiazine antibiotics
SWCNTs and DDT and HCHb

MWCNTs (Organochlorine 
pesticides) 

SWCNTs and Paracetamol and
MWCNTs diclofenac sodium 

MWCNT	 Sodium dodecyl
benzene sulfonate
(surfactant) 

MWCNT	 Cadmium 

Sand

New Bedford
Harbor sediment

Sediment from
Xiangjiang river, 
China
Sediment from
Dong-ting lake,
China
Sediment from
Xiangjiang river, 
China
Sediment from
Xiangjiang river, 
China
Sediment from
Xiangjiangriver, 
China 

Sand textured with CNT was effective to reduce the migration 
of contaminants from the sediment to overlying water
SWCNT reduced the PCB bioavailability, decreasing the 
bioaccumulation and toxicity of the contaminant to benthic
organisms 
CNTs strongly retained the antibiotics due to their high 
adsorption capacities and limited transport in the sediment

Both SWCNTs and MWCNTs were effective to prevent the 
residual DDT and HCH being released from the sediment 

CNTs showed capacity to impede the transport of 
paracetamol and diclofenac sodium in the sediment

MWCNT increased the adsorption capacity of the sediment 
for SDBS, affecting its transport in the sediment 

MWCNT increased the uptake of Cd, improving the 
phytoremediation efficiency in the restoration of the sediment 

Ma et al. (2010)

Parks et al.
(2014)

Su et al. (2016)

Hua et al. (2017),
Zhang et al.
(2017a)
Yan et al. (2017) 

Song et al.
(2018)

Gong et al.
(2019) 

aPCB, Polychlorinated biphenyls; bDDT, Dichlorodiphenyltrichloroethane; HCH, hexachlorocyclohexane. 
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The potential of CNT to be used in the development of technologies for 
the treatment of soils and sediments contaminated with different contaminants 
is an important issue that highlights the possibility of their use in different 
contexts of soils/sediments remediation, despite the challenges still associated 
with the use of these nanomaterials. For example, regarding the potential of 
CNT to immobilize toxic metals, specifically, a promising application could 
be associated with the development of technologies for the remediation of 
soils and sediments contaminated by toxic metals from mining tailings. 

11.2.3.1.4 Challenges of the Use of CNT for Soil Remediation 

Although CNTs have proved being effective to reduce the mobility of different 
contaminants in soils (or sediments), uncertainties about their environmental 
risks in natural ecosystems have limited their application. Most of the efforts 
in this field have been directed to understand the impacts of CNT on the 
natural ecosystems properties as well as the role of the aging process on the 
properties of CNT (Fan et al., 2017). Therefore, beyond simply evaluating 
the potential of CNT to immobilize a specific contaminant, a global compre
hension about the influence of CNT on the physicochemical properties of the 
solid matrix is needed, which includes evaluating the effect of the presence 
of CNT on the potential of own soil particles to adsorb other contaminants. 
So that the presence of CNT cannot affect in a large extension the natural 
capacity of the soil to immobilize a contaminant despite their capacity to 
efficiently immobilize other one (Fang et al., 2008). In summary, to evaluate 
the ecological risks of CNT in the soil matrix is indispensable for the 
assessment of remediation potential of that nanomaterial, and consequently, 
the development of secure applications of CNT for soil cleanup (Fitz and 
Wenzel, 2002; Song et al., 2019; Towell et al., 2011). 

11.2.3.2 NANOSTRUCTURED BIOCHARS 

As other carbonaceous nanomaterials, biochars have amazing adsorption 
properties for a wide range of organic and inorganic contaminants (Zhang 
et al., 2013). Because of this, biochars produced from different feedstock 
and pyrolysis conditions have been proposed as material for soil remediation 
through adsorption technology. Beyond the own biochar ability to 
immobilize contaminants in soils, other processes associated with its use 
for soil remediation can be involved. For instance, biochars have shown to 
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interact with microbes in soils, which would be probably associated with the 
degradation or transformation of contaminants (Ma et al., 2010). In addition, 
other aspects regarding mitigating sustainable practices on soil amendment 
are related to biochars usage, including carbon storage as well as fertility 
and quality increase of soil for agriculture. These aspects make biochars 
the most important carbonaceous material for soil remediation, although 
the benefits associate with the use of a specific biochar in soil, including 
their immobilization capacity of contaminants, are dependent on the biochar 
dosage in the soil matrix, remaining a challenge in this field to determine the 
optimized conditions for biochar applications (Gopinath et al., 2020). 

The versatility of biochars to adsorb different classes of molecules is 
associated with their morphology which is characterized by the presence 
of different active functional groups spread on a large specific surface area 
rich in micropores. These aspects provide to biochar simultaneous distinct 
mechanisms to interact with contaminants in soils. In the next subsections, 
these mechanisms are highlighted for toxic metals and organic contaminants. 

11.2.3.2.1 Soils Containing Toxic Metals 

Interaction between toxic metals and biochars can occur through different types 
of mechanisms. The simplest involves the ion exchange between the metal 
cation and other cations associated with the biochar, such as Ca2+ and Mg2+. 
Theses exchangeable cations in the biochars come from the complexed humic 
matter and mineral oxides generally incorporated to the biochar and can be 
quantified by the cation exchange capacity (CTC). In another mechanism, the 
mineral elements in the biochar, such as carbonates, sulfates, and phosphates, 
may combine with the toxic metals, forming poorly soluble salts. 

Animal-derived biochars generally contain higher CTC than plant-derived 
ones due to their high Ca2+ contents, which makes ion exchange a dominant 
mechanism of animal-derived biochars in the immobilization of several metal 
cations. This can be observed, for instance, for immobilization of Cd2+ and 
Cu2+ on biochars derived from cattle and swine carcasses. However, the same 
biochars are effectives to immobilized Pb2+ via precipitation, showing that 
the mechanism for metal adsorption is not determined only by the biochar 
structure, but also depends on the metal adsorbed (Lei et al., 2019). 

The adsorption of toxic metals on biochars can also occur by physisorp
tion that comprises electrostatic, cation–π, and van der Waals interactions. 
Regarding the first one, when biochars are added in the soil, they can 
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increase the surface negative charge density of the soil matrix, attracting 
more intensely the positively charged toxic metals (Liang et al., 2006). The 
relative contribution of the electrostatic interactions for metal adsorption is 
determined by the pH of the soil, which modulates the surface charge of both 
biochar and soil particles, beyond the charge of the own metal species. When 
the pH of the soil increases above the zero-charge point of the biochar (pHpzc), 
the negative net charge on the surface of the biochar increases, favoring the 
electrostatic adsorption of positively charged metal ions. On the other hand, 
at high enough pH, some metals can form negative hydroxide complexes 
which interact through repulsive electrostatic interactions with the biochar 
surface, or insoluble neutral hydroxide complexes which precipitate may 
disadvantage the adsorption. In the first situation, leaching of the metals 
through the soil will increase, showing that the geochemical properties of 
the soil should be analyzed before biochar application for soil remediation. 

Another mechanism for adsorption of toxic metals is associated with 
the capacity of the oxygen-containing functional groups of the biochar 
(carboxyl and hydroxyl, for instance) forming complexes with the metals, 
characterizing a chemisorption. Generally, biochars produced at lower 
temperatures of pyrolysis (200°C–400°C) are richer in oxygen-containing 
functional groups, presenting more efficiency to adsorb metal ions due to 
complexation mechanism. This is the main mechanism described for the 
adsorption of Pb2+ on variable charge soils amended with rice straw-derived 
biochar (300°C during pyrolysis) (Jiang et al., 2012) and Al3+ on biochar 
obtained from cattle manure (400°C during pyrolysis) for the alleviation 
of aluminum phytotoxicity in soils (Qian et al., 2013). Higher capacities of 
metal adsorption can also occur at high temperature biochars (500°C–900°C 
during pyrolysis), as observed for adsorption of nickel on biochars produced 
from wheat straw pellets and rice husk (Shen et al., 2017). In this case, for 
the same feedstock, a higher pyrolysis temperature results in the formation 
of more content of alkaline minerals, favoring the metal immobilization by 
precipitation and cation exchange mechanisms. In addition, more active 
aromatic structure in the biochar, generated at the higher temperatures, also 
favors the adsorption via cation–π interactions. 

The mechanisms presented above generally act together. However, the 
relative importance of each one can depend on the properties of soil (pH, 
composition, etc.) and biochars, as well as all metal ions present in both 
soils and biochar. As a consequence, the success of the biochar usage for 
remediation of a contaminated soil should consider those mechanisms 
associated with the toxic metal immobilization on the biochar. 
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Another important issue beyond the own biochar adsorption capacity to 
immobilize toxic metals is the biochar ability to changing the adsorption 
capacity of the particles of the soil itself. Modification in the soil proper
ties, specially pH and CEC, has been considered one of the most important 
contributions for the decline in the content of Al, Zn, Cu, Mn, and Cd in 
soils of different agricultural sites in the Czech Republic (Hailegnaw et al., 
2020). Changes in the pH of soil induced by biochars can also reflect in 
undesirable process, as the increased As solubility with more alkaline pH 
already reported (Fitz and Wenzel, 2002). 

11.2.3.2.2 Soil Containing Organic Compounds 

Many works have shown that biochars have good adsorption capacities to 
several organic compounds, including PAH, benzene derivatives, phenols, 
agrochemicals, plasticizers, and pharmaceuticals, such as antibiotics and 
endocrine-disrupting chemicals (Dai et al., 2019; Gu et al., 2016; Regk
ouzas and Diamadopoulos, 2019; Zhang et al., 2016). Beyond other aspects 
referenced in previous sections, such as large specific surface area and 
high porosity, the great adsorption capacity of biochars for those organic 
contaminants has been mainly ascribed to their aromatic structure which 
can favorably interact with hydrophobic and aromatic organic compounds 
through hydrophobic, aromatic-π, and cation-π interactions (Jung et al., 
2013). Generally, biochars obtained at pyrolysis temperatures higher than 
500°C have a highly aromatic structure which favors those interactions. 
However, the mechanisms of adsorbing organic compounds also depend on 
the adsorbate structure and can involve other types of interactions, including 
electrostatic attraction, hydrogen bonding, and complexation. 

Hydrogen bonding and π–π-electron donor–acceptor interactions are 
the dominant mechanisms for the adsorption of estrone, 17β-estradiol, 
estriol, 17α-ethynylestradiol, and bisphenol A on biochar from Eucalyptus 
globulus wood activated with phosphoric acid at pyrolysis temperature equal 
to 600°C and at nitrogen atmosphere. That adsorption is dependent on the 
change of the pH which modulates the presence of π-electron donor and 
π-electron acceptor domains on the biochar surface, modifying the adsorp
tive mechanism to guarantee an excellent removal efficiency of π-electron 
donors or π-electron acceptors hydrophobic organic contaminants (Ahmed 
et al., 2018). 

Despite the fact that some charged organic contaminants can be adsorbed 
by electrostatic attraction (Hassan et al., 2020), electrostatic repulsion between 
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functional groups charged with charges of the same sign in both biochar and 
adsorbate can also limit the adsorption capacity of the biochars. This can be 
observed, for example, for the adsorption of imazamox, metazachlor oxalic 
acid, and metazachlor sulfonic acid, polar pesticides in soil amendment with 
biochar produced from beech wood at temperatures up to 550°C (Dechene et 
al., 2014). Due to its low value of pHPCZ, the biochar was negatively charged 
in the pH conditions investigated, promoting an electrostatic repulsion of 
the contaminants that were deprotonated and negatively charged at the same 
conditions. In this situation, the proposed biochar is not considered a viable 
strategy to reduce the leaching potential for those polar pesticides. However, 
if electrostatic interactions are not involved in the immobilization process, 
other interactions can take place in the adsorption of polar pesticides on 
biochars. For instance, adsorption of diuron, a nonionizable polar herbicide, 
was enhanced by the application of biochar from Eucalyptus in a Cerrado 
Haplic Plinthosol, in which hydrophobic interactions and hydrogen bonding 
formation were the main interactions governing the contaminant immobili
zation (Petter et al., 2019). 

As observed, from a mechanistic point of view, biochars immobilize 
contaminants on their surface in a similar way of how CNTs do. However, 
higher porosity and more complex composition of the biochars determine 
extra mechanisms of sorption, such as partition and pore-filling. In the first, 
the contaminant is transferred from the fluid phase to the uncarbonized 
fraction of the carbonaceous material. In the last one, the contaminant fills 
entirely the pores of the biochar. 

Partition as sorption mechanism is reported, for instance, in the 
remotion of PAH in soils using biochars made from pine needle in pyrolysis 
temperature from 100°C to 700°C. Particularly, partition is dominant at low 
pyrolysis temperatures and favored at high concentrations of the contaminant. 
However, sorption mechanism is changed to adsorption-dominant at higher 
pyrolysis temperatures and favored at low concentrations of contaminant 
(Chen and Yuan, 2010). Because PAH present low solubility in the aqueous 
solution of the soil, uncarbonized fraction of the biochar can solubilize those 
contaminants, favoring their partition to that fraction of the material. Pore-
filling, on the other hand, is presented as one of the sorption mechanisms of 
thiacloprid, a neonicotinoid insecticide, on black soil amended by various 
biochars. Beyond pore-filling, the sorption mechanism on both biochars and 
biochar–soil mixtures are mainly through hydrophobic and π–π-electron 
donor–acceptor interactions (Zhang et al., 2018a). 

In summary, the different types of structures of both contaminants and 
biochars make the mechanisms associated with immobilization of organic 
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contaminants on biochar to be broad. In this context, evaluation of the surface 
properties of the biochars and knowledge on the molecular structure of the 
contaminant are indispensable to understand and predict the mechanisms of 
adsorption that will determine the efficiency of biochar to soil remediation. 

11.2.3.2.3 Soils Containing Multicontaminants 

As discussed in section 10.2.1.1, combination of different contaminants can 
alter the adsorption capacity of the soil regarding some of those contaminants. 
In this point of view, the evaluation of the potential of the adsorption for 
remediation of multicontaminated soil is a relevant issue, in which biochars 
have been shown to be promising choice. For instance, the simultaneous 
monitoring of toxic metals (Cu, As, Cd, and Zn) and PAH in a contaminated 
soil amended with biochar over 60 days field exposure shows that biochars 
effectively decrease the concentration of Cd and Zn as well as PAH in pore 
water. Although in the same condition the Cu and As concentrations in the soil 
pore water increases more than 30-fold after adding the biochar associated 
with significant increases in both dissolved organic carbon and pH (Beesley 
et al., 2010), those results show the potential of biochars to simultaneously 
immobilize different contaminants in the soil. However, it is also evident 
that the remediation of multicontaminated soils is more complicated and can 
require the combination of different technologies for remediation. 

11.2.3.3 GRAPHENE AND GRAPHENE OXIDE 

As CNT, graphene and graphene oxide in a short period of time since their 
discovery showed a prominent potential for water and air remediation, and 
also are acting as adsorbent for sequestration of toxic metal ions, rare-earth 
metal ions, organic compounds, etc. (Wang et al., 2013). However, the use 
of graphene-based materials for soil remediation is uncommon compared 
with those applications involving adsorptive remediation in water and air 
matrices. 

The few works investigating the graphene-based materials usage for soil 
remediation are focused on graphene oxide (Baragano et al., 2020), which 
can be attributed to the surface properties of these materials. They have 
various oxygen-containing functional groups, such as hydroxyl, carbonyl, 
and carboxyl on their surface, which can directly interact with different 
contaminants or be covalently modified to interact with specific contaminants. 
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The mechanisms involving the adsorption of contaminants on these materials 
are similar to those on CNT, that is, electrostatic interaction, complexation, 
hydrophobic interaction, π–π interaction, and hydrogen bonding (Zhao et 
al., 2019b). In addition, because graphene oxides are nonporous adsorbents, 
adsorption occurs only on their outside surface, thus diminishing the control 
of internal diffusion mechanisms. 

Regarding the application of graphene-based materials in soils, graphene 
oxide nanoparticles have been investigated for the remediation of soil 
contaminated with toxic metals and were compared with the performance 
of zero-valent iron nanoparticles (nZVI) (Baragano et al., 2020). While 
graphene nanoparticles have immobilized Cu, Pb, and Cd, and have 
mobilized As and P, the nZVI have promoted the immobilization of As and 
Pb, a less effective immobilization of Cd, and an increased availability of Cu 
in the soil. It is noteworthy that these opposite results for both nanoparticles 
indicate the possibility of applying hybrid approaches of phytoremediation 
and nanoremediation in a soil treated with both graphene oxide nanoparticles 
and nZVI. 

The transport of contaminants through the soil matrix can also be affected 
in different extensions by graphene oxide nanoparticles, depending on the 
molecular properties of the contaminant and the level of carbonaceous 
material aggregation. Low concentrations of graphene oxide nanoparticles in 
a saturated soil, for instance, significantly enhance the transport of 1-naphthol, 
a polar aromatic compound, but affect the transport of phenanthrene, a 
hydrophobic aromatic one, to a much smaller extent. In addition, when the 
soil solution is subjected to chemistry conditions that favor the aggregation 
of the nanoparticles, the transport enhancement effects of the contaminants 
are increased (Qi et al., 2014). 

One of the reasons that can explain the failure of graphene or graphene 
oxide for soil remediation is the blocking of adsorptive sites of graphene 
or graphene oxide due to intense interactions between these nanomaterials 
and the soil particles (Zhao et al., 2019b). To overcome this problem, 3D 
composites containing graphene oxide have been developed, in which their 
morphology allows the contaminant diffusion from the soil solution to 
the inner structure of the material, while the solid particles of soil would 
be retained at the exterior surface (Zhao et al., 2019a). This interesting 
approach has gained attention in the field of research about the application 
of carbonaceous materials for soil remediation, leading to the development 
of engineered carbonaceous nanomaterials, which are discussed in the next 
section. 
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11.2.4 ENGINEERED CARBONACEOUS NANOMATERIALS 

Despite the great potential of conventional nanostructured carbonaceous 
materials (CNT, graphene, graphene oxide, and biochars) for contaminant 
immobilization in soils, further improvements in their remediation effi
ciency and environmental benefits are still needed. In this context, recent 
attention has been focused on the modification of carbonaceous materials 
or combination of them with other nanomaterials to obtain new ones with 
novel morphologies and surface properties as well as greater potential to be 
used as adsorbent in soil remediation. This class of new materials has been 
named engineered carbonaceous nanomaterials (ECN) and can be achieved 
using different approaches, such as acid/base treatment, chemical oxidation 
process, modification of functional groups (carboxylation and amination), 
coating, treatment with organic solvents, modification with surfactants, 
impregnation with mineral oxides, and magnetic modification (Madhavi et 
al., 2021; Rajapaksha et al., 2016). 

ECN generally have increased specific surface area, reduced aggrega
tion capacity, and greater density of active adsorption sites in their surface 
when compared with conventional carbonaceous nanomaterials, therefore, 
enhancing the adsorption capacity of those materials. These improved 
properties are compatible with a high performance of ECN application in 
environmental remediation. 

Regarding the use of ECN for the soil remediation, recent works have 
shown the improvement of the sorption capacity of contaminants by those 
materials compared with the nonmodified ones. For instance, coating of 
pistachio-shell residues biochars with nZVI leads to higher efficiencies in 
cadmium stabilization compared with pristine biochars (Saffari et al., 2019). 
Other biochar-based engineered materials for the remediation of soil contami
nated with toxic metal/metalloid include chitosan-modified biochars, which 
has been shown an effective, low-cost, and environment-friendly adsorbent 
for the removal of cadmium, lead, and cadmium (Zhou et al., 2013), as well 
as manganese oxide-modified biochar, which has been efficient to increase 
the removal of arsenic in soil (Yu et al., 2015). 

Concerning the use of graphene-based materials, graphene oxide modi
fied with sulfonate groups is a promising ECN for the nanoremediation of 
PAH-contaminated soils (Gan et al., 2017). Graphene and nZVI have been 
also integrated to a complex biochar-based engineered material for metal 
stabilization in soil using biochar from cornstalk. This new nanomaterial 
has a superior immobilization efficiency of Cu than pristine biochar, being a 
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promising and effective amendment for immobilizing this metal in contami
nated soils (Mandal et al., 2020). 

Compared with biochars and graphene materials, the development of 
ECN based on CNT for soil remediation is less explored. However, effective 
CNT-based engineered materials have been proposed for the remediation of 
soil contaminated with organic compounds. For example, a composite formed 
by magnetic MWCNT and metal–organic framework, a porous crystalline 
material formed by metal units and organic linkers, have been shown as 
promising adsorbent for the removal of organophosphorus pesticides is soil 
(Liu et al., 2018). 

The adsorption properties of the different carbonaceous materials explored 
in this section for contaminated soil remediation are also valuable for nutrient 
retention in poor soils. Also, their physical and chemical properties present 
fundamental information for the formulation of new strategies of their efficient 
use. In the next sections, characterization and performance aspects of these 
carbonaceous nanomaterials will be discussed in greater detail, broadening 
the understanding of their efficiency in nutrient retention. 

11.3 NUTRIENT-DEPLETED SOILS REMEDIATION WITH 
CARBONACEOUS NANOFERTILIZERS 

The characterization and understanding of physical–chemical phenomena 
involving carbon nanotubes, graphene, graphene oxide, and biochar are of 
fundamental importance to engineer their use. This process allows the verifi
cation of some properties of the material under analysis that corroborate the 
factors related to its applicability in the industry. The next sections of this 
chapter will be devoted to the exploitation of the main structural, chemical, 
and application properties of these materials and their relationship with soil 
remediation for both contaminated and nutrient-depleted soils. 

11.3.1 GRAPHENE, GRAPHENE OXIDE, AND CARBON NANOTUBE-
BASED FERTILIZERS 

11.3.1.1 MORPHOLOGY AND STRUCTURE OF GRAPHENE, GRAPHENE 
OXIDE, AND CARBON NANOTUBE FERTILIZERS 

There are several techniques, alone or combined with each other, that can 
be used to access the morphology and structure of CNM in smart fertilizers. 
Each one provides specific information in a microscopic level, contributing 
to the elucidation or improvement of the mechanism of slow release. 



 

 

 

 FIGURE 11.6 AFM of GO flakes on a mica substrate. (a) AFM image. (b) Profile of the 
image along the horizontal white line in (a). The two dots in (a) and the two dash vertical lines 
in (b) show the reference points for height measurement for the GO sheet. 

Source: Reprinted from Zhang, M.; Gao, B.; Chen, J.; Li, Y.; Creamer, A. E.; Chen, H. Slow-
Release Fertilizer Encapsulated by Graphene Oxide Films. Chem. Eng. J. 2020, 255, 107–113 
Copyright (2020), with permission from Elsevier. 
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Atomic force microscopy (AFM) is a valuable technique to characterize 
carbonaceous nanomaterials down to the atomic thickness, and it was used to 
characterize the commercially available GO dispersion for the encapsulation 
of KNO3 pellets (Zhang et al., 2014). Figure 11.6 displays the AFM image 
of GO sheets with micrometric lateral dimension on top of a mica substrate. 
The profile analysis indicates that single-layer graphene flakes with average 
0.7 ± 0.2 nm in thickness were found, confirming the nanometric scale aimed 
to be used in the fertilizer formulation. 



 

 
  

 
 
 
 
 
 

  

  

  

FIGURE 11.7 SEM-EDX analysis of (a) core and shell structure of a re-GO-coated KNO3 
pellet. (b) Higher resolution image of the surface exhibited in (a). (c) Higher resolution of 
the surface in (a), focusing on the shell structure. (d) EDX spectrum unveiling the chemical 
composition of the sample. 
Source: Reprinted from Zhang, M.; Gao, B.; Chen, J.; Li, Y.; Creamer, A. E.; Chen, H. Slow-
Release Fertilizer Encapsulated by Graphene Oxide Films. Chem. Eng. J. 2020, 255, 107–113 
Copyright (2020), with permission from Elsevier. 
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Scanning electron microscopy (SEM) is widely used to study the 
morphology of graphene-based fertilizers, as shown in Figure 11.7. Figure 11.7a 
is a representative cross-sectional image of a re-GO-coated KNO3 pellet, 
with a KNO3 core and re-GO shell (Zhang et al., 2014). It is worth noticing 
the smoothness of the exterior shell covering the fertilizer pellets fabricated. 
Figure 11.7b represents a higher resolution of the smooth shell, while (c) is a 
magnification showing the dense, smooth, and uniform shell with 20–30 µm 
thickness. Figure 11.7d shows the energy-dispersive X-ray (EDX) analysis of 
the re-GO-coated KNO3 pellet, unveiling its chemical composition of mainly 
C, O, N, and K. 



 

 

 

FIGURE 11.8 (a, b, c) Optical images of monoammonium phosphate (MAP) (a), MAP– 
graphene (MAP–GN) (b), and MAP–graphene oxide (MAP–GO) (c) cogranulations. (d–f) 
SEM images for these samples, in the same order. (g–i) are their respective magnifications, with 
red lines indicating the presence GN and GO in the MAP–GN, and MAP–GO cogranulations. 

Source: Reprinted with permission from Kabiri, S.; Baird, R.; Tran, D. N.; Andelkovic, I.; 
McLaughlin, M. J.; Losic, D. Cogranulation of Low Rates of Graphene and Graphene Oxide 
with Macronutrient Fertilizers Remarkably Improves Their Physical Properties. ACS Sustain. 
Chem. Eng. 2018, 6 (1), 1299–1309. Copyright (2018) American Chemical Society. 
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Figures 11.8a–i show the optical (a–c) and SEM (d–i) images of cogranu
lation of low rates of GN and GO with monoammonium phosphate (MAP) 
conventional fertilizer (Kabiri et al., 2018). While all samples granulated 
as round-shaped structures, the MAP control sample (Fig. 11.8d) presents a 
rough surface when compared with the MAP–graphene (MAP–GN, Figure 
11.8e) and MAP–graphene oxide (MAP–GO, Figure 11.8f) cogranulations. 
Higher magnification SEM images (Figs. 11.8g–i) show homogeneous GN 
and GO embedment in the MAP–GN and MAP–GO composite. Stacked GN 
sheets were also detected in SEM cross-sections of MAP–GN granules when 
studying their crushing strength (Kabiri et al., 2020). 
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SEM was used to study the composite obtained when loading Fe(III) 
and then P onto GO sheets ultrasonicated in a concentration of 1 g GO/L 
(Andelkovic et al., 2019). The observed planar and filamentous macroporous 
networks were attributed to the twisting and rolling of GO sheets in a stress 
stabilization process during the growth of ice crystals in the freeze-drying 
synthesis. The increase in GO concentration resulted also in stacked layers, 
which can be dispersed by ultrasonication, forming the nanoscrolls observed 
by the authors. Rolled and wrinkled GO sheets loaded with Cu and Zn 
micronutrients were also observed in the literature for other high-load slow-
release fertilizer formulations (Kabiri et al., 2017). 

Transmission electron microscopy (TEM) is routinely used to show the 
atomic structure of graphene and graphene oxide loaded with nutrients, as 
well as their electron diffraction representing their hexagonal arrangement 
at the nanoscale (for example, the reduced graphene oxide (re-GO) used 
to coat KNO3 fertilizers (re-GO-coated KNO3) (Zhang et al., 2014), or the 
pristine GO when exploring Cu- and Zn-loaded GO (Kabiri et al., 2017)). 
The morphology of urea-functionalized MWCNT for nitrogen delivery 
(Yatim et al., 2015) and its uptake into paddy roots was also examined with 
TEM (Yatim et al., 2019). The tubular structure of functionalized MWCNT 
was still clearly observed, but in a higher magnification TEM, the authors 
noticed the longitudinal rupture of these structures compared with pristine 
MWCNT. The functionalized MWCNTs were generally found separated 
as individual tubes and presenting ripped ends, with irregular appearance, 
and in some cases, their original lengths of the order of 0.5–1.0 µm were 
reduced to ~ 50 nm, and thinned in diameter to nearly 10 nm. Moreover, flat 
graphene-like structures with the width of ~ 80 nm were also found in the 
cells of these paddy root samples, probably from open tubular functionalized 
MWCNT structures. These observations confirmed the uptake of functional
ized MWCNT resulted in increased defect density through the destruction of 
the graphitic structure, shedding light on how these materials modify when 
applied in fertilizer formulations. 

Spectroscopic techniques have been increasingly used as methods of 
physical and chemical characterization of CNM. Among those techniques, 
Raman spectroscopy has proven to be a useful and effective characteriza
tion technique to obtain the structural information about CNM due to their 
simplicity (as it often does not require sample treatment), speed, high resolu
tion, and because it is nondestructive, depending on the excitation energy 
and power used (Ferrari and Robertson, 2000). In the case of carbonaceous 
materials, the Raman spectrum presents broad peaks in two main regions 
(see Figure 11.9). The first region, known as the “D” band, near 1350 cm−1, 



 

 

 

FIGURE 11.9 Raman spectra of hydrothermally reduced graphene oxide (GNHT), graphene 
reduced by hydrazine (GNNH), graphene reduced by vitamin C (GNVC), and graphene 
decorated with αFeOOH nanoparticles (GNFeOOH). Diverse IG/ID ratios represent different 
relative amounts of sp2-hybridized carbon atoms. 
Source: Reprinted (adapted) from Kabiri, S.; Tran, D. N.; Baird, R.; McLaughlin, M. J.; Losic, 
D. Revealing the Dependence of Graphene Concentration and Physicochemical Properties 
on the Crushing Strength of Co-Granulated Fertilizers by Wet Granulation Process. Powder 
Technol. 2020, 360, 588–597. Copyright (2020), with permission from Elsevier. 
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arises due to the breathing movement of the carbon atoms arranged in a 
hexagonal structure (predominantly sp2) (Jorio et al., 2011; Tuinstra and 
Koenig, 1970), and is assigned as a k-point phonon of A1g  symmetry. This 
mode is activated by the presence of structural defects like vacancies or grain 
boundaries, providing information regarding the degree of disorder of the 
analyzed crystalline structure. The second region, called the “G” band, near 
1600 cm−1, corresponds to the stretch between planar C-C bonds (Tuinstra 
and Koenig, 1970), being assigned as a Γ-point E2g phonon. 

Figure 11.9 represents the Raman spectra of chemically reduced graphene 
oxide samples formulated according to diverse methodologies aiming their 
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use to improve the crushing strength of MAP fertilizer formulations (Kabiri 
et al., 2020). The intensity ratio between D and G integrated band intensi
ties can be related to the different relative amounts of sp2-hybridized carbon 
atoms. Although the ID/IG ratio is more widely used, the authors in this work 
analyze the IG/ID ratio to classify the differences in graphene oxide reduction 
processes and respective fertilizer crushing strength enhancements. They 
observed that the reduction by hydrazine (GNNH) and by vitamin C (GNVC) 
resulted in higher crushing strength when compared with hydrothermally 
reduced graphene oxide (GNHT), indicating that they are more effective 
in restoring the graphene original and less defective structure. Zhang et al. 
(2014) used the ID/IG ratio to show that the heat treatment of KNO3 pellets 
encapsulated with graphene oxide is important to promote the metal cation 
reduction of graphene oxide to a much less defective structure. From another 
side, Kabiri et al. (2017) observed that the Raman spectra of both Zn- and 
Cu-functionalized graphene oxides (Zn–GO and Cu–GO) presented a blue 
shift of 9 cm−1 for the G band, while a red shift of 8 cm−1 for the D band was 
observed only for the Cu–GO composite, suggesting that these metal ions 
modified the structure of the original graphene oxide. 

Raman spectroscopy is also valuable in evaluating MWCNT-based 
fertilizers. Kumar et al. (2018) proposed that the high ID/IG value of 1.15 is 
related to the abundance of defects in the commercially available MWCNT, 
confirmed by TEM images, showing distorted structures. The technique was 
also used to identify the incorporation of ZnO nanoparticles in these tubes, as 
well as MWCNT and ZnO/MWCNT presence inside onion seedlings. 

11.3.1.2 GRAPHENE, GRAPHENE OXIDE, AND CARBON NANOTUBE-
BASED FERTILIZERS: CHEMICAL PROPERTIES 

In a chemical point of view, the atoms and the functional groups that they 
constitute on the surface of the CNM determine, in a large extension, the 
ability of the nanofertilizer to interact with the active compound, modulating 
its rate of release in the soil. 

X-ray photoelectron spectra (XPS) is routinely used to inspect the chemical 
character of nanostructured fertilizers, being valuable to define the nature of 
the chemical binding in diverse fertilizer formulations. In the aforementioned 
work of Kabiri et al. (2017), the XPS spectra of GO samples were investigated 
before and after their loading with Cu and Zn metal ions in a micronutrient 
slow-release fertilizer, allowing to analyze the chemical binding between the 
metal ions and GO in the formed composites. In their supporting information, 
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the authors highlighted the appearance of Zn (Zn 3s/3p) and Cu (Cu 3s) peaks 
in their survey spectra, corresponding to the presence of 4.34% Zn and 6.2% 
Cu. Figures 11.10a and b represent the data obtained for the C1s and O1s 
spectra of those composites, respectively. The GO sp2-hybridized main carbon 
peak is present at 285 eV (Fig. 11.10a), with an asymmetric character due to 
the presence of carbon–oxygen terminations, such as C-OOH, C-O-C, C=O, 
and C-OH, and also sp3-aliphatic hydrocarbons. The deconvolution of the C1s 
spectra for the Zn–GO and Cu–GO samples show peaks related to O=C-O, 
C=C or C-C, C-O, and C=O. The presence of the metal ions in the GO matrix 
is observed due to the shift of the C=O and O=C-O peaks toward higher 
binding energies after their loading. In addition, the O1s spectra presented in 
Figure 11.10b were fitted according to the presence of C=O, O=C-OH and 
C-O, differing considerably in intensity, shape, and position before and after 
Zn and Cu ion incorporation. From this analysis, it was concluded that the 
functional groups containing O represent the fundamental involvement on the 
sorption of the metal ions. 

XPS was also used to explore the chemical changes induced by the heat 
treatment and consequent GO reduction of the KNO3–GO encapsulated 
fertilizers (Zhang et al., 2014), in which the C–O peak near 286.5 eV decreased 
in intensity after reduction when compared with the C-C sp2-hybridized peak, 
showing a more graphitic structure after this procedure. This result was also 
corroborated by the Raman analysis, as described in the previous section. 
Li et al. (2019) found that the XPS analysis clearly shows an increase in 
the abundance of carboxyl groups when GO is included in chitosan + GO 
fertilizer coatings (from 8% to 31%), indicating that it plays an important 
role in controlling the surface chemistry of these coatings. 

Fourier transform infrared spectroscopy (FTIR) is another technique used 
in the characterization of organic or inorganic materials, valuable to obtain 
information about the present functional groups (chemical composition), as 
well as the possible types of bonds according to normal modes of vibration 
(stretching or angular deformations) (Pavia et al., 2010; Smith, 2011). In 
fertilizer formulation characterization, FTIR is commonly used to corroborate 
the XPS results. Figure 11.11 corresponds to the FTIR spectra of a GO and a 
Graphene oxide–Fe(III) (GO–Fe) composite containing phosphate for a slow-
release fertilizer formulation (Andelkovic et al., 2018). Five spectral regions 
are of greater interest, specifically those close to 3350, 1730, 1618, 1220, and 
1030 cm−1. The broad band close to 3350 cm−1 corresponds to the vibrational 
stretching of hydroxyl groups (O-H) (Long et al., 2019). The peaks located at 
1730 and 1618 cm−1 are related to the vibrational stretching of carbonyl groups 
(C = O) and aromatic ring (C = C), respectively (Zhang et al., 2014). The 



 

 
 
 
 
 
 
 
 

 

 

FIGURE 11.10 XPS spectra of GO and Zn- and Cu-loaded GO (Zn–GO and Cu–GO, 

respectively), for the C1s (a), and O1s (b) regions.
 
Source: Reprinted with permission from Kabiri, S.; Degryse, F.; Tran, D. N.; da Silva, R. 

C.; McLaughlin, M. J.; Losic, D. Graphene Oxide: A New Carrier for Slow Release of Plant 

Micronutrients. ACS Appl. Mater. Interf. 2017, 9 (49), 43325–43335. Copyright (2017) 

American Chemical Society.
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peaks at 1220 and 1030 represent C-O vibrations of epoxy and alkoxy groups 
(Mannan et al., 2018). These characteristic regions in the FTIR spectrum 
of the GO are also described in the works of Marcano et al. (2010), Zhang 
et al. (2014), and Mannan et al. (2018), although the single-layer isolation 
of the material was not carried out, and the measurements were made in its 
disordered bulk form. According to Zhang et al. (2014), when the domain of 
few layers approaches, the band corresponding to the vibrations of the epoxy 
groups tends to become more intense, which can be used as a strategy to detect 
the presence of GO of atomic thickness. 

The comparison of GO and GO–Fe spectra in Figure 11.11 unveils a 
decrease in the C=O intensity, and an increase in the O=C-O carboxyl stretch 
(1348 cm−1) intensity. Shifts in these peaks are attributed to the coordination 
of Fe(III) ions to the GO carboxylic group (Andelkovic et al., 2018; Park 
et al., 2008), while the shift of the C=C peak from 1618 to 1606 cm−1 and 
its intensity increase are related to the transformation from the π electron 
interaction in the GO aromatic structure to cation-π interaction in GO–Fe 
(Andelkovic et al., 2018; Wang et al., 2013). Andelkovic et al. (2019) tested 
these hypotheses by optimizing the GO content in GO–Fe fertilizers for 
phosphorus loading. They found that for higher GO concentrations (1 gGO/L 
vs. 10 gGO/L), GO aggregation into stacked layers is higher, with Fe(III) 
ions intercalating between layers of GO and being weakly bonded to GO 



 

 

 

FIGURE 11.11 FTIR spectra of GO and GO–Fe used in the graphene oxide-Fe(III) 
composite containing phosphate for a slow-release fertilizer formulation. 

Source: Reprinted from Andelkovic, I. B;, Kabiri, S.; Tavakkoli, E.; Kirby, J. K.; McLaughlin, 
M. J.; Losic, D. Graphene Oxide-Fe(III) Composite Containing Phosphate—A Novel Slow 
Release Fertilizer for Improved Agriculture Management. J. Clean. Prod. 2018, 185, 97–104 
Copyright (2018), with permission from Elsevier. 
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hydroxyl and alkoxy/alkoxide groups, which were much weaker in the 10 
gGO/L formulation. 

Chemical changes were described by using FTIR in the study of the use 
of nonfunctionalized and functionalized MWCNT interacting with urea on 
the growth of paddy (Yatim et al., 2019; Yatim et al., 2015; Yatim et al., 
2018). Reactions between urea and functionalized MWCNT (fMWCNT) 
were expected through covalent bonding between NH2 groups in urea and 
the carboxyl groups in fMWCNT in the urea-functionalized MWCNT 
(UF-MWCNT). Their FTIR spectra presented main features expressed by 
the O-H stretching vibration (3300–2500 cm−1), C=O stretching (1700–1725 
cm−1), and C-O stretching vibration from carboxylic acid groups (1210–1320 
cm−1). For the case of UF-MWCNT, bands assigned to the C=O stretching 
vibration (1640–1690 cm−1), N-H bending (1510–1600 cm−1), CH2 bending 
(1376–1388 cm−1), and C-N stretching (1120–1290 cm−1) were found. The 
disappearance of the band associated with the O-H stretching vibration at 
3018 cm−1 in the UF-MWCNT, previously present in the fMWCNT sample, 
indicated that O-H groups reacted with amino groups in urea. In addition, 
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peaks with altered shapes arose, being attributed to N-H bending (1519 
cm−1) and C-N stretching (1219 cm−1) modes in the UF-MWCNT, with the 
consequent disappearance of the previously observed fMWCNT C=O (1739 
cm−1) and C-O (1219 cm−1) modes. The production of amide groups through 
the reaction of NH2 groups from urea and carboxyl groups (COOH) from the 
surface of fMWCNT were reported previously (Gao et al., 2005), and the 
FTIR results confirm the chemical reaction between them. 

SEM morphological characterizations of carbon nanomaterials-based 
fertilizers usually occur with the simultaneous chemical characterization by 
using EDX analysis. Pellet (core and encapsulated shell) or nanomaterials 
chemical composition can be checked for different atomic constituents or 
contamination by means, for instance, of punctual analysis (Andelkovic et 
al., 2018; Zhang et al., 2014) and surface images in the case of GO (Kabiri et 
al., 2020) or punctual studies of urea-functionalized MWCNT (Yatim et al., 
2018). The relative change in the proportion of chemical constituents after 
specific functionalization procedures in GN cogranulated fertilizers can also 
be studied (Kabiri et al., 2020). Due to the straightforward character of this 
technique, it will not be broadly discussed here. 

11.3.1.3 PERFORMANCE OF GRAPHENE, GRAPHENE OXIDE, AND 
CARBON NANOTUBE FERTILIZERS 

One of the most important improvement effects due to GN or GO incorporation 
in fertilizers is related to the crushing strength of these formulations. Kabiri 
et al. (2018) studied this improvement by cogranulating MAP fertilizer with 
GN and GO at different weight percentages (from 0.05% to 0.5%), observing 
that the carbonaceous materials improved the crushing strength of MAP 
(control) granules 3.0–18.2 times according to the different formulations. This 
improvement was explained by the high specific surface area and the pore-
filling or interlocking properties of GN and GO, which are associated with 
their 2D planar and wrinkled structure, as indicated by SEM analysis, and 
their superior mechanical properties like high Young’s modulus. Moreover, 
the GN cogranulated fertilizers presented superior crushing strength when 
compared with the GO formulations, with 10.8 kg force at 0.5 wt.%, 2.8 
times higher than for a formulation with the same content of GO. The type 
and higher defect content of GO compared with GN can be related to this 
observation, resulting in inferior mechanical properties for GO formulation. It 
is worth mentioning that the improvement of MAP due to the addition of low 
percentages of those CNM is promising when compared with commercial 
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strategies, like Norling A, in which 1% addition to MAP only doubles its 
crushing strength when compared with control samples. Other mechanical 
properties, such as abrasion resistance and impact resistance, important for 
fertilizer spread and storing, also presented substantial improvement. Kabiri 
et al. (2020) also expanded their study demonstrating the effects of GN 
concentration and physicochemical properties on the crushing strength of 
MAP and di-ammonium phosphate (DAP) fertilizers. 

The slow-release behavior of fertilizer formulations based on carbona
ceous materials is of paramount importance because the use of conventional 
products is usually damaged by lixiviation in soil, for example. To study this 
property, KNO3 fertilizer pellets coated with re-GO were used in a soaking 
experiment monitoring the potassium release concentration over time (Zhang 
et al., 2014). It was shown that while the uncoated KNO3 pellet reached 
equilibrium after only 1 h of potassium fast release, the re-GO-coated KNO3 
presented two different release stages. In the first one, from 0 to 7 h, only 
34.5% of potassium ions were released, which was assigned to the estab
lishment of “channels” through the shell and the diffusion of water into the 
core, in a slow process. In the second stage, from 7 to 8 h, corresponding 
to a burst release with the cracking of the re-GO shell, 93.8% of the initial 
potassium content is released. The visual inspection showed that the pellet 
was cracked after this stage. After this process, the release is again slow and 
stable, evidencing the promising slow-release character of this coating. 

The cogranulated formulations of MAP with GN or GO described 
previously in this section (Kabiri et al., 2018) were also studied by mean 
of P diffusion experiments in moist soil, in which the movement of P from 
the granules of the cogranulated formulations to the soil was smaller than 
that in the case of reference MAP samples (see in Figure 11.12 the dark 
green zones (a) and their radius (b) for different GN and GO percentages and 
number of days). In other study, Kabiri et al. (2017) conducted experiments 
to determine the water solubility, dissolution, and release rate of Zn–GO and 
Cu–GO pellets formulated as slow-release micronutrient fertilizers, showing 
that their formulations released only ~ 55% of Zn and Cu after 72 h when 
compared with the almost 100% release within 20 h from the conventional 
commercially available ZnSO4 and CuSO4 micronutrient precursors. 
Andelkovic et al. (2018) and Andelkovic et al. (2019) also conducted slow-
release experiments on GO–Fe composite loaded with P in three different 
soils, studying the kinetics by different models and engineering the material 
to a desired P release rate. A radius diffusion methodology similar to that of 
Kabiri et al. (2017) was performed and confirmed the slow-release properties 
for this formulation. 
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Plant yield studies are increasingly being used as direct measurements 
of carbon nanofertilizers efficiency. Andelkovic et al. (2019) choose three 
different soils (Port Wakefield—PW, Monarto, and Black Point—BP) to test 
the efficiency of their best formulation of GO-Fe composite loaded with P, 
proposed as a slow-release fertilizer, in wheat growth in pot experiments. Soil 
samples with MAP or 10GO–Fe-15P (a 10 mg/L initial GO concentration with 
the addition of 15 mg/kg of P, or 10GO–Fe-15P from now on) addition were 
compared with control soil samples (without P fertilizer addition). The soils 
were classified as highly responsive to P application due to the expressive yield 
improvement obtained for the different P fertilizer sources. Both Monarto and 
PW soils presented similar yield improvement of dry matter when MAP and 
10GO–Fe-15P P sources were used, increasing from 0.2 to 0.8 g/pot and 0.3 to 
0.8 g/pot, respectively. In the BP soil, MAP outperformed the 10GO–Fe-15P 
fertilizer in nearly 1 g/pot, with 3.5 g/pot for 10GO–Fe-15P, and nearly 4.5 g/ 
pot for MAP. The wheat P uptake was also affected by the P source in some 
cases, being nearly 1.3 mg/pot for both MAP and 10GO–Fe-15P in PW soil, 
and with MAP outperforming 10GO–Fe-15P for both Monarto and BP soils 
(~ 1.6 mg/pot for 10GO–Fe-15P and 3.0 mg/pot for MAP in Monarto soil, 
and ~ 4.5 mg/pot for 10GO–Fe-15P and ~ 9.0 mg/pot for MAP in BP soil). 
The authors argue that lower dry yield is usually reported when slow-release 
P fertilizers are used in comparison to conventional soluble fertilizers in soils 
with high P-fixing capacity and deficiency in this nutrient, as in the BP soil. 
From this perspective, the use of these engineered fertilizers must be analyzed 
according to the specific crop and soil situation. In the best-case scenario, the 
performance of the slow-release 10GO–Fe-15P formulation was similar to 
that of the highly soluble MAP fertilizer. From this, it is speculated that their 
advantage can be in the case of applications in areas in which leaching of P is 
substantial, in which its slow-release character can maintain P available to the 
crops for a long period. 

The agronomic performance of Zn–GO and Cu–GO micronutrient 
fertilizers has been also evaluated for cultivation of wheat in the study of 
Kabiri et al. (2017), comparing it with that of the conventional CuSO4 and 
ZnSO4 precursor salts. Dry mass and nutrient uptakes were checked. The 
Zn–GO formulation resulted in improved dry mass when compared with 
the ZnSO4 salt, but for the Cu–GO and CuSO4, there was not a significant 
improvement. The latter result is related to the fact that the soil used in this 
experiment was not Cu-responsive, once the yield of the control soil without 
Cu addition was similar. Moreover, higher Zn uptake was also detected for 
the Zn–GO formulation. When the conventional ZnSO4 salt was used, the 
irreversible adsorption of Zn on carbonates and its precipitation as hydroxide 
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or carbonate took place as Zn fixation mechanisms in the calcareous soil 
investigated by the authors. The Zn–GO formulation is expected to present 
smaller interaction with the soil components due to the strong bonding 
between the GO and the micronutrients, maintaining them in available forms 
for the plant uptake. Watts-Williams et al. (2020) also studied Zn-loaded GO 
fertilization in the growth of Barley and Medicago plants, with and without 
arbuscular mycorrhizal fungi inoculation. Greater amount of biomass and 
Zn uptake was detected for this formulation, substantially improved by the 
mycorrhizal inoculation, providing promising results for two distinct crops. 

Urea-functionalized MWCNT (UF-MWCNT) fertilizers from the study of 
Yatim et al. (2018) were studied as a strategy to improve the yield of paddy. 
The UF-MWCNT formulation showed improvements of 28.6% and 36% for 
the number of panicles and grain yield, respectively. These results indicate the 
efficient delivery of N through the application of UF-MWCNT formulations, 
mainly attributed to the translocation of the MWCNT into the plant roots, 
increasing the number of pores and soil water containing nutrients. 

11.3.2 BIOCHAR AND BIOCHAR-BASED FERTILIZERS 

Two of the fundamental aspects widely discussed in the literature about the 
structure of BC are the influence of the pyrolysis temperature and feedstock 
kind used for their production, which will define the possible applications of 
the material (Lehmann and Joseph, 2015; Tomczyk et al., 2020). According 
to Song and Guo (2012), the rise in temperature gradually oxidizes aliphatic 
components contained in the original biomass, which in turn are converted 
into aromatic components. This increase in temperature also generates 
more organized structures in a graphitization process as well as promotes 
an increase in the ash content and pH. Different pyrolysis temperatures and 
atmosphere controls during the synthesis can guarantee the modulation of 
various characteristics of BC, such as the growth of pores in the material 
and increase in their specific surface area (Song and Guo, 2012). Shi et al. 
(2015) suggested a mechanism for this observation, stating that the rise in 
BC porosity is a consequence of the removal of volatile pores due to the 
temperature increase. Due to the large number of possibilities created by 
varying these parameters and the several mechanisms involved, the next 
sections will focus on the TPI characterization, as they represent structural 
models for BC and BBF. BC and BBF will also be discussed specially 
when synthesized at temperatures of 500°C–600°C, mimicking natural fires 
temperature range, and resulting in materials with better performance. 
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11.3.2.1 MORPHOLOGY AND STRUCTURE OF BIOCHAR 

SEM is one of the first approaches in BC characterization, allowing the 
analysis of the morphology presented by the microscopic structure of these 
materials. Patterns of materials degradation and pore growth tendency 
according to synthesis conditions can be studied with small or without 
sample treatment (Ma et al., 2016). The SEM/EDX and TEM techniques 
allow mapping the concentration of chemical elements and their association 
with possible macro and micronutrients or minerals aggregated on the BC 
surface (Chia et al., 2012; Ma et al., 2016) or TPI samples (Jório et al., 
2012). Cross-sectional studies can lead to the understanding of chemical 
composition distribution by using EDX, which is fundamentally influenced 
by structural aspects of these materials. 

TPI samples envisioned as models for nature-inspired BC engineering 
were studied by Jório et al. (2012), and the SEM, TEM, and EDX results 
are shown in Figures 11.13a–d. In (a), (b), and (c), shell and core structures 
can be observed, with major shell structural disorder. The cross-section in (d) 
indicates different distribution for chemical elements, including the concen
tration of P, Fe, Al, and Si on the surface. The increase of the amorphous 
character on the surface of the structure was also shown and more dangling 
bonds as well as carboxyl and carbonyl terminations were present, suggesting 
that it can be a positive factor for nutrient aggregation. This is an important 
result indicating that improvements in BC efficiency can be engineered by 
mimicking this type of structure. 

Raman spectroscopy has been routinely used in the analysis of the amount 
of structural defects in BC based on the simplification proposed in the in-plane 
crystallite size (La) theory (Ribeiro-Soares et al., 2013). This nanocrystalline 
structure is used to compare carbonaceous materials, allowing to classify them 
as possessing a more organized graphitic layout (sp2) or an amorphous profile. 
A higher La indicates a predominance of sp2 domains and well-structured 
graphite in “islands,” while a lower La refers to a more amorphous pattern 
(Lucchese et al., 2010). The Raman spectra of TPI and BC are similar to 
those of GN and GO shown previously, being also dominated by the G and 
D bands. For TPI, the La size was modeled considering the full-width at half 
maximum of the G band of the Raman spectra (Ribeiro-Soares et al., 2013). 
The size of the crystallite La can be evaluated by the following equation: 

La (nm) = 496/(ΓG-15) (11.2) 

where ΓG corresponds to the full-width at half maximum of the G band, 
provided by a graphic adjustment of the G and D bands with two Lorentz 
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peaks (Ribeiro-Soares et al., 2013). To obtain this equation, the authors used 
the analysis of Raman and X-ray crystallite size measurements of refer
ence Diamond-like carbon samples with different structural organizations, 
being close to the results obtained by Cançado et al. (2007). La sizes in a 
broad range (3–8 nm) were found for TPI carbonaceous particles, while BC 
samples showed a more concentrated La distribution (8–12 nm). Addition
ally, a cross-section Raman experiment was performed in a TPI carbonaceous 
particle, revealing the decrease of La from the better organized graphitic core 
to the more amorphous shell. This is an important finding because smaller La 
is related with higher disorder and dangling bonds, increasing the bonding 
with nutrients, likely corroborating the EDX results from Figure 11.13. 

The La approach has been used for other anthropogenic soils, BC, and 
BBF (Carneiro et al., 2018; Pagano et al., 2016; Pandey et al., 2020). For 
example, Carneiro et al. (2018) found that BBF presented a smaller La size 
when treated with MgO (~ 7 nm) when compared with the control samples 
(~ 10 nm), indicating that the O atoms can be responsible for the increase 
of nongraphitizing C. The increase in the CTC of these samples was also 
observed, probably due to the higher amount of defects for the smaller La, 
being a promising strategy for new fertilizer formulations. 

11.3.2.2 BIOCHARS: CHEMICAL PROPERTIES 

The pyrolysis temperature for BC production was shown to influence the 
surface concentration of different functional groups, increasing the number 
of basic and decreasing the acids ones with increasing temperature. These 
changes affect other properties, such as CTC and adsorption capacities of 
the BC (Shi et al., 2015). With the rise in pyrolysis temperature, elements, 
such as O and H volatize, promoting an increase in concentration of C. The 
other elements that do not volatilize in the same temperature range of O and 
H are retained with C until they reach their specific volatilization tempera
ture, generating differences in CTC according to the increase in temperature 
(Novak et al., 2009). In this perspective, developing a soil conditioning 
material with chemically engineered properties resembling those of TPI 
would enable significant improvements in the agricultural sector. 

Comparative XPS studies of charcoal from Amazonian native plant 
Embauba (Cecropiahololeuca Miq.), produced at 600°C, and TPI samples 
(Archanjo et al., 2014) show the presence of a broader range of elements 
on the last one. P, Al, Mg, Ca, and Na were detected in TPI carbonaceous 
particles, in addition to other elements, in quantities smaller than 1% 



 

 

 

FIGURE 11.13 TPI carbonaceous grain studied by scanning electron microscopy (SEM) 
(a), thin cross-section transmission electron microscopy (TEM) study exploring the core shell 
(grafitic-porous) structure (b), magnification showing the scanning transmission electron 
microscopy (STEM) image of a nanostructured carbon particle (c), and different elements 
studied by energy-dispersive X-ray (EDX), labeled accordingly to each image (d). 
Source: Reprinted from Jorio, A.; Ribeiro-Soares, J.; Cançado, L. G.; Falcão, N. P.; Dos Santos, 
H. F.; Baptista, D. L.; Martins Ferreira, E. H.; Archanjo, B. S.; Achete, C. A. Microscopy and 
Spectroscopy Analysis of Carbon Nanostructures in Highly Fertile Amazonian Anthrosoils. 
Soil Tillage Res. 2012, 122, 61–66 Copyright (2012), with permission from Elsevier. 
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(small quantities of K, N, Ti, Cr, among others). The conventional charcoal 
presented mainly C and O in its composition. The analysis of C1s presented 
in chemical groups revealed that TPI carbonaceous particles are composed of 
C in sp2 hybridization state, carbonyl, carboxylate, hydroxyl, and carbonate 
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anions. These findings were also confirmed by using electron energy loss 
spectroscopy (EELS), with the different functional groups shown to be 
mainly located in the shell region (Archanjo et al., 2015). The XPS binding 
energies of O1s were less resolved than those of C1s, being associated with 
oxidized carbon and metal oxides. In the charcoal XPS spectra, the oxidized 
carbon species comprised only 27% in comparison with the 62% observed 
in TPI carbonaceous particles. From another side, the TPI carbons presented 
38% of sp2 carbon, while in charcoal, it composed the major contribution, 
with 73%. These results indicate that the conventional BC needs to be further 
engineered to present a higher chemical heterogeneity, being impregnated 
with nutrients, and a higher proportion of carbon oxidized forms with relation 
to the sp2 carbon. This later issue is especially necessary to maintain the 
reactivity and resilience balance, important for its application as fertilizer. 

The chemical composition of BC varies for different types of biomasses 
(Carneiro et al., 2018; Joseph, 2015; Kloss et al., 2012; Veiga et al., 2017). The 
synthesis of BC from agricultural (coffee husk) and forest (eucalyptus husk) 
production carried out by Veiga (2016) showed differences in BC properties, 
being directly related to the contents of cellulose, hemicelluloses, and lignin 
compounds present in the precursor biomasses. It was previously known 
that biomass from agricultural production presented higher levels of lignin, 
which may have contributed to an increase in fixed carbon and ash contents 
in the BC produced (Veiga et al., 2017), in which the difference among ash 
contents may be related to high concentrations of SiO2 in these biomasses 
(Kloss et al., 2012). Kloss et al. (2012) also report the different properties 
of BC for varied biomasses with distinct chemical compositions (different 
C/N, H/C ratios, lignin contents, etc.), highlighting variations of C and N in 
BC, whose C/N ratio can influence the immobilization of N by the plant after 
the BC soil application. However, there are remaining bottlenecks regarding 
the biomass chemical composition factors that undergo changes during and 
after synthesis, directly affecting the properties of BC, and consequently their 
application (Carneiro et al., 2018; Kloss et al., 2012; Novak et al., 2009). This 
fact makes it clear the necessity of the use of various techniques providing 
relevant information that can be associated with the composition of these 
materials, such as FTIR, for example (Liang et al., 2018). 

The FTIR biochar analysis is a powerful strategy to understand chemical 
variations according to precursor biomass, pyrolysis temperature, copy
rolysis with other materials for biochar enrichment, or in the study of TPI 
composition (Nanda et al., 2013). The FTIR spectra of BC have bands 
associated with characteristic vibrations, which are already well described 
in the literature. They can present a broad band located in the 3100–3500 
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cm−1 region, corresponding to the stretching vibration of hydroxyl groups 
(-OH) linked to carboxylic groups and water molecules, especially for those 
cases presenting low thermal treatment level and original biomass content 
(Carneiro et al., 2018; Fu et al., 2011). The presence of this band can also 
correspond to the N-H elongation in amine compounds, which shows a 
weakening pattern after pyrolysis (Carneiro et al., 2018). Bands located 
around 2900 cm−1, with a more explicit character in the biomass spectra 
correspond to the symmetrical and asymmetric vibrational stretching of the 
CH2 groups, which tends to disappear as the temperature increases during 
pyrolysis, as well as the reduction of hydroxyl groups (Carneiro et al., 2018). 
Bands in the region around 2350 cm−1 can be related to stretching vibrations 
of CO2, which is produced and released during the cellulose, hemicellulose, 
and lignin cross-link polymerization and dehydrogenation oxidation in the 
pyrolysis process (Liang et al., 2018). 

In recent studies of BC from chicken litter, sewage sludge, and swine 
manure impregnated with MgCl2 for P adsorption and release, Nardis et 
al. (2020) report the emergence of specific FTIR spectra bands (Mg-OH: 
3743 cm−1; CaHPO4-2H2O: 528 cm−1, 871, 782, 522 and 576 cm−1; OPO: 
538 cm−1; P=O: 985 cm−1, among others) related to bonds containing P and 
Mg (combining these findings with Raman spectroscopy, XRD, SEM-EDX 
techniques, electrical conductivity, total nutrient content, among others). In 
this case, the appearance of bonds containing P occurred due to the increase 
of O during the impregnation and adsorption of P (Nardis et al., 2020), with 
the highest rates of P adsorption related to the swine manure BC (68 mg/g). 
Several research groups are focusing on the study of pre- and postprocessing 
of BC for nutrient adsorption (Cui et al., 2016; Nardis et al., 2020; Novais 
et al., 2018; Vikrant et al., 2018; Zhu et al., 2020), or for example, BC 
containing MgO for P removal from aqueous solutions (Zhu et al., 2020), 
demonstrating the great interest in physical and chemical properties of the 
promising BC subjected to pre-or posttreatment, which can perform equiva
lently to conventional fertilizers (Nardis et al., 2020; Vikrant et al., 2018; 
Zhu et al., 2020). 

11.3.2.3 PERFORMANCE OF BIOCHAR FERTILIZERS 

The BC addition to soils present changes in several of their chemical and 
physical properties, for example, nutrient and water retention, pH, and particle 
aggregation (Chew et al., 2020; Hagemann et al., 2017; Tomczyk et al., 2020). 
Different mechanisms take place and are viewed to have positive impacts on 
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the reduction of N2O emissions, improvement in soil N availability, reduc
tion of N leaching, carbon sequestration, and promotion of the activity of 
soil microbes (Chew et al., 2020; Hagemann et al., 2017; Liao et al., 2020; 
Tomczyk et al., 2020). These observations are also related to studies of TPI 
due to their long resilience in tropical conditions and the fertility detected in 
their sites (Glaser, 2007; Glaser et al., 2000; Neves et al., 2004). In general, 
plant yield is improved because of these different factors when BC are applied 
observing the specificities of different soils (Guilhen, 2018; Guimaraes, 2010; 
Lehmann and Joseph, 2009; Nardis et al., 2020). 

The structural properties of BC are generally related to their resilience 
in soil, which is also important for carbon sequestration, in addition to plant 
development (Archanjo et al., 2014; Archanjo et al., 2015; Jório et al., 2012; 
Tomczyk et al., 2020; Weng et al., 2017). The graphitized phase of these 
materials is considerably more inert and adapted to persist for long periods. 
As shown for the BC found in TPI, an efficient structure is composed by a 
graphitized core, guaranteeing the stability for millennia, and an amorphous 
shell with dangling bonds contributing to nutrient retention. The chemical 
properties of BC also confirmed the major C and O composition of pristine 
BC depending on the pyrolysis temperature, with a major chemical variety 
reported in the literature for TPI BC, especially in their surface, or BC gener
ated from high-nutrient precursor biomasses (Carneiro et al., 2018; Kloss 
et al., 2012; Veiga et al., 2017). The presence of several functional groups, 
such as carboxyl, ketone, hydroxyl, and lactone results in the adsorption 
of several nutrient ions, for example, phosphate, nitrate, ammonium, and 
potassium (Tomczyk et al., 2020). BBF is invariably being inspired in these 
characteristics to design new strategies to improve plant yield and plant and 
soil health. 

The influence of BC and BBF application in soil biology and microbiology 
is an essential point to be explored, although fundamental information as the 
role of nitrogen availability on soil bacterial communities is still scarce (Liao 
et al., 2020). It was previously pointed out that some researchers sought to 
relate the high fertility of TPI with a kind of special microorganism, however, 
no experimental evidence was obtained for its existence (Glaser, 2007). The 
pores of BC are routinely recognized as habitat for soil microorganisms, 
such as actinomycetes bacteria, or mycorrhizal fungi, promoting high levels 
of these microbiological populations, which are also food for other soil biota 
(Compant et al., 2010; Tomczyk et al., 2020). Soil enzymatic activity was 
also reported to be ameliorated using BC, producing soils with higher quality 
(Mierzwa-Hersztek et al., 2016; Ouyang et al., 2014). Improvement in the 
activity of dehydrogenase and urease in soil was shown previously (Ameloot 
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et al., 2013; Mierzwa-Hersztek et al., 2016), with increases of 19.0% and 
44.0%, respectively (Mierzwa-Hersztek et al., 2016). Weyers and Spokas 
(2011) show that BC application can result in short-term negative effects 
in earthworm soil activity, but that this effect is null in the long term. The 
increase of soil pH due to the application of BC was related to this negative 
effect (Haefele et al., 2011), again making explicit the necessity to combine 
BC and soil properties. 

BC or BBF application can present different effects on plant yield, 
increasing, being neutral, or even decreasing it. Two fundamental aspects 
to be observed when crop yield improvement is aimed with BC and BBF 
addition are the pH and the cation exchange capacity (CEC) effects, which 
are reasonably known in literature (Rajkovich et al., 2012). The pH is usually 
negatively impacted by the application of typically acid BC, which are detri
mental to crop development in soils which are already acidic. The CEC can 
be improved depending on the BC or BBF used (Liang et al., 2018), being 
valuable to nutrient retention by avoiding leaching (Lehmann et al., 2003). 
Other important factors under intense scrutiny recently present profound 
impacts in crop yield, such as feedstock, the pyrolysis temperature, and soil 
type (Purakayastha et al., 2019; Rajkovich et al., 2012; Tomczyk et al., 2020). 

The pyrolysis temperature and feedstock type are important parameters 
to define the plant yield, and a fundamental work was performed by 
Rajkovich et al. (2012) for corn growth in on example of tempered soil 
(Alfisol). They found that in general, crop growth is reduced when low 
pyrolysis temperatures of the order of 300°C–400°C were used in food 
waste and paper mill waste during thermal treatment, with no difference 
being observed in yield when higher temperatures were used. In general, BC 
produced at 500°C was the most efficient to promote plant growth. Different 
feedstock was also pyrolyzed in this work, with an even higher influence on 
crop growth, reaching eight times more variation than pyrolysis temperature. 
Corn, hazelnut, oak, pine, diary manure, food waste, paper waste, and poultry 
BC were analyzed, with the higher corn crop yield improvement obtained by 
nutrient-rich BC such as those synthesized from animal manures or corn. 
Plant residues, such as hazelnut, pine, and oak produced little improvement 
in the studied situation, with relevant results only obtained in the corn stover 
case, which improved crop growth by 16%. The results were obtained for 
the relatively fertile Alfisol, so the result of its use in other situations can be 
distinct, going from beneficial to detrimental. It is important to stress that due 
to the large variation in corn crop yield improvement, it is also fundamental 
to test the advantages from BC obtained from different feedstock before 
field-scale application. 
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Several studies listing the crop yield improvement with the use of BC 
are being published recently, but the vast range of variables involved in each 
case prevented the conception of a definitive work. As an evolving field, the 
BC and BBF research provides several opportunities to explore the effects of 
temperature pyrolysis, soil type, feedstock, application rate, and test crop on 
crop yield, and also the engineering of physical and chemical properties of 
these BC to mimic the TPI natural case (Purakayastha et al., 2019; Rajkovich 
et al., 2012; Tomczyk et al., 2020). 

11.4 SUMMARY AND PERSPECTIVES 

Remediation of polluted or nutrient-depleted soils is a strategic issue with 
increasing importance today, especially due to the rising of worldwide 
population in humid tropical regions and the necessity of sustainable 
agricultural practices and food security. Different nanomaterials are envisioned 
as promising for this task due to their special properties that emerge due to 
their reduced dimensionality. Carbon nanotubes, graphene, graphene oxide, 
biochar, and biochar-based fertilizers are the principal carbonaceous materials 
with a plethora of relevant properties valuable to attack these issues. These 
properties include, for example, their high specific surface area, surface 
reactivity, mechanical resistance, structural stability, superior adsorption, 
and flexibility to be engineered. The use of materials science, chemistry, 
and engineering methodologies conventionally applied to comprehend these 
carbonaceous nanomaterials is becoming increasingly more common in 
soil science issues depending on several variables like the adsorption and 
immobilization of several contaminants and nutrient depletion. 

The ability of all carbonaceous materials to adsorb a broad range of 
contaminants is a remarkable issue regarding the potentiality of these mate
rials for use in soil remediation. While BC are generally rich in different 
functional groups, which can be modulated by the pyrolysis temperature 
involved in their production, CNT, GN, and OG can be functionalized to 
attain the desired surface properties. These possibilities of modulating the 
CNM properties open countless possibilities to increase the capacity of those 
materials to interact with a specific contaminant. Because of this, a variety of 
mechanisms can be involved in the capacity of CNM to retain some contami
nants avoiding their leaching, such as hydrophobic, electrostatic, hydrogen 
bond, van der Waals, and π–π interaction. Despite all the amazing adsorption 
properties of CNM, current use of these materials in real ecosystems for in 
situ soil remediation, specialty pristine CNT and graphene-based materials, 
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is still a promise because their toxic effects on different organisms is still 
an emerging area of study. In this sense, new engineered materials based 
on CNM are already seen as a possibility to overcome the toxicological 
problem. CNT or GO composites, for instance, can limit the leaching of own 
CNM in soil, avoiding their spread in the environment. 

The stability of some carbonaceous materials is one of the valuable 
properties provided by their structural and chemical properties, and are 
especially useful as soil amendments. In addition to soil decontamination and 
nutrient retention, carbon sequestration is also expected for initiatives such 
as the use of biochar and biochar-based fertilizers with high stable C content. 
These artificial materials are bioinspired in the biochar particles extracted
from the anthropogenic Terras Pretas de Índios, with notorious tuning 
possibilities. The in-plane crystallite size La estimated by Raman spectroscopy
in biochars extracted from the Terras Pretas de Índios is a valuable and fast 
analysis to comparatively evaluate the structural organization level among 
different biochars. The 3–8 nm La found for TPI are lower and more broadly 
distributed than the typically 8–12 nm found for artificially synthesized 
biochars, indicating the necessity to further engineer their structure. Also, 
the core-shell structure studied by several techniques here indicates that new 
strategies aiming a more amorphous surface are needed in these materials for 
their efficient use in soils. 

The structural properties studied by AFM, SEM, and Raman spectros
copy show that graphene and graphene oxide are valuable for fertilizer 
encapsulation and cogranulation, improving their mechanical resistance with 
the possibility to engineer their defect level by using different functional
ization procedures. The chemical properties inspected by XPS, FTIR, and 
EDX show different compositions, including the core-shell structure with 
functional groups in the shell for TPI, for example. The functional groups are 
fundamental for carbonaceous nanomaterials interaction with conventional 
fertilizers, such as urea for carbon nanotubes, for MAP, and the loading of Zn 
and Cu micronutrients in graphene oxide composite slow-release fertilizers, 
and K for the encapsulation case. Although promising results in terms of crop 
yield, improvement of mechanical properties in fertilizers, and microbiology 
in soil were presented, it became obvious that they are dependent of soil 
properties like acidity or nutrient responsivity, for example, and a study prior 
to its use is necessary. 

The interaction of carbonaceous nanomaterials with soil systems is 
complex and the analysis proposed in this chapter is limited due to the broad 
range of factors. On the other hand, the benefits of the use of carbonaceous 
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materials for soil remediation are clear, with perspective to generate valu
able strategies to solve one of the most relevant issues related to sustainable 
soil use. The several cases discussed here make it clear that new initiatives 
focused in the engineering of carbonaceous structures are needed, for both 
new adsorption and fertilizer conceptions arising for the low dimensionality 
of these systems, and to mimic the nanostructured biochars found in anthro
pogenic soils with notorious fertility. These certainly will be explored and 
concretized by multidisciplinary efforts form groups involving soil, mate
rials science, and engineer professionals focusing on innovative approaches 
for this fundamental issue. 
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ABSTRACT 

Currently, air pollution is being one of the main concerns for the undesirable 
and harmful impacts on human health and environment. Nanomaterials and 
nanotechnology are broadly utilized for the management of air pollution. 
Reduced low-price nanostructured materials-based sensors could be hosted 
to monitor the levels of pollution of indoor and outdoor air. In this chapter, 
we present diverse nanostructured materials utilized as receptors in air/gas 
sensors. The preparation and the important characteristics of the nanostruc
tured materials to be involved in sensing air pollution applications are briefly 
described. Then, different nanostructured materials that could contribute to 
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the adsorption of toxic gases are highlighted. Finally, some commercially 
available examples of sensors for air pollution are given. 

12.1 INTRODUCTION 

Nowadays, because of the development and modernization of industries in 
the world, our atmosphere became glutted with different kinds of pollutants 
released from manufacturing practices or activities of humans. Some of these 
kinds of contaminants are sulfur dioxide, organic compounds (dioxins and 
volatile organic compounds), nitrogen oxides, hydrocarbons, heavy metals 
(As, Cr, Pb, Cd, Hg, and Zn), chlorofluorocarbons (CFCs), and carbon 
monoxide (CO), etc. The activities made by humans, like the combustion of 
gas, coal and oil, displayed a great potential in altering the emissions from 
natural resources. Of course, besides the pollution of air, there exists also the 
pollution of water provoked by numerous causes, involving the extraction 
of fossil fuels, by-products of manufacturing processes and combustion, 
pesticides, herbicides, leakage of fertilizers, oil spills, and waste disposal. 

Pollutants are essentially found mixed in the soil, water, and air. Therefore, 
it is essential to establish a technology which can inspect, detect, and prefer
ably it can clean the pollutants from the soil, water, and air. In this regard, 
nanotechnology provides a broad variety of skills and tools to enhance the 
quality and condition of the current environment. 

Nanotechnology provides the capability to manage the material at the 
nanoscale and develop compounds displaying particular characteristics with 
a specific role. A great enthusiasm concerning the chances and risk ratio 
related to the nanotechnology has been established, wherein the majority of 
the benefits have been attached to the outlook of improving the quality of 
life and health. Nanomaterials are very tiny, and display elevated surface-to
volume ratio, leading them to be utilized in the detection of very sensitive 
pollutants (Yunus et al., 2012). The nanotechnology is additionally utilized to 
avoid and stop the development of contaminants or pollutants by employing 
the nanomaterials, advanced nanotechnologies, manufacturing processes, 
and others. Therefore, the applications of nanotechnology in the areas of 
environment in general and of air in particular can be categorized into three 
main applications: (1) remediation and purification of polluted materials, (2) 
sensing and detection of pollution, and (3) prevention of pollution. With the 
quick raise of pollutants varieties and their amount, developing of advanced 
instruments and innovative technologies that are capable of treating and 
preventing pollution became mandatory. 
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12.2 AIR QUALITY 

The quality of air could be identified as the measurements of the air condition 
respecting the requirements of humans (Santos et al., 2020). Frequently, the 
air quality is linked to the health, nevertheless, the smells could also affect 
the quality of air from a sensorial viewpoint, although both are frequently 
connected (SRF Consulting Group Inc., 2004; World Health Organization, 
2019). Pollution is frequently utilized to designate the substances that reduce 
the quality of air. 

Before industrialization, pollution has been a simple nuisance, then after 
the starting of the industrial development and industrial revolution, it is 
being a real trouble (Brimblecombe, 1976; Flick, 1980). The initial prob
lems were principally sulfur and shoot arising from the initial manufactories 
positioned within cities. Rapidly, authorities constructed rules and protocols 
for protecting people. As industry processes transformed and developed, 
several new problems arose related to health and damages to ecosystems. 
As pollution costs do not affect the industries that produces them, new 
regulations are needed by the government. Lead (Pb) contamination is one 
of the earliest examples. Among several utilizations, Pb has been inserted in 
vehicle fuels in order to enhance their performances in combustion engines 
(Stroud, 2015). Lead (even for extremely low amounts) has shown to cause 
a long-term impact on kids which affects their cognitive progress (Grosse et 
al., 2002). This has been exposed to have an enormous effect on economy. 
Consequently, there have been rules prohibiting the utilization of Pb initially 
in the United States and in Europe and later all over the world (Grosse et al., 
2002; Von Storch et al., 2003). 

As stated by the World Health Organization (WHO), “the ambient pollu
tion of air contributes to more than 7.5% of whole deaths and household 
pollution of air to more than 7.8% of all deaths” (World Health Organiza
tion, 2019). It impacts more than 90% of the worldwide people, with a 
specific impact on low- and medium-income areas in which indoor pollution 
provoked by biomass and carbon cooking and heating display a particular 
effect. The mortalities by indoor and ambient pollution, in 2016, are assessed 
as 3.8cmillion and 4.2 million, respectively. Pollution health impacts are not 
found to affect only the lungs, but also impact cardiovascular health (World 
Health Organization, 2019). 

The consciousness of the harmful impact of pollution on health has 
driven policymakers and other organizations to minimize the chemical and 
gas emissions (Wettestad, 2018; Barrett and Therivel, 2020) as well as to 
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promote the production and commercialization of electric vehicles (Bjerkan 
et al., 2016). Knowing about air quality pollution could change individuals’ 
exposure. However, as the industries develop many novel chemical 
materials and/or release particulates into the environment, these pollutants 
and contaminants are enormous, and for several of them, their effects on 
health have not been completely assessed (Konduracka, 2019). Therefore, 
the difficulties and complications of air pollution will remain important. 

Pollution has many resources, some of them are natural, nevertheless, the 
largest common source of pollution at the present time is fossil fuels burned 
in industries, housing or transportation. Certain of the natural sources are 
geological, such as dust storms, lightning storms, or volcanoes, which could 
create enormous amounts of particulates, nitrogen oxides, or sulfur oxides, 
etc. Biomasses like oceans or forests could engender particles of pollen, 
volatile organic compounds, or liberate carbon in fires. Although these sources 
could display great effect, in most of times, sources generated by humans are 
invasive. The incineration of fossil fuels generates volatile organic materials, 
particulate matters, carbon monoxide (CO), nitrogen oxides (NOx), and 
sulfur dioxide (SO2) in general energy production, industry, cooking, housing 
heating, or transportation. The burning of wastes is also a significant source. 
Some of the contaminants are liberated directly from the pollutant activities, 
whereas others are produced during the reaction of these products. This is for 
example, the event of ground level ozone, which is generated by the reaction of 
volatile organic compounds with nitrogen dioxide with sunlight intervention 
or particles creation by isoprene forest emissions (Yu et al., 2014). 

To monitor the quality of air, numerous materials are typically designated 
based on numerous crucial points, such as the capability to measure them 
with precision, the pervasiveness of the gases in the indoor environments 
and cities, and also how they influence on the health. Some standard limits 
of pollutants utilized by diverse organizations are shown in Table 12.1. The 
majority of protocols involve permanent and nonstop monitors that average 
the amounts by the hour. The position of the fixed measuring points is moni
tored by signs to ensure that the measurements are significant and covered. 
The quality of air is summed in many reports by an index, which involves 
the diverse monitored pollutants, but no standardized equation is available 
for computing it. EPA utilized a color-coded index for informing about the 
quality of air on the basis of the concentrations of SO2, CO, NO2, and parti
cles matter. As stated, the developments of industries and the investigations 
of the effect of air pollution and released substances on the health push the 
national and multinational organizations to bring up to date their protocols. 
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Although the majority of pollutants consist of gases, the particulates 
depress significantly the quality of air. Particulates are extremely hazardous 
pollutants which could be constituted by broad varieties of matters, such 
as nitrates, sulfates, black carbon, ClNa, mineral dust, etc. (Santos et al., 
2020). Because of this broad diversity, their measurements are frequently 
performed only based on the density of particles and/or the quantity of mass. 
Pb could be measured, for example, using atomic absorption spectrometry, 
X-ray fluorescence spectrometry. Particles with dimensions in the range of 
2.5–10 µm are more stacked in the upper part of the respiratory system, 
whereas particles with dimensions lower than 2.5 µm are probably stacked 
in the profounder parts of lungs (Williams et al., 2011). The tinier particles, 
if they are insoluble, could pass into the blood system or translocate in the 
body of human. To make measurements of PM, numerous instrumentations 
are utilized, such as laser particle counters, neutron activation or X-ray spec
troscopy, microbalances, beta-attenuation by mass accumulation, and mass 
weight of filtered particles, etc. (Santos et al., 2020). 

The other released gases like volatile organic compounds, CO, NOx, 
and ozone cause diverse undesirable effects on the human health involving 
cardiopathologies, infections, bronchitis, inflammation in respiratory system, 
asthma increase, etc. They could be assessed using standard methods. UV 
fluorescence and absorbance can be used to measure SO2 and O3, respec
tively, with a standard lower detection limit of about 0.5 ppbv (Santos et al., 
2020). The amounts of CO and NO2 could be measured by means of infrared 
photometry technique with a standard lower detection limit of about 50 and 
0.2 ppbv, respectively (Santos et al., 2020). 

There exist several alternative approaches that are not yet validated. For 
instance, differential absorption LIDAR has been employed for detecting 
the CO2 plume of the Etna with an assessed precision of tens of ppm or 
NO2 with precisions of 0.9 ppbv (Santoro et al., 2017; Mei et al., 2017). 
Other techniques involve tiny microsensors principally founded on elec
trochemical reactions that produce currents or sensors based on metal 
oxides that vary their resistance (Aleixandre and Gerboles, 2012). These 
sensors showed elevated uncertainty mostly owing to the nonrelevance of 
their responses to gases, low sensitivity, and their drift resulted from the 
variations in their compositions. Although these techniques display some 
drawbacks, they showed some benefits, such as online measurement, ease 
of utilization, power consumption, size, and cost effective, which make 
them possible alternatives techniques to be further developed (Karagulian 
et al., 2019). 



 

 

  

TABLE 12.1 Typical Lower Limits of Pollutants Provided by Diverse Organizations. 

Pollutants Typical lower limits 
Japan (Ministry of 
the Environment 
Government of 
Japan, 2009) 

EU 
(Official Journal 
of the European 
Communities, 1999) 

USA 
(EPA United 
States, 2020) 

WHO 
(World Health 
Organization, 
2006) 

Benzene 3 µg/m3 2 µg/m3 – – 
SO2 0.04 ppm 125 µg/m3 75 ppb 20 µg/m3 

PM10 100 µg/m3 – 150 µg/m3 20 
PM2.5 15 µg/m3 25 µg/m3 12 µg/m3 10 
O3 60 ppb 120 µg/m3 0.07 ppm 100 µg/m3 

NO2 40 ppb 40 µg/m3 53 ppb 40 µg/m3 

Lead – 0.5 µg/m3 0.15 µg/m3 – 
CO 10 ppm – 9 ppm – 
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12.3 SENSOR DEVICES FOR AIR POLLUTION 

There exist diverse applications of nanomaterials and nanotechnology in the 
environment field. One of the environmental applications for nanotechnology 
is the water remediation. With similar importance, nanotechnology can be 
used for air remediation to detect the toxic gases existing in the ambient air. 
Sensors are devices that provide apparent signals via entering in interaction 
with the analyte, for example, biospecies, chemical, and physical. Therefore, 
the well-known types of sensors are: 

•	 Biosensors adopted for the analyses of the bioactivities or biomolecules. 
•	 Chemical sensors utilized for the analyses of chemicals. 
•	 Physical sensors adopted for the measurement of physical parameters 

such as pressure, distance, mass, and temperature. 

The chemical sensors can be classified into three main classes depending 
on their principle work: (1) mass sensors, (2) optical sensors, and (3) electro
chemical sensors. The sensors provide the benefits to measure the physical 
quantity and transform it to signals that could be subsequently seen by 
human or by instruments. Sensors collect the radiations and convert them to 
some other forms adequate to get data/info into a control signal, a warning, 
such pattern (a profile, an image, etc.), or some other signals. Therefore, by 
means of reduced low-price sensor devices, a warning bell or visible signal 
can be produced to monitor the level of indoor and outdoor air pollution. The 
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operation of sensor networks is highly complicated. Generally, most sensors 
consist of a detection element (called receptor), a transducer, and a signal 
process. Figure 12.1 shows the main constituents of sensor utilized for air 
pollution. 

FIGURE 12.1 Main elements of sensor utilized for air pollution. 

The gaseous contaminants existing in air enter in interaction with the 
receptor to engender a response. This response is received by the transducing 
element via various principles, which will be then amplified and converted 
into a signal, leading to interpret and quantify them in the microelectronic 
processor. In chemical sensors, diverse chemical detectors have been used, 
such as polymers, catalytic materials, insulators, solid electrolytes, metals, 
metal oxide semiconductors, and composites. The exploitation of different 
types and structures of nanomaterials employed in receptors is one of 
the main goals to develop innovative sensors for detecting air pollutants. 
Nowadays, several researchers seek to develop “nano”-sensors with high 
performances by optimizing different parameters: 

i.	 Processability: The manufacture of sensor layers (playing the role 
of analyte receptors) using nanostructured materials is a very delicate 
and important procedure because the sensitivity of nanosensors is 
dependent on transducer features, morphology, crystallinity, chemical 
compositions, thickness, etc. Several studies have been made to fabri
cate sensing layers. The largest used techniques are self-assembly 
techniques, layer-by-layer deposition, printing, film casting, spin-
coating, dip-coating, pellet formation, electrochemical deposition. 
Generally, there exist two key approaches for the fabrication of sensor 
layer based on nanostructured materials including thermal process-
ability and solution processability. 
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ii. 	 Mechanical Strength:  The nanostructured materials to be employed 
in sensors should display satisfactory mechanical strength to resist 
the stresses and should be durable (Kar, 2020). 

iii.  Operating Temperature:  This is another vital parameter that should 
be controlled for air pollutant sensor. In the best case, operating room 
temperature is preferable to be achieved. 

iv. 	 Stability:  Thermal and environmental stability of the nanostructured 
materials in the sensor devices is another topic to be carefully taken 
into consideration before choosing them as air pollutant receptor. 
Mostly, nanostructured inorganic materials display an extremely 
high thermal stability. Contrarily, nanostructured organic materials 
display lower thermal stability than inorganic nanomaterials, but 
most of them can be considered as enough for the usage as sensing 
layers. This could explain the utilization of sensors based on polymers 
at ambient temperature and on ceramic semiconductors at elevated 
operating temperatures (Kar, 2020). 

v. 	 Transducer Properties 

12.4 NANOMATERIALS USED FOR THE SENSORS OF AIR POLLUTION 

Nanostructured materials are the greatest satisfactory approach to reduce the 
real difficulties of gas sensors: lack of stability, sensibility, and sensitivity. 
Currently, nanostructured materials and nanotechnology are the leading 
scientific research fields. Although nanoscience could be perceived as a 
trend to miniaturization with higher levels, it also involves new biological, 
chemical, and physical characteristics, all of them are still under investiga
tions and developments. Through nanotechnology, the nanostructured mate
rials could be designed and fabricated with characteristics that correspond 
to their corresponding applications (Brock, 2004). In this manner, owing to 
nanotechnologies, the chemical sensors have been revived during last years. 
The opportunity to create inexpensive miniscule tools capable of detecting 
lowest concentrations (ppm or ppb intervals) establishes the beginning of a 
novel sensors’ generation, generally known as nanosensors, which are still 
under progress. 

The characteristics of nanostructured materials are considerably different 
than those of present materials, mainly for the two following significant 
features: the quantum effects and the rise of the relative surface (Barth et 
al., 2010). These factors could alter and/or enhance certain characteristics 
of the nanostructured materials like their reactivity and electrical traits. 
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Gas sensors were initially put into commercialization in the 70s and 80s by 
enterprises that utilized the diverse detection principles, gravimetric, resis
tive, electrochemical, and optical. Electrochemical and optical sensors are 
perhaps the highly precise ones, but both gravimetric and resistive sensors 
provide a better sensitivity and a lower cost. Among these diverse kinds 
of gas sensors (Bhattacharyya et al., 2019), the resistive sensors based on 
metal oxide semiconductor (MOX) are the utmost fascinating ones because 
of their low construction and maintenance fee, ease portability and use, 
and simple electronic interface. Metal oxide semiconductor nanostructures 
have provided eminent prospects as sensitive layers because of their unique 
chemical, electronic, and optical features besides their feasible miniaturiza
tion. These whole characteristics appear to be the main keys to develop 
innovative and outstanding gas nanosensors. 

Since the discovery of carbon nanotubes (CNTs), nanomaterials have 
fascinated broad interest because of their promising applications in a 
large diversity of fields as energy storage and conversion, optoelectronics, 
electronics, etc. (Slimani et al., 2019c; Nanda et al., 2020; Slimani and 
Hannachi, 2020; Hannachi et al., 2020; Yasin et al., 2020b; Yasin et al., 2020a; 
Ullah et al., 2020; Kumar et al., 2020; Gunasekaran et al., 2020; Slimani and 
Hannachi, 2021; Nadeem et al., 2021). Nanomaterials could be described as 
those that display at least one dimension in the range of 1–100 nm (Kreyling 
et al., 2010). Depending on their dimensional shapes, nanomaterials could 
be categorized into four classes: zero-dimensional (0D), one-dimensional 
(1D), two-dimensional (2D), and three-dimensional (3D) nanostructures. 
They could be prepared via top-down and bottom-up approaches (Gates et 
al., 2005; Biswas et al., 2012). Top-down method permits the creation of 
nanomaterials from primary larger dimensions down to the wanted nanoscale 
level. Bottom-up method consists of the growth from atom/ion to atom/ion 
until achieving the anticipated dimensions and shape. The benefits of this 
method are the evolution of nanomaterials with a superior order because of the 
synthesis conditions near to the thermodynamic balance, a high homogeneity, 
and a minimized density of defects. The chief disadvantages of top-down 
process are associated with the pollution on their surface, defects, and the 
internal tension of the products. Though these benefits and disadvantages 
conditions, the choice of the synthesis technique and the quality of the 
nanomaterials are also controlled by the availability of the technology and 
the implementation costs. Top-down processes mostly involve lithography, 
laser, etching, mechanical milling, etc. However, the bottom-up processes 
largely consist of molecular self-assembly, electrospinning, solution phase 
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(like solvothermal, hydrothermal, sol–gel, precipitation, etc.), vapor phase 
(like PVD and CVD), etc. (Seevakan et al., 2019; Almessiere et al., 2019a; 
Slimani et al., 2019d; Almessiere et al., 2019c, 2020a, 2020b; Manikandan et 
al., 2020; Ajeesha et al., 2020). 

During recent years, an immense progress has been done in the prepara
tion techniques of nanostructured materials (Hamrita et al., 2014; Hannachi 
et al., 2018; Slimani et al., 2019a, 2019b; Almessiere et al., 2019b). To 
get nanostructures materials, advanced chemical and physical approaches 
have been established. To meet the requirements of commercialization, the 
method of preparation should be consistent, practicable, simple, and well-
matched with the incorporation within the sensors. Nanostructured materials 
could be developed indirectly or directly on sensor devices. Irrespective to 
the procedure, a particular interest should be given to how to integrate them 
on the transducer. For indirect approaches, nanostructured materials are 
dissolved in a solvent and then the solvent is removed by drying, allowing 
the sensors coating. Some of these approaches are blade-coating, spin-
coating, dip-coating, and drop-casting, etc. These techniques are time and 
cost-effective, and because they are versatile, they are greatly exploited in 
the development of nanosensors. Table 12.2 listed some examples of the 
nanosensors exploited for detecting gases pollution. 

12.4.1 0D NANOMATERIALS 

This class of nanomaterials involves nanocluster materials and nanoparticles 
(NPs). The most significant and common methods to synthesize them are 
the bottom-up processes. Nanoparticles are prepared by the heterogeneous 
nucleation on substrates, or by homogeneous nucleation from liquid or 
vapor. They could be also synthesized by segregating a phase via annealing 
properly at higher temperatures conceived solid materials (Cao and Wang, 
2011). The agglomeration and the size of nanoparticles could be controlled 
to enhance the sensitivity (Gao et al., 2017). Generally, the performances 
of sensors can be improved by a uniform distribution of NPs. The size of 
nanoparticles controls the response of nanosensor. Indeed, if the size of 
nanoparticles is analogous to or lesser than the Debye length, the response 
of nanosensor enhances (Xu et al., 1991). Wang and Chen investigated and 
evaluated the better performances of semiconducting gas sensors based on 
V-SnO2 NPs, synthesized through coprecipitation process, for the detection 
of carbon monoxide at low temperatures (Wang and Chen, 2010). 



 
 TABLE 12.2 Some Examples of the Nanosensors Exploited for Detecting Gases Pollution.

Sensors	 Materials Morphology Gases Refs. 
Gravimetrics	 ZnO Nanorods/nanotubes VOMs Kilinc et al. (2014)

Multiwalled CNTs Nanotubes C6H6, CO, NO2 Clément et al. (2016)
Graphene Nanosheets H2, CO Arsat et al. (2009)
ZnO–CuO/CNTs Nanocomposite VOMs Abraham et al. (2019)
ZnO Nanocrystalline NO2 Rana et al. (2017)
SnO2 Nanocrystalline H2S Luo et al. (2013)
Reduced graphene oxide/ZnO Nanosheets/nanofibers CO, VOMs Abideen et al. (2018)
SnO2/reduced graphene oxide Quantum wires/nanosheets H2S Song et al. (2016)
MoS2 Nanosheets NO2 Donarelli et al. (2015)
CuO/graphene Nanoflowers/nanosheets CO Zhang et al. (2017)
Reduced graphene oxide/ZnO 2D/nanoparticles NO2 Liu et al. (2014)

Resistive	 SnO2 3D hierarchical VOMs Li et al. (2017b)
SnO2@ZnO Hierarchical NO2 Zhang et al. (2018)
WO3/porous silicon Nanoparticles NO2 Yan et al. (2014)
ZnO Polygonal nanoflakes NO2 Chen et al. (2011a)
WO3 Flower-like NO2 Wang et al. (2015a)
In2O3 Nanorod-flowers NO2 Xu et al. (2016)
Graphene/Cu2O Nanosheet H2S Zhou et al. (2013)
SnO2 Nanofibers NO2 Cho et al. (2011)
SnO2 Nanofibers NO2 Santos et al. (2014)
Au-Carbon nanotubes Nanotubes CO, NO2 Zanolli et al. (2011)
Reduced graphene oxide/MoS2 2D-nanosheets NO2 Zhou et al. (2017)
TiO2/SnO2 core shell Nanofibers VOMs Li et al. (2017a)
SnO2/ZnO core shell Nanowires NO2 Park et al. (2013)
SnO2 Quantum dots CO, CH4 Mosadegh Sedghi et al. (2010) 
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12.4.2 1D NANOMATERIALS 

One-dimensional nanostructured materials display various morphologies like 
nanotubes (NTs), nanoribbons (NRBs) or nanobelts (NBs), nanorods (NRs), 
nanowhiskers, nanofibers (NFs), and nanowires (NWs). One-dimensional 
nanomaterials exhibit a very high ratio of length-to-width and provide a 
greater density of integration (Comini et al., 2009). Consequently, these nano
structured materials are appropriate applicants for gas sensors. The diameter 
of one-dimensional nanomaterials shows a crucial impact on the processes of 
detection, since a lesser diameter includes extra surface atoms that participate 
in the reactions of gas detection (Lu et al., 2006). One of the largest utilized 
approaches to synthesize one-dimensional nanomaterials (NBs, NWs, NFs, 
etc.) is the chemical vapor deposition (CVD) technique, which is classified as 
a bottom-up approach. 

Nowadays, the exploitation and construction of a single one-dimensional 
nanostructured material (NT, NF, NW, etc.) in a sensor is hard and costly. Thus, 
the majority of the investigated and examined nanosensors are a conglomera
tion of one-dimensional nanomaterials in which the different joints between 
nanostructured materials offer electrical paths that improve the conductivity. 
In these arrangements, the nanostructured materials are interlinked and create 
porous networks, favoring the gas penetration and diffusion. 

Santos et al. (2020) reported in their chapter a study on nanowires of 
SnO2 performed using low pressure-CVD in Ar atmosphere with oxygen 
traces at 800°C. The nanowires were developed on substrates of Si–SiO2 
by gold as catalysts. The nanowires were grown vertically to the substrate, 
display tiny diameters in the range of 50–200 nm and lengths around 30 
µm. It was observed that the nanowires are branched and formed interlinked 
networks. Moreover, other morphology shapes, such as NRs or NBs could 
be noticed. The anisotropic growth is caused by the metal catalysts and the 
largest acceptable mechanism of growth is the vapor-liquid-solid one (Kola
sinski, 2006). High-temperature superconductor of Bi-2212 nanowires, 
having a 250 nm in diameter and a 100 μm in length, have been fabricated 
by means of electrospinning technique (Koblischka et al., 2020). 

Among the different one-dimensional nanostructures, nanotubes and 
nanofibers are being the most interested topics for scientists because of their 
distinctive morphologies. Nanofibers display large specific surface area and 
higher porosity, which are required for ultrasensitive nanosensors. The lower 
cross-sectional areas and higher ratio of surface-to-volume provide more 
efficient executions of electrochemical detectors like the signal-to-noise 
current ratio, transport of electric charge, and mass transport (Ding et al., 2010). 
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Electrospinning is one of the utmost cheap, versatile and simple techniques 
used to produce nanofibers of inorganic or organic compounds (Huang et al., 
2003; Kim and Rothschild, 2011; Alahmari et al., 2020c). Semiconducting 
nanofibers could be produced using metal precursors and polymer solutions 
and a following heat treatment. By utilizing the electrospinning technique 
and adjusting the procedure parameters or the precursor solutions, one can 
obtain ultrafine nanostructures of core sheath, hollow, and porous nanofibers. 
Therefore, porous nanofibers could be prepared in diverse approaches, viz., 
from polymer blends, or two-component (polymer/chloride or acetate) and 
subsequent heat treatment (Cho et al., 2011; Cheng et al., 2014; Santos et al., 
2014). Santos et al. reported in their chapter a study on nanofibers of SnO2 
having 40–60 nm in diameter, which were performed by heat treatment at 500 
°C (in air) of electrospun fibers of tin chloride pentahydrate and polyvinyl 
alcohol (Santos et al., 2020). It is obvious that the nanofibers are constructed 
of linked NPs that comprise smaller grains. The nanofibers were formed from 
a precursor solution flow. By adjusting the flow, distinctive morphologies 
could be achieved. Hence, nanorods having 500–700 in diameters were 
gotten at very small flows. NFs of TiO2 have been prepared through sol–gel 
and electrospinning processes under air–argon environments (Ansari et al., 
2020). Er substituted NiFe2O4 NFs were successfully produced through 
electrospinning procedure using metal nitrates and polyvinyl pyrrolidone 
polymer, followed a calcination stage (Albetran et al., 2020). Nanofibers 
Cd–Nd co-substituted CoNi spinel ferrites were similarly fabricated through 
electrospinning technique (Alahmari et al., 2020a, 2020b, 2020c). The diverse 
NFs showed a grain size dependence of the magnetic, optical, electrical, 
dielectric properties as well as the antibacterial and anticancer activities. 

Nanotubes and nanofibers are porous nanostructures, but they are also 
hollow ones. Thus, their morphologies have large surface area, leading 
them appropriate for the adsorption of gases. Different approaches could 
be used to produce nanotubes, such as electrospinning, sol–gel template 
processes, hydrothermal process, etc. Wang et al. prepared In2O3 nanotubes 
by a facile coaxial electrospinning process and a posterior calcination (Wang 
et al., 2016). The produced nanotube products comprise of indium oxide 
nanocrystals with primary 10–25 nm grain sizes of show rough surfaces. 
Furthermore, it was shown that the control of the size of grains and the 
calcination temperature could be controlled to enhance the performance of 
HCHO gas nanosensor. 

Kolmakov et al. (2003) reported the high performances of sensing CO 
and O2 by means of SnO2 NWs. The mechanism of sensing was described 
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based on the depletion of electrons by O2; however, the reduction of CO 
gas is resulted from the removal of electrons (Fig.12.2). Multiwalled carbon 
nanotubes-doped SnO2 materials revealed extremely high specific surface 
area in comparison to pristine SnO2 produced by simple in situ technique 
(Zhao et al., 2007). These showed excellent sensing performances of CO gas 
at ambient temperature. Wanna et al. explored the CO gas sensing proper
ties of CNTs–polyaniline composites and they showed promising reversible 
responses to CO at concentrations interval of 100–500 ppm (Wanna et al., 
2006). Star et al. constructed sensor arrays of nanocomposites of single-
walled CNTs and Pt or Rh metals (Star et al., 2006). These sensors revealed 
their ability for detecting lower concentrations of CO gas. Chen et al. studied 
the sensing responses of ZnO nanomaterials with different shapes regarding 
the sensing of NO2 gas (Chen et al., 2011b). It was demonstrated that gas 
sensor of ZnO NTs present shorter response time and greater sensitivity 
compared with that of ZnO nanoflowers. 

FIGURE 12.2 Mechanism of sensing of SnO2 NWs for O2 and CO detection. 
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12.4.3 2D NANOSTRUCTURED MATERIALS 

Two-dimensional nanostructured materials display an extremely thin 
thickness and a wide lateral size, which offer them extremely high specific 
surface area, providing a very high amount of surface atoms. Particularly, 
few layers or single-layered two-dimensional nanostructured materials, in 
which the interactions between the layers are minimized or nonexistent, 
attain outstanding and promising performances for the applications in gases 
detection (Zhang, 2015; Neri, 2017). Graphene presents tremendously high 
chemical stability, optical transparency, mechanical flexibility, and carrier 
mobility, which delivers an excellent occasion to develop novel electronic 
materials, and hence innovative sensor technologies (Sun et al., 2014). 
Graphene and their derivatives (functionalized graphene, graphene oxide, and 
reduced graphene oxide) are among the largest investigated two-dimensional 
nanomaterials for the applications in chemical gas sensors. Nowadays, 
other ultrathin two-dimensional nanostructured materials displaying similar 
nanostructures, such as the case of transition metal dichalcogenides (WSe2, 
MoSe2, WS2, TiS2, MoS2, etc.) have been also of great importance (Duan 
et al., 2015; Joshi et al., 2018). Principally, there exist three methods to 
develop two-dimensional nanosheets: wet chemical self-assembly, CVD 
growth, and liquid/chemical exfoliation of layered host materials (Santos 
et al., 2020). Tai et al. studied the NH3 gas responses of thin films of PANI/ 
TiO2 nanocomposite coated on a Si substrate with Au electrodes (Tai et al., 
2008). The findings revealed that the prepared thin films fabricated at 10 
°C display better gas sensing responses in terms of stability, selectivity, and 
reproducibility. Bittencourt et al. prepared tungsten oxide films modified 
with multiwalled CNTs (Bittencourt et al., 2006). The nanocomposite films 
of tungsten films impregnated with CNT showed good sensing responses 
toward NH3, NO2, and CO gases. For instance, the sensitivity is about 500 
ppb for NO2 at room circumstances. 

12.4.4 3D NANOSTRUCTURES MATERIALS 

Three-dimensional nanostructured materials involve powders, polycrys
talline, multilayer, and fibrous materials wherein the zero-dimensional, 
one-dimensional, and two-dimensional structural elements are connected 
with each other and create interfaces. Commonly, nanoparticles have the 
tendency to create strong aggregations since the attraction of Van der Waals 
between the nanoparticles and the particles size are inversely proportional 
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(Gao et al., 2017). For dense and large aggregations, only the nanoparticles 
close to the superficial area participate in the detection of gases. Further
more, the slow diffusion of gas via the aggregated nanostructured materials 
minimizes the velocity of nanosensor response (Korotcenkov, 2005). Hence, 
the aggregation of nanoparticles is not a suitable morphology for functional 
sensor layers. 

Nanomaterials with hierarchical structure are higher dimensional 
nanostructures, which are gathered from low dimensional nanostructure 
blocks, such as zero-dimensional nanoparticles, one-dimensional (NFs, 
NTs, NRs, and NWs), and two-dimensional nanosheets. Hollow and porous 
hierarchical nanostructured materials are very interesting to attain a great 
surface area and hence a quick and good responses for the detection of 
gases (Lee, 2009). Up-to-date, numerous hierarchical nanostructured 
materials (tower-like nanocolumns, flower-like nanocolumns, urchin-like 
spheres, mesoporous, nanohelixes, and NWs arrays) have been synthesized 
using diverse approaches (electrospinning, template-assisted growth, CVD, 
thermal evaporation, ...) and they appear to be encouraging for innovative 
gas sensors displaying excellent performances (Wang et al., 2015b; Liu et 
al., 2016). 

12.5 NANOTECHNOLOGY FOR THE ADSORPTION OF TOXIC GASES 

12.5.1 ADSORPTION OF DIOXINS 

Dioxin and related materials are a set of extremely poisonous chemical 
compounds that are dangerous to health. Dibenzo-p-dioxins are a class of 
materials containing two rings of benzene linked by two atoms of oxygen. 
It displays zero to eight atoms of chlorine linked to the ring. Dibenzofuran 
is an analogous but different material, in that only one of the bonds between 
two rings of benzene is bound by oxygen. The poisonousness of dioxins 
differs with the number of chlorine atoms. For example, dioxins with no 
or only one chlorine atom are not poisonous, while the dioxins displaying 
more than one chlorine atom are poisonous. 2,3,7,8-Tetrachlorodibenzodi
oxin (TCDD) is a carcinogen to humans. Dioxins also alter the endocrine 
system, immune system and embryo development. Dioxin materials are 
mostly engendered from the combustion of organic substances in burning 
waste. The concentration of dioxins engendered from the combustion is 
ranging from 10 to 500 ng/m3. Regulations on the emissions of dioxin are 
complicated and differ from country to atoner. Yet, it is commonly essential 
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to minimize the concentration of dioxin to less than 1 ng/m3. The minimi
zation and prevention of dioxins have been deeply discussed by previous 
reports (Kulkarni et al., 2008; Wielgosiński, 2010). To remove dioxins from 
burning waste, adsorption by means of activated carbons (ACs) has been 
broadly adopted in Europe and Japan. The removal of dioxins using AC 
adsorbents is more efficient than other adsorbents, such as zeolites and γ 
-Al2O3 due to the high bond energy between ACs and dioxins compared 
with the other adsorbents (Cudahy and Helsel, 2000). Many attempts have 
been made in order to find a more efficient adsorbent instead of ACs, so that 
the poisonousness of dioxin will further be reduced to the minimum level. 
In 2001, Long and Yang have used CNTs as adsorbent for the elimination 
of dioxins (Long and Yang, 2001). The authors have demonstrated that the 
interaction of dioxins with CNTs is approximately three times stronger than 
the interaction of dioxins with ACs. This enhancement is possibly due to 
the crooked surface of the nanotubes, which offer more robust interaction 
forces between the dioxins and the carbon nanotubes compared with the flat 
sheets (Bhushan, 2010). 

12.5.2 NOX ADSORPTION 

NOx is a general term for the oxides of nitrogen that are most related to 
the air pollution, namely, nitric oxide (NO) and nitrogen dioxide (NO2). 
These gases participate the development of exhaust fumes and acid rains and 
altering the tropospheric ozone. Many attempts have been made to remove 
NOx emissions from the combustion of fossil fuels. Ion exchange zeolites, 
ACs, and FeOOH dispersed on ACs fibers are the known adsorbents utilized 
to eliminate NOx at lower temperatures. The nitrogen oxide can be effectually 
absorbed on ACs owing to the interaction of the surface functional groups, 
even though the quantity of the absorbed kinds is still not important. Long 
and Yang showed that CNTs can be utilized as an adsorbent for the elimina
tion of NO at room temperature (Long and Yang, 2001). The authors demon
strated that an adsorption amount of NOx of about 75 mg/g was obtained 
when the CNTs were subjected to 1000 ppm NO + 5% O2/He for 2 h. The 
adsorption of nitrogen oxides may be correlated to the exceptional structural, 
electronic properties, and surface functional groups of CNTs. When O2 and 
NO pass across CNTs, NO is oxidized to NO2 and then adsorbed onto the 
surface of nitrate kinds. This thought was proved by Mochida and coworkers 
(Mochida et al., 1997). The authors showed that NO is oxidized to NO2 at 
room temperature on ACs fiber. 



 426 Nanotechnology for Environmental Pollution Decontamination 

12.5.3 CARBON DIOXIDE CAPTURE 

Since the Kyoto Protocol was taken into consideration in 2005, the capture 
and the storage of CO2 generated from fossil fuels power plants have gained 
more interest. Diverse technologies based on the capture of CO2 such as 
adsorption, cryogenic, absorption, etc. have been studied (White et al., 
2003; Aaron and Tsouris, 2005). The adsorption technology is one of the 
most adopted processes. It consists of amine or ammonia-based adsorption 
process. Yet, other processes are presently being explored worldwide owing 
to the high energy requirement. The Intergovernmental Panel on Climate 
Change (IPCC) assumed that the development of the adsorption process 
could be achievable and the introduction of an innovative generation of 
materials capable of effectively absorbing carbon dioxide would definitely 
improve the effectiveness of adsorption separation in the flue gases (Metz 
et al., 2005). The adsorbents involve ACs, silica, zeolite, SWNTs, etc. The 
chemical change of CNTs would have a good capacity for the capture of the 
greenhouse of CO2 gas. The efficiency of CO2 adsorption can be enhanced 
after the CNTs were modified with other solutions, including polyethylenei
mine (PEI), 3-aminopropyltriethoxysilane (APTS), and ethylene diamine 
(EDA) (Long and Yang, 2001). The solution comprises groups of amines 
that can enter in reaction with CO2 to produce carbamate in the absence of 
H2O, consequently increasing the efficiency value of CO2. CNTs modified 
with APTS present the value of efficiency of CO2 of about 41 mg/g. This 
value is the highest compared with those obtained in the CNTs modified with 
EDA (38.8 mg/g) and CNTs modified with PEI 39.0 mg/g). Generally, some 
factors affect the efficiency of CO2 adsorption based on modified CNTs, 
such as humidity and temperature. For example, the performances rise with 
the rise in humidity, nevertheless, it shows an opposite tendency with the rise 
in temperature. 

12.5.4 ELIMINATION OF VOLATILE ORGANIC MATERIALS FROM AIR 

Numerous chemicals can be produced by atmospheric reactions, including 
nitrous acid (Indarto, 2012), polyaromatic compounds (Natalia and Indarto, 
2008), soot (Indarto, 2009), and VOMs. The regulations of clean air are being 
more and more severe since these materials are possibly harmful to human 
health. Most current systems of air purification are founded on adsorbents 
or photocatalysts, like ACs or Ozonolysis. Nevertheless, traditional systems 
are not excellent for the removal of organic pollutant at ambient temperature. 
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Sinha et al. proposed a novel material, which is extremely efficient for the 
elimination VOMs from air at ambient temperature (Sinha and Suzuki, 
2007). The material covers chromium classes with combined oxidation. 
While the three-dimensional mesoporous Cr2O3 presented around 0.1 times 
the surface area than that of mesoporous Si, the Cr2O3 displayed better 
ability to eliminate toluene. At ambient circumstances, the materials work 
as an eclectic sorbent for VOMs, whereas at high temperature, it can be an 
efficient and eclectic catalyst for the intense oxidation of VOMs. 

12.5.5 ADSORPTION OF ISOPROPYL ALCOHOL 

In addition to its usage as a solvent, adsorption of isopropyl alcohol (IPA) is 
frequently utilized in the production of optoelectronic apparatuses. Due to 
the deficiency of air pollution monitoring, the vapor of IPA is liberated into 
the atmosphere without any remediation. The liberation of IPA is risky for 
the health of human and cause cancer and is irritating. For instance, Hsu and 
Lu performed an investigation on SWCNTs modified by HNO3 and NaClO 
solutions (Hsu and Lu, 2007). This material was then utilized to adsorb the 
vapor IPA. The oxidation of SWCNTs by NaClO, HNO3, and HCl solutions 
lead to the enhancement of the physical and chemical features of SWCNTs 
resulting in the minimization of pores size. Therefore, SWCNTs can act 
effectively as IPA vapor adsorbent from the air flow. Among the different 
proposed adsorbents, SWNTs oxidized by NaClO solution present the better 
performance for the adsorption of IPA vapor. 

Throughout the adsorption process, the chemical and physical interactions 
attract IPA. The chemical adsorption happens as a result of the chemical inter
action among adsorbent molecules and adsorbent surface functional groups. 
The physical adsorption is arising from forces type van der Waals among 
adsorbates and adsorbent. The dissimilarity between these processes is very 
beneficial for comprehending the influences that modify the adsorption rate. 

By oxidizing SWCNTs by HNO3 and NaClO solutions, the physical 
adsorption capability value augmented from 29.5 mg/g (in raw adsorbent) 
to 42.7 (NaClO adsorbent) and 39.5 mg/g (in HNO3 adsorbent), while the 
chemical adsorption capability value increased from 10.8 mg/g (in raw adsor
bent) to 26.8 and 43.5 mg/g, for HNO3 and NaClO solutions, respectively. 
The enhancement in physical adsorption capacity was possibly ascribed to 
the size of pores of SWCNTs that reduced to closely the size of IPA, thus 
strengthening the physical bonds among SWCNTs and vapor of IPA. Further, 
the enlarged surface area of micrometric pores may rise the bonds force. 
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The enhancement in chemical adsorption capacity might be attributable to 
a rise in the sites of basical surface. For a quite low inlet content of IPA, 
the adsorption mechanism of IPA vapor on SWCNTs and SWNTs oxidized 
with NaClO is principally engendered by physical strength, while for a quite 
elevated inlet content, adsorption mechanism of the IPA vapor on SWNTs/ 
NaClO can be engendered either by chemical or physical strengths. 

12.6 SOME COMMERCIALIZED NANOSENORS FOR AIR POLLUTION 

Resistive sensors based on nanomaterials have been evidenced for the detec
tion of atmospheric contaminants (like CO and NO2) in laboratory environ
ments with a great specificity and sensitivity (Panda et al., 2016; Rickerby and 
Skouloudis, 2017). Nevertheless, the concentrations of gases are frequently in 
the range of ppm and above, thus, they are not appropriate for controlling the 
quality of air (sub-ppm). This task is still a challenge to be further investigated 
and validated. Yet, there are numerous commercialized gas nanosensors, prin
cipally are founded on thin films, which have been exploited for controlling 
pollutants. Furthermore, numerous studies are focusing on nanomaterials
based sensors to monitor the quality air are being rising. 

Commercially, the number of companies working on gas nanosensors 
are starting to boost. Several of these establishments are university spin-offs 
and remain under progress. Although there exist some nanomaterials-based 
sensors in the market, their selling has scarcely commenced. Companies 
are in continuous transformation, some vanish practically as quickly as they 
established, and others combined or changed their pathways. For instance, 
one of the companies that changed their directions is SGX SENSORTECH 
S.A. SGX is a recently established corporation that acquired over the activi
ties of MicroChemical Systems SA (MiCS) in the construction and advance
ment of gas sensors. MiCS was initiated in 98s by purchasing the business 
of Motorola’s gas sensors. Since 2001, the company based in Switzerland 
has founded its reputation in the market of automotive as supplier of semi
conducting gas nanosensors. SGX possesses the MOX patented technology, 
which uses the latter MEMS technology generation that merges specialized 
nanoparticles sensing layers with a patented polysilicon heater. These nano
sensors are able to detect and measure easily explosive and pollutant gases in 
parts per billions (ppb) and are adequate for numerous industrial, automotive, 
and environmental applications (Sensortech,). 

Dentoni and co-workers investigated the testing performances of a 
commercialized electronic nose with regard to three criteria (1) the limit 
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of detection of the instrument, (2) the invariability response to changeable 
atmospheric conditions, and (3) the accuracy of classifying the odor 
(Dentoni et al., 2012). The measurements were performed in a zone of 
various industrial facilities. The electronic nose is constructed on six metal 
oxide sensors. Fan and co-workers carried out a classification of recorded 
information from numerous commercialized gas microsensors (TGS, MICS) 
in outside conditions (Fan et al., 2018). Their objective has been to assess the 
unverified algorithms of gas discrimination. 

Sensors based on MOX thin films made by SGX Sensotech (MiCS 2610 
(MiCS-2610,) and FIS SP-61 (A1320301-SP61 series,)) were exploited to 
measure the concentrations of low ozone (0–110 ppb) in existence of other 
interferents, such as humidity, ammonia, nitrogen oxides, carbon dioxide, 
and carbon monoxide (Sironi et al., 2016). MiCS-2610 sensor showed 
a lower response time compared with SP61 sensor. The detection limit is 
found to be of some ppb. Though short-term drifts were decided as satisfac
tory, long-term drifts make the recalibration mandatory. 

Spinelle et al. have made a calibration of commercialized MOX sensors 
in country zones (Spinelle et al., 2015; Spinelle et al., 2017). SGX-Sensotech 
sensors, such as MiCS-4514 (MiCS-4514,) and MiCS-2710 (MiCS-2710,) 
were utilized in combination with diverse electrochemical sensors. By 
utilizing reference gas analyzers, these sensors were calibrated with 
respect to CO2, CO NO2, NO, and O3. The researchers adopted numerous 
calibration models, such as artificial neural networks (ANN), multivariate 
linear regression (MLR), and simple linear regression (LR) in order to 
estimate the uncertainty of measurements. ANN has shown the excellent 
performances. The problems of cross-sensitivity have been resolved and the 
humidity as well as the temperature impacts have been adjusted by means 
of electrochemical and MOX sensors. The researchers concluded that the 
usage of cluster of sensors could meet the data quality purposes made by the 
European Instruction for O3 at quasi-rural places. 

The evaluation of AQ microsensors for air quality with respect to reference 
approaches, known as the EuNetAir joint exercise, was performed for the 
first time in an urban zone (Aveiro, Portugal) (Borrego et al., 2016). Fifteen 
groups from diverse centers of research and companies, from 12 diverse 
nations have joined the movement. More than 100 sensors assembled with 
numerous platforms were installed to control diverse parameters (meteoro
logical variables and atmospheric pollutants) by means of diverse principles 
of measurements (PID, NDIR, optical, electrochemical, MOX, etc.). It was 
concluded that the most appropriate microsensos, if they are endorsed by the 
appropriate post-treating and tools of data modeling, could be employed to 
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provide temporally and spatially valuable information related to the levels 
of air quality. The program made by the Air Quality Sensor Performance 
Evaluation Center (AQ-SPEC) has been established in order to perform a 
systematic investigation and evaluation of presently constructed low-cost 
sensors in ambient and controlled (laboratory) conditions (AQ-SPEC,). This 
center is focusing largely in complete systems like AQmesh, Air quality 
egg, and Aeroqual S500 among others that involve electrochemical and 
MOX sensors. CAIRSENSE (community air sensor network) project has 
been implemented to evaluate the performances of commercial and low-cost 
sensors in a suburban zone of about 2 km in the southeastern United States 
(Jiao et al., 2016). Rather than particle sensors, the scientists employed MOX 
and electrochemical-based sensors like the above-mentioned AQmesh, Air 
quality egg and Aeroqual S500. The association of diverse sensors that 
measure particles, sulfur dioxide, carbon monoxide, ozone, and nitrogen 
oxides demonstrated extremely high variable performances under real 
environments. The European COST Action TD1105 are developing a novel 
prototype for detecting gas pollutants founded on low-cost sensing technolo
gies for monitoring the quality of air and are establishing interdisciplinary 
coordinated networks with highest level to perform novel processes in 
wireless sensor systems, sensing devices, gas sensors, sensor nanomaterials, 
distributed computing, models, approaches, standards, and protocols for the 
sustainability of environment in the European research region (Penza, 2015). 
Lately, EURAMET MACPoll research project has been initiated in order to 
construct gas sensors with low price and evaluate their performances for the 
monitoring of air quality (Publications Office of the EU). Nanosen-AQM 
project proposed to develop gas nanosensors-based electronic devices with 
low price for measuring the quality of air in the southwest Europe areas 
and providing data in a real-time. This project will permit, for example, 
costumers to have an idea about the quality of the air if it is good before 
exercising outside (NanoSen-AQM,). Additional examples of different types 
of commercialized low-cost nanosensors for monitoring air pollution can be 
found in a recent review made by Karagulian et al. (Karagulian et al., 2019). 

12.7 CONCLUSION 

Nanostructured materials and nanotechnology are widely used for air 
pollution management through enormous efforts of researchers worldwide. 
Nanosensors of air pollutants should meet particular properties to be efficient 
for sensing, such as noncomplexity and reduced arrangement of sensor 
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devices, reliability, reproducibility, reversibility, durability, low-cost, stability, 
the nanomaterials must interact with the analyte at the room conditions, the 
sensing circumstances including moisture, pressure, electrical current supply, 
temperature, etc. must be satisfactory. The availability of commercialized 
nanostructured material-based sensors is quite scarce. Furthermore, certain 
serious problems in utilizing nanostructured materials as sensing materials 
for air contaminants should be resolved. Scientists around the world are 
working hard to develop nanostructured materials as sensing materials with 
much better performances. Additionally, the obstacles for the utilization 
of nanostructured materials are mainly related with the difficulties faced 
in process, morphologies, size distribution, thermal and chemical stability, 
mechanical strength, processability problems, reproducibility problems, 
etc. Accordingly, researchers tend to employ more efficient and simple 
techniques. All these requirements remain a challenge to be achieved. 
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ABSTRACT

Among the most serious threats to soil and water supply are persistent organic 
compounds and heavy metals that pollute the soil, which accumulate in the soil 
of agricultural fields and reach the food chain, causing serious health effects. 
Recently, scientists have tried to search for advanced methods and continuity 
between them, such as treatment with nano-phytoremediation, in order to 
demonstrate real efficiency in removing persistent organic pollutants and heavy 
metals in soil and water. Phytoremediation is a mechanism that uses the green 
plants to decontaminate, uptake, stabilize, metabolize, or detoxify contaminants 
from soil, water, and waste. Plants with unusual metal-accumulating ability 
of metals in their above-ground parts are known as hyperaccumulator plants, 
such as Alyssum bertolonii, Thlaspi caerulescens, Calendula officinalis, and 
Tagetes erecta. Significant surface areas, a high number of active surface sites 
and high adsorption capabilities make nanomaterials a favorable alternative 
for polluted soil remediation. The different physical and chemical properties 
of heavy metal ions and interactions with nano zerovalent iron (nZVI)-based 
materials play an important role in different adsorption processes, including 
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adsorption, redox, aggregation, ion exchange, hydroxylation, and subsequent 
precipitation. Unfortunately, the direct use of nZVI is restricted by powder 
state as a result of the small particle size and, and the intrinsic characteristics of 
nZVI to react with surrounding media or agglomerate during the preparation 
process decreases the reactivity of nanoparticles and also results in poor 
mobility and efficient transfer of nZVI to the contaminated area for continuous 
in situ remediation. To address this problem, integrating phytoremediation 
with nanotechnology provides a better solution for heavy metals and 
hydrophobic organic pollutants remediation, through various mechanisms. 
Nanomaterials can enhance phytoremediation by direct pollutant removal 
by nanomaterials through redox reactions, surface processes, adsorption, ion 
exchange, surface complexation, and electrostatic interaction, or by improving 
plant growth and development, such as plant-growth promoting rhizobacteria 
(PGPR), applying plant growth regulators and using transgenic plants, and 
increasing the phytoavailability. Several authors studied the combination 
between nanotechnology and phytotechnology for detoxification of organic 
pollutants and remediation of heavy metals in contaminated environments. 
Integration of organic acids (i.e., citric, malic, tartaric, and oxalic acids), 
organic amendments, and nZVI with phytoremediation are feasible practices 
for the repair of metal polluted soils, which can be because of the resulting 
increase in reactive surface locations, higher nZVI volume to surface area, 
which might bind to more metal ions and enhancing availability of heavy 
metals for phytoremediation. Moreover, recent studies have shown beneficial 
effects of microorganisms in the rhizosphere with nanotechnology on the 
performance of phytoremediation in removing heavy metals. The combination 
of bioamendments with nZVI remediation techniques maximizes the favorable 
effect of nZVI and minimizes its toxicity and improves growth parameters 
and gas exchange, leading to new insight into nZVI heavy metal remediation. 
Green nanotechnology can provide safe and environmentally friendly 
possibilities to clean and manage the ecosystem without harming the nature. 
The appropriate types of plants and nanomaterials must be selected to uptake 
the pollutants, along with improving the agricultural management of the 
high-precision cleaning process. For example, the combination of Ficus ZVI 
(F–Fe0), ipomoea–silver (Ip–Ag0), and brassica–silver nanoparticles (Br–Ag0) 
as green nanotechnology, and Plantago major as phytoremediation has played 
a principal role in the clean-up of water and soil polluted with chlorfenapyr 
(Romeh and Saber, 2020). In addition, the contribution of adsorbents assisted 
by F–Fe0, in particular, wheat bran (WB) and P. major would play an effective 
role in the complete removal of chlorpyrifos from the water with a significant 



 

 
 
 

447 Nano-Phytoremediation: Using Plants and Nanomaterials 

reduction in the dangerous degradation product TCP (Rady et al., 2019). It can 
be concluded that the impact of Fe0 on phytoremediation may be an important 
issue, and alternatives are required to mitigate its potential negative effects on 
phytoremediation or accelerate its positive effects. 

13.1 INTRODUCTION 

The main source of pollution of organic compounds is accidental spills of 
petroleum-based products used in transportation (usually diesel fuel), while 
other activities such as mining, agriculture, and fossil fuel use lead to a large 
amount of metal pollutants being discharged into the soil (Barrutia et al., 
2011; Khan and Kathi, 2014). These pollutants in the soils need to search for 
new technologies for their decontamination (Agnello et al., 2016). 

Among the most serious threats to soil and water supply are persistent 
organic compounds and heavy metals that pollute the soil, which accumulate 
in the soil of agricultural fields and reach the food chain, causing serious 
health effects (Verma et al., 2021). The movement of these contaminants 
through the soil into noncontaminated areas as dust or leachates leads to 
ecosystem pollution (Tangahu et al., 2011). 

Heavy metal ions, such as Cr, Pb, Fe, Cu, Zn, Hg, and Ni, cannot be 
broken down into cleaning materials compared to conventional organic 
contaminants (Hu et al., 2012), which have accumulated in living organisms 
and are considered to be highly toxic or carcinogenic to most of them (Liu et 
al., 2013). In addition, reduced crop productivity and productivity can occur 
in heavily polluted soils due to changes in the morphological, physiological, 
and chemical processes vital to plant species (Fabbricino et al., 2018; 
Rehman et al., 2019; Feller et al., 2019). Also, with the rapid advancement 
in industrialization, the disposal of industrial effluents poses serious threats 
to the environment and becomes the greatest concern of the sustainable 
development of human society. Several conventional techniques are already 
being used to remediate the environment from these contaminants including 
soil washing, soil flushing, thermal desorption, incineration, chemical 
precipitation, electrochemical treatment, electrodialysis, evaporative 
recovery, ultrafiltration, ion-exchange, oxidation/reduction, reverse osmosis, 
filtration, adsorption, and membrane technologies (Román-Ross et al., 
2006; Bouhamed et al., 2012; Azarudeen et al., 2013; Ashraf et al., 2017, 
2019). Most of these methods, however, have several drawbacks, such as 
high costs, long response times, poor degradation efficiency, far from ideal 
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performance, and are not an effective method of removing dangerous heavy 
metals and other organic pollutants from agricultural land (Muszynska and 
Hanus-Fajerska, 2015; Kołaci ´nski et al., 2017; Bao et al., 2019). Therefore, 
it is important to research new cost-effective and safe treatment technologies 
to remove organic pollutants or detoxify water and soil. More recently, 
scientists have tried to look for many methods and continuity between them 
in order to show the excellent removal capacity of heavy metals and organic 
compounds in soil and water. Of these attempts, the use of nanotechnology, 
phytoremediation, and nano-phytoremediation with the assistance of other 
processes that enhance the performance of phytoremediation such as green 
nanotechnology helped by adsorbent materials to improve the process of 
adsorption and reduction of both organic and metals, oxidation process with 
strong oxidants such as H2O2, persulfate, and permanganate to improve the 
dissipation of organic pollutants. 

13.2 PHYTOREMEDIATION TECHNOLOGIES OF POLLUTANTS 

Phytoremediation is a technique that uses plants to remove, uptake, stabilize, 
metabolize, and detoxify contaminants from soil, water, and waste (Kuo 
et al. 2014; Ali et al., 2020). Phytoremediation is an environmentally 
sustainable pollution reduction, control, and remediation technology. 
Phytoremediation for heavy metals is part of the new green technologies 
that uptake metals from the soil to store them in the upper parts of plants, 
which can then be harvested (Chaturvedi et al., 2016). The efficiency of this 
technique depends on the plants’ growth rates and their ability to absorb 
and uptake metals in their shoots (Romeh et al., 2016). This emerging 
technology is a promising remediation tool that is effective, inexpensive, 
fast, safe, economical, compatible, environmental friendly, and low cost. It 
is one of the main components of green technology, and it allows cheap 
decontamination of hazardous waste sites. It can be applied directly to 
polluted sites where other methods of treatment are too costly (Ashraf et 
al., 2019; Saleem et al., 2020; Ali et al., 2020). For agricultural land and 
water bodies, there are different forms of phytoremediation, such as 
phytotransformation, bioremediation of the rhizosphere, phytostabilization, 
phytoextraction (phytoaccumulation), rhizofiltration, phytovolatilization, 
phytodegradation, and hydraulic regulation. Plants with extraordinary 
metal-accumulating capacity in their above- ground portions are known as 
hyperaccumulator plants (Usman et al., 2018; Verma et al., 2021). These 
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include Alyssum bertolonii, Thlaspi caerulescens, Calendula officinalis, 
and Tagetes erecta (Assunçao et al., 2003). Hyperaccumulating plants are 
recognized as containing more than 1000 mg/kg dry weight of Ni, Cu, and 
Pb, and 100 mg/kg dry weight of Cd (Hasan et al., 2019). Because plants 
take time to grow and thrive, it is regarded as a slow process. Remediation 
and heavy metal extraction by plants are typically limited by the availability 
of heavy metals in soils (Jiang et al., 2019). It is, therefore, necessary to 
increase the adequacy of phytoremediation through the technique of heavy 
metal phytoextraction. One common approach is the use of nanotechnology, 
which allows the uptake and translocation of heavy metals in the above-
ground parts of plants. However, phytoremediation takes characteristics of 
the specific and selective accumulation capabilities of plant root systems, 
with regard to organic contaminants, along with the translocation and 
contaminant dissipation capacities of the plant body (Tangahu et al., 2011). 
The efficiency of the remediation of organic contaminated soil is affected 
by the solubility and bioavailability of the contaminants. Phytoremediation 
is not an effective remedy for soils polluted with highly hydrophobic 
compounds, which are not easily transported within the plant. These 
chemicals include polychlorinated biphenyls (PCBs), polycyclic aromatic 
hydrocarbons (PAHs), petroleum hydrocarbons, radio nucleosides, and 
explosives with log Kow higher than 3.0. They are bound (and are, therefore, 
unable to dissipate in the rhizosphere) so strongly to the surface of roots that 
they are not easily translocated to aerial tissues (Germida et al., 2002). In 
addition, its strong hydrophobic nature, which results from low solubility, is 
correlated with soil organic matter and minerals, making it less bioavailable 
and more recalcitrant (Megharaj et al., 2011). The low water solubility of 
highly hydrophobic organic contaminants is calculated by the rate of uptake 
and metabolism, restricts mobility, and bioavailability (Shekhar et al., 2015). 
For moderately hydrophobic compounds with a log Kow range of 0.5–3.0, 
plant roots tend to be picked up and join the xylem stream for eventual 
accumulation or degradation (Chakraborty and Das, 2016). Water soluble 
chemicals with log Kow lower than 0.5 are not sufficiently absorbed to roots 
or actively transported through plant membranes (Chirakkara et al., 2016). 
In order to resolve these issues, plants and other technologies such as the 
presence of nanotechnologies that enhance soil bioavailability are combined 
in phytoremediation to promote the removal of such organic contaminants 
in soils by enhancing their bioavailability, plant uptake, or microbial 
degradation, thus improving the efficacy of in situ phytoremediation. 
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13.3 NANOTECHNOLOGY IN THE REMEDIATION OF 
ENVIRONMENTAL SITES 

The nano zerovalent iron (nZVI) application will influence metal accumulator 
plants as an essential part of ecosystems and the phytoremediation process in 
heavy metal-contaminated sites. Due to its large surface areas, increased number 
of active surface sites and excellent absorption capabilities, nanomaterials 
are the promising alternative for polluted soil remediation. nZVI has shown 
tremendous potential for the reduction of heavy metal ion transformation, 
which is due to adequate mobility and excellent efficiency (Zhang, 2003; 
Kirschling et al., 2010). In addition, because of their smaller size and large 
surface area, nZVI has a good affinity with metals, so they easily penetrate 
into the contamination zone of metal-challenged ecosystems. Nanoscale nZVI, 
through its controllable particle size, high reactivity and abundant reactive 
surface sites, has been successfully used to treat various metal ions in aqueous 
solutions and stabilize biosolids (Yan et al., 2010; Huang et al., 2013; Zou et 
al., 2016; Li et al., 2017). Unfortunately, the direct use of nZVI is restricted 
by the small particle size and powder state, and the intrinsic characteristics of 
nZVI to react with surrounding media or agglomerate during the preparation 
process decreases the reactivity of nanoparticles and also results in poor 
mobility and efficient transfer of nZVI to the polluted area for continuous in 
situ remediation (Grieger et al., 2010; O’Carroll et al., 2013). Furthermore, the 
use of nZVI to actual polluted soil is too costly to be likely to be a beneficial 
remediation practice. There are so many questions regarding its use, including 
possible conflict with other phytotechnologies of remediation and potential 
risk to both human and environmental ecosystem (Patil et al., 2016). To 
address this problem, nZVI-based materials, including surface-modified nZVI 
(SM-nZVI), nZVI-supported porous material, activated carbon, and multi-
walled carbon nanotubes, CMC-nZVI, and nZVI-supported inorganic clay 
minerals (e.g., kaolinite, zeolite, clay, montmorillonite, rectorite, palygorskite, 
and bentonite) were successfully synthesized as effective adsorbents to isolate 
the contaminants from the environment (Shu et al., 2010; Kim et al., 2013; 
Wang et al., 2014; Zou et al., 2016). 

13.4 REMEDIATION OF HEAVY METAL CONTAMINATED SITES BY 
NANO-PHYTOREMEDIATION 

Integrating phytoremediation with nanotechnology provides a better solution 
for heavy metal remediation. The integration strategy of phytoremediation 
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and nZVI (nano-phytoremediation) is a new emerging technology for reme
diation of pollutants (Gil-Diaz et al., 2016; Gong et al., 2017), where nZVI 
is able to reduce the bioavailability of heavy metals in the soil and improve 
the growth of plants (Tafazoli et al., 2017). The usage of nanoparticles can 
also enhance the stress tolerance of plants in different conditions due to 
improving phytoremediation potential (Pillai and Kottekottil, 2016; Souri et 
al., 2017). The amendment of phytoremediation with nanoparticles include 
an important step in the progress of soil decontamination. Several authors 
studied the combination between nanotechnology and phytotechnology for 
detoxification or remediation the organic, inorganic, and heavy metal pollut
ants in contaminated environments. Harikumar et al., (2019) showed that 
both phytoremediation and nano-phytoremediation (nZVI) resulted in phyto
stabilization of Pb in contaminated soil. Gil-Dıaz et al., (2016) found that the 
use of 10% nZVI significantly lowered the accumulate and uptake of As in 
roots and shoots plant, respectively. Also, the height and dry weight of barley 
plants under metal stress has increased, while Singh and Lee (2016) reported 
that a usage of nano-TiO2 can improve Cd uptake from 128.5 to 507.6 μg/ 
plant due to addition of 100–300 mg/kg TiO2 NPs to soil and minimize Cd 
stress in soybean plants. Since nano-TiO2 particles are small (<5 nm) in size 
and are able to form a covalent bond with most nonconjugated forms of 
normal living matter and translocations into the roots and shoot tissues of 
plants upon a specific distribution (Aslani et al., 2014). In addition, nano
TiO2 application restricts Cd toxicity as a result of an increase in the rate of 
photosynthetic rate and growth rates of plants (Singh and Lee, 2016). The 
decrease concentrations of nZVI (100–500 mg/kg) could effectively provide 
high accumulation capacity for Pb with the increase of biomass, and also 
promoted the plant growth indicated by the lower oxidative stress in plants. 
Moreover, the application of nZVI-treated sediment reduced the toxicity of 
heavy metal, and this was due to the low acidity lower acid soluble fraction 
and higher residual fraction of Pb (Huang et al., 2018). Also, Huang et al. 
(2018) showed a stimulatory response of the nZVI in low doses in integration 
with phytoremediation in Pb-contaminated soil by ryegrass (Lolium perenne) 
plant. Using nano-hydroxyapatite (0.2% w/w) has been reported effective in 
promoting Pb phytoextraction efficiency by ryegrass. With the assistance of 
nano-hydroxyapatite, ryegrass removed over 30% of Pb in the soil after 1 
month and 44.39% after 3 months (Liang et al., 2017). Some nanomaterials 
have been demonstrated to enhance the phytoextraction of Cd in soil. Singh 
and Lee (2016) reported the favorable response of TiO2 nanoparticles on Cd 
accumulation in soybean plants. Studies showed that the phytoremediation 
of soil contaminated with cadmium, chromium, lead, nickel, and zinc could 
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be enhanced by applying nanomaterials (Tripathi et al., 2015; Singh and Lee, 
2016; Liang., et al., 2017; Vítková et al., 2018), for example, application 
of low to moderate concentrations of nZVI (100–500 mg/kg) enhanced Pb 
accumulation capacity in roots and shoots of Kochia scoparia (Daryabeigi., 
et al., 2020). The efficiency of Trifolium repens substantially improved using 
nZVI for Sb with the greatest accumulation capacity of 3896.4 μg per pot 
gained in the “PGPR+500 mg/kg nZVI” treatment (Zand et al., 2020). 

13.5 INTERACTION MECHANISM BETWEEN NZVI-BASED 
MATERIALS, POLLUTANTS, AND PLANTS IN PHYTOREMEDIATION 

The effect of nZVI on phytoremediation may be an important issue, and 
alternatives are required to either mitigate its potential negative effects on 
phytoremediation or accelerate its positive effects (Mokarram-Kashtiban et 
al., 2019). Nanoparticles suitable for phytoremediation should be nontoxic 
for plants; increase germination, growth of seedlings, root–shoot elongation, 
plant height, and biomass; increase plant development of phytoenzymes; 
improve plant growth hormones and contaminant binding capabilities; and 
increase bioavailability for plant and enhanced phytoremediation technology. 
In plants (Srivastav et al., 2018), the uptake of nanoparticles is principally 
due to their size, form, and chemical composition. Size is the nanoparticle’s 
key factor in entering the plants and moving from the roots to other areas 
of the plants (Ma et al., 2010; Cornelis et al., 2014). Plants can accumulate 
nanomaterials by mycorrhizal fungi (Whiteside et al., 2009) or by osmotic 
pressure (e.g., through pores in cell walls), by intercellular plasmodesmata, 
or by symplastic uptake, linked to their particular uptake (Lin et al., 2009). 
One hypothesis is that, by making holes and permeating into the cells through 
these holes, ZnO nanoparticles might be able to increase the permeability 
of plant cell walls and move them through plasmodesmata between cells 
(Lin and Xing, 2008). In addition, nanoparticles will be strongly adsorbed 
in the roots, thereby exerting effects—even without actually being 
taken up as particles (Navarro et al., 2012). The nano-phytoremediation 
technique for the remediation of polluted soil is based on the application 
of plant-based nanoparticles (NP type, dosage, and speciation) and 
methods of phytoremediation (e.g., phytostabilization, phytoextraction, and 
phytodegradation). The different plant species and varieties of nanoparticles 
are used in contaminant nano-phytoremediation experiments (Srivastav et 
al., 2018). The mechanism of interaction for pollutants with materials based 
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on nZVI is debatable. Heavy metal ions express different physicochemical 
properties and interactions with nZVI-based materials in different adsorption 
processes by physical and chemical reactions, including adsorption, redox, 
aggregation, ion exchange, hydroxylation, and subsequent precipitation. The 
interaction mechanism could be considered the phase of adsorption, reduction, 
and oxidation (Zou et al., 2016). The smaller size of nanomaterials allows 
them to penetrate various barriers in the plant systems, helping them enter 
particular locations, while their additional surface area helps to increase their 
adsorption and deliver the desired substances in a targeted manner (Kashyap 
et al., 2015). The positive effect of a low nZVI dose may be due to iron 
entry into the soil, which is an important nutrient for the growth of plants 
and soil microorganisms (Souza et al., 2015). Nanomaterials can enhance 
phytoremediation by direct pollutant removal through adsorption or redox 
reactions, or by promoting plant growth—such as inoculating plant growth 
promoting rhizobacteria (PGPR), applying plant growth regulators and 
using transgenic plants, and increasing the phyto-availability (Mueller and 
Nowack, 2010; Yadu et al., 2018; Song et al., 2019) (Fig. 13.1). In addition, 
many studies apply nZVI for reductive dechlorination of chlorinated 
organic pollutants and nZVI can also act by adsorbing and co-precipitating 
inorganic ions (Li et al., 2018). By adsorption through carbon nanotubes, 
contaminants can be immobilized. This is similar to phytostabilization, as 
carbon nanotubes can stabilize organic contaminants through electrostatic 
attraction, hydrophobic interaction, and p–p bonding interactions, while 
complexation, electrostatic attraction, physical adsorption, and surface 
precipitation are involved in the interactions between carbon nanotubes 
and heavy metals (Song et al., 2018). Nanomaterials—such as graphene 
quantum dots, carbon nanotubes, Ag nanoparticles, ZnO nanoparticles, 
nZVI particles, and nanoparticle upconversion, could improve plant growth. 
The mechanisms of these nanomaterials in enhancing plant growth are 
different. Carbon nanotubes, for example, may enable the reproductive 
system of plants, contributing to improved tomato growth (Khodakovskaya 
et al., 2013), while graphene quantum dots might serve as nanofertilizers and 
pesticides to improve the growth rates of Coriandrum sativum and Allium 
sativum (Chakravarty et al., 2015). Furthermore, ZnO nanoparticles can 
increase the plant tolerance by regulating the gene expression of enzymes 
(Praveen et al., 2018). Applied nano-hydroxyapatite by Jin et al. (2016) led 
to an increase in phosphorus concentration in soil resulting in improved 
efficiency of lead phytoremediation by ryegrass. As Cd uptake increased 
with TIO2 nanoparticles, the authors suggested a potential mechanism for 
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TiO2 nanoparticles to join chloroplasts and speed up light adaptation and 
electron transfer (Singh and Lee, 2016). In addition, Timmusk et al. (2018) 
concluded that TiO2 nanoparticles could enhance the performance of PGPR 
phytoavailability of pollutants as a key factor affecting the efficiency of 
phytoremediation, especially for phytoextraction. For example, lead usually 
exists in insoluble forms in soil due to adsorption, complexation, and 
precipitation, which makes it difficult for phytoextraction (Zaier et al., 2014). 
Several techniques, including agronomic management (e.g., fertilization), 
treatment with chemical additives (e.g., a chelating agent), inoculation of 
rhizospheric microorganisms, and the use of genetic engineering—have also 
been suggested to improve the phytoavailability of contaminants (Glick, 
2010; Habiba et al., 2015; Jacobs, et al., 2018). Nanomaterials may serve 
as a carrier of pollutants when they penetrate the cell, thereby increasing the 
bioavailability (Su et al., 2013). On the one hand, adsorption of pollutants 
into nanomaterials outside organisms may reduce free pollutants, thereby 
decreasing the bioavailability (Glomstad et al., 2016). 

FIGURE 13.1 Nano-phytoremediation to environmental remediation of contaminants. 
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13.6 INTEGRATION OF NANO ZEROVALENT IRON (NZVI OR FE0) 
AND OTHER TECHNOLOGIES FOR ENHANCING PHYTOREMEDIATION 
OF HEAVY METALS 

The addition of organic acids (i.e., citric, malic, tartaric, and oxalic acids), 
organic amendments, and nZVI with phytoremediation are suitable practices 
for the uptake of heavy metal in polluted soils, because of increasing reactive 
surface locations and higher nZVI volume to the ratio of surface area (Singh 
et al., 2012), which are associated with more metal ions and increasing avail
ability of heavy metals for phytoremediation process (Lacalle et al., 2018). 
The efficiency of Brassica napus L. enhanced with an organic amendment and 
nZVI for the uptake of soils polluted with both organic (diesel) and inorganic 
pollutants (Zn, Cu, and Cd) were tested by Cao et al., 2018. Data showed 
that organic amendment contributed into diesel degradation and improved the 
health and biomass of B. napus. This nZVI was ineffectual in soil remedia
tion without inducing any toxicity. The combination of nZVI nanoparticles 
with phytoremediation in improving the performance of sunflower plants 
reduced Cr uptake in the polluted soil, followed by increased activity of 
cell detoxification enzymes, SOD, CAT, POX, and APX (Mohammadi et 
al., 2020). Recent studies demonstrated the beneficial effects of nZVI and 
rhizosphere microorganisms on the efficiency of phytoremediation on heavy 
metal removal. The combination of bio-amendments with nZVI remediation 
techniques increased growth parameters, gas exchange, and useful effects of 
nZVI and minimized its toxicity. This led to new insight into Fe0 heavy metal 
remediation (He and Yang 2007; Srivastav et al., 2018; Mokarram-Kashtiban 
et al., 2019). The inoculation by PGPR, especially Pseudomonas fluorescens 
and arbuscular mycorrhizal fungus (AMF), especially Rhizophagus irregu
laris in the combination with nZVI enhanced plant growth, physiological 
and biochemical parameters of white willow (Salix alba L.). This also 
increased the bioconcentration factor (BCF) of Pb, Cu, and Cd. To gain a 
better understanding of the possible mechanism of this phenomenon, further 
studies are needed (Mokarram-Kashtiban et al., 2019). The rhizosphere 
microorganisms decreased nZVI stress in plants under high dose conditions 
of nZVI, (Mokarram-Kashtiban et al., 2019). The phytoremediation potential 
of Sorghum bicolor’s for antimony (Sb) removal from the soils was decreased 
by co-application of TiO2 NPs and biochar (BC). Using TiO2, NPs signifi
cantly improved the accumulation ability of S. bicolor for Sb with the highest 
accumulation efficiency of 1624.1 μg per pot achieved in “250 mg/kg TiO2 
NP + 2.5% BC” treatment (Song et al., 2019). The use of multi-walled carbon 
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mnanotubes (MWCNTs) at acceptable levels could increase the potential 
of phytoremediation in the restoration of heavy metal contaminated river 
sediments, and the inevitable release of MWCNTs at high contents would 
exacerbate metal-induced toxicity to plants (Gong et al., 2019). 

13.7 IMPROVING PHYTOREMEDIATION OF ORGANIC POLLUTANTS 
IN SOIL AND WATER BY NANOTECHNOLOGY 

One of the biggest solutions for hydrophobic organic pollutant remediation 
is provided by the integration of phytoremediation with nanotechnology 
(phytonanotechnology) (Table 13.1). Nanomaterials are involved in photocatalysis 
or oxidation, reduction, hydrolysis, or organic contaminant elimination reactions 
(Tiwari et al., 2008; Jassal et al., 2016). Through various mechanisms such 
as redox reactions, surface processes, adsorption, ion exchange, surface 
complexation, and electrostatic interaction, the nanoparticles are able to adsorb 
and facilitate pollutant degradation (Trujillo-Reyes et al., 2014; Medina-Pérez et 
al., 2019). Organic pollutants such as chlorpyrifos, molinate, atrazine, lindane, 
pentachlorophenol, trichloroethylene (TCE), pyrene, PCBs, 2,4-dinitrotoluene, 
and ibuprofen in polluted soil environment were quickly degraded by nZVI, 
magnetite nanoparticles (nFe3O4), and bimetallic nanoparticles (Pd/Fe) (Zhang 
et al., 2011; Singh et al., 2012; Gomes et al., 2014; Srivastav et al., 2018; Verma 
et al., 2021). Excellent photocatalysts with advanced features (size, morphology, 
and high adsorption capacity) are found to be nanomaterials of TiO2, ZnO as well 
as several metal oxides and sulfides and appear as the most emerging destructive 
technology (Rani and Shanker, 2018). Nanomaterials make electron-hole pairs 
through the exposure of light sources, which move to the semiconductor surface 
and degrade organic pollutants via photo-oxidation into nontoxic products (Lavand 
and Malghe, 2015). However, these methods are usually expensive and require 
special, high-energy equipment and contain hazardous, corrosive and flammable 
chemical substances such as sodium borohydride and hydrazine hydrate or 
organic solvents as reducing agents that cause unwanted adverse environmental 
effects. In addition, nanoparticles appear to aggregate if not properly coated, 
leading to decreased reactivity and stability of these nanoparticles (Shahwan et 
al., 2011; O’Carroll et al., 2013). Environmental applications of nZVI (Fe0) have 
been widely adopted by several users and government agencies, mainly because 
of the low costs and nontoxicity of iron (Rani and Shanker, 2018). Several 
consumers and government agencies have widely embraced environmental 
applications of nZVI (Fe0), primarily due to the low cost and nontoxicity of iron 
(Rani and Shanker, 2018). Another catalyst most studied is nZVI, which reduced 



 
 

 

 
 
 

 

TABLE 13.1 Using Nano-Phytoremediation for Remediating Organic Pollutants in Water and Soil.

Pollutants Control (without Pytoremediation Nano material Nano-phytoremediation References 
any treatment) 

Organic pollutants (mg/kg)
Trinitrotoluene Panicum maximum Jacq. nZVI	 Zerovalent iron Jiamjitrpanich
(soil) 120 days	 nanoparticles enhanced the et al. (2012)

removal efficiency of TNT
from 85.7 to 100% after
120 days 

Endosulfan 7.61–20.13 Alpinia calcarata 51.74– 17.29–55.09	 Alpinia calcarata 82.20– Pillai, and 
removal (%) (7–28 days)	 81.20 (7–28 days) Ocimum 94.92(7–28 days) Ocimum Kottekottil 

sanctum 8.25–20.76 (7–28 sanctum 10.91–76.28 (7–28 (2016) 
days) Cymbopogon citratus days) Cymbopogon citratus
4.81–65.08 (7–28 days) 62.53–86.16 (7–28 days)

Fipronil (water) 39.71 Brassica-AgNps (98.21) Romeh (2018)

removal (%) Ipomoea-AgNps (95.93)

through 144 h Camellia-AgNps (82.44)


Plantago-AgNps (89.20)
Fipronil (flooded 3.6 13.76 Plantago major + Romeh (2018)
soil) removal (%) Brassica-AgNps (82.56)
through 144 h Ipomoea-AgNps (57.51)

Camellia-AgNps (44.75)
Plantago-AgNps (68.41)

Chlorpyrifos 17.88 43.76 F–Fe0 (81.69) F–Fe0 supported on (wheat Romeh (2020)
(water) removal bran, cement kiln dust, rice
(%) 24 h straw ash) +Plantago major

nearly 100% 457 
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 TABLE 13.1 (Continued) 

Pollutants Control (without Pytoremediation Nano material Nano-phytoremediation References 
any treatment) 

Chlorfenapyr 6.17 
(water) removal
(%) 24 h

Chlorfenapyr (soil) 12.40 
removal (%) 24 h

Heavy metals (mg/Kg) dw
Cr

Cd

As

As 

69.27

25.83

Pisum sativum root 
(1472.6) P sativum shoot 
(62.5)

Glycine max (root and

shoot) at 100 cd (131.9)

Glycine max shoot (28.0)

Glycine max root (448.1)


Hordeum vulgare 

Lolium perenne 

F–Fe0 Ach (86.0) Ip–Ag0
 

Ach (79.70) Br–Ag0 Ach 

(79.70)

Silicon nanoparticles
(SiNp)

nano-TiO2 

nZVI

nZVI 

majorP. plus F–Fe0 

Ach(93.7) P. major plus Ip– 
Ag0 Ach(91.30) P. major 
plus Br–Ag0 Ach (92.92) 

majorP. plus F–Fe0 Ach 
(71.22) P. major plus Ip– 
Ag0 Ach (57.32) P. major 
plus Br–Ag0 Ach (73.10) 

SiNp + Pisum sativum root 
SiNp +(516.6)  P sativum 

shoot (35.2)
At 100 cd + 300 TiO2 
(1534.7) Glycine max shoot 

300 TiO+ 2 (73.2) Glycine 
max root + 300 TiO2 
(1461.5)
Hordeum vulgare shoots +
1% nZVI (as reduced by
66%) Hordeum vulgare
roots + 10% nZVI
(as reduced by 97%)
Lolium perenne shoots +
nZVI (as reduced by 62%)
Lolium perenne roots +
nZVI (as reduced by 75%) 

Romeh and
Saber (2020)

Romeh and
Saber (2020)

Tripathi et al. 
(2015)

Singh and Lee
(2016)

Gil-Díaz et al.
(2016)

Vítková et al.
(2018) 
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 TABLE 13.1 (Continued) 

Pollutants Control (without Pytoremediation Nano material Nano-phytoremediation References 
any treatment) 

Pb Lolium perenne nZVI Lolium perenne (total) Huang et al.
nZVI 100 (assist the+ (2018)
 

phytoremediation of

Pb-polluted sediment)


Pb Alternanthera dentata nZVI Alternanthera dentata Harikumar et
35.00 Wedelia cheninsis + nZVI (38.80) Wedelia al. (2019) 
27.41 cheninsis (Total) + nZVI 

(39.13) 
Pb Kochia scoparia nZVI Kochia scoparia (total) + Daryabeigi et

(more than 350) nZVI 500 (857.18) al. (2020) 
Sb Trifolium repens nZVI +PGPR Trifolium repens+ PGPR + Zand et al. 

500 mg/kg nZVI (greatest (2020) 
accumulation capacity of
3896.4 µg per pot) 
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almost all halogenated hydrocarbons to benign hydrocarbons within 24 h by 
rapid and full dechlorination (Shih et al., 2011). The degree of dechlorination of 
lindane was greater (95%) for the nZVI (60 nm) (Elliott et al., 2009). A mixture 
of nanoparticles and plant species (nanophytoremediation) has removed essential 
contaminants from contaminated soil. Plant species have increased the removal 
of toxins from contaminated soil, which takes less time than normal. Different 
plant species and varieties of nanoparticles are used in nano-phytoremediation 
studies for water and soil remediation technologies (Srivastav et al., 2018). 
Nano-phytoremediation was more successful than either phytoremediation or 
nano-remediation for TNT-contaminated soil degradation (Jiamjitrpanich et al., 
2012; Verma et al., 2021). In the presence of nZVI, the phytoremediation of 
endosulfan-contaminated soil with three plant species, Alpinia calcarata, Ocimum 
sanctum, and Cymbopogon citratus increased from 81.2 to 100%, from 20.76 to 
76.28%, and from 65.08 to 86.16%, respectively. Small amounts of endosulfan 
have accumulated in the plants due to decrease endosulfan dichlorination (Pillai 
and Kottekottil, 2016). Silver nanoparticles (AgNps) and Plantago major also 
play an substantial role in the remediation of fipronil-contaminated water and 
flooded soil, while P. major played an significant role in the uptake of polar break 
product, fipronil-amide (Romeh, 2018). Silver nanoparticle significantly (>90%) 
increased the development of ABA and GA phytohormones in plants, whih allows 
plants to withstand stresses and increase the uptake of nutrients and water to 
enhance growth (Khan and Bano, 2016). Although nZVI has many benefits, but 
its efficiency decreases due to the formation of oxide layers that block its surface 
active sites, its efficiency decreases over time, expensive and requires special 
equipment, high energy and includes toxic, corrosive, and flammable chemical 
substances such as sodium borohydride and hydrazine hydrate or organic solvents 
as reducing agents that cause unnecessary adverse environmental impacts (Bardos 
et al., 2011; O’Carroll et al., 2013). Researchers are, therefore, continuing their 
efforts to develop simple, effective, and reliable green chemistry processes to 
solve this problem by developing nanomaterials. In order to make the synthesis 
process green, researchers worldwide are currently working on the synthesis of 
nanoparticles using sunlight, or plant-based surfactants or microorganisms, and 
water or a mixture of them. Nanomaterials generated through the green route 
were found to be cheap and efficient catalysts for environmental remediation 
(Rani and Shanker, 2018). In particular, little research focuses on water and 
soil remediation technologies with the combined application of green nano
phytoremediation. Green nanotechnology can provide green and eco-friendly 
alternatives for environmental cleanup and management. Appropriate plant 
species and nanomaterials need to be selected for the absorption of pollutants, 
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along with agronomic management optimization for the high-resolution 
cleanup process. The integration of green nanotechnology such as Ficus iron 
nanoparticles (F–Fe0), ipomoea–silver (Ip–Ag0) and brassica–silver nanoparticles 
(Br–Ag0) and phytoremediation technology using P. major has played a major 
role in the remediation of soil and water polluted with chlorfenapyr (Romeh and 
Saber, 2020). Nanomaterials can improve phytoremediation by directly acting on 
the contaminants and plants, promoting plant growth by promoting enzymatic 
activity in plants, increasing chlorophyll content, regulating nutrient release in 
the soil system, and increasing the phytoavailability of pollutants (Varma and 
Khanuja, 2017; Subramanian et al., 2015; Song et al., 2019) or by indirectly 
influencing the final efficiency of the remediation (Zand et al., 2020). Adsorbents 
assisted b-y F–Fe0 in particular wheat bran (WB) as a green nanotechnology 
and P. major as phytoremediation, would play a significant role in the complete 
removal of chlorpyrifos from water with a significant reduction in the toxic 
degradation product TCP (Romeh, 2020). Also, P. major plus marjoram-prepared 
nZVI (Mar-nZVI) and moringa-prepared nZVI (Mor-nZVI) aided by activated 
charcoal (Ach), and bentonite (Bent) play a principal role in the remediation of 
flonicamid-contaminated water (Rady et al., 2020). For nZVI-reduced graphene 
oxide (rGO), the removal rate and adsorption capability were found to be the 
maximum, which shows that this adsorbent could be used possible futuristic 
adsorbent for explosive removal (Khurana et al., 2018). 

13.8 CONCLUSION 

Compared to conventional organic contaminants, heavy metal ions are difficult 
to degrade into cleaning materials. Several traditional and modern techniques 
are using to decontaminate the environment from these contaminants. Most 
of these methods, however, have several drawbacks, such as high costs, long 
response times, poor degradation efficiency, poor performance, and ineffective 
removal of toxic heavy metals and organic persistent from agricultural land. As 
discussed earlier, the technology of nano-phytoremediation is comparatively 
a new field for the remediation of ecosystems polluted with heavy metals and 
hydrophobic organic pollutants. The effect of nZVI on phytoremediation may 
be an important issue, and alternatives are required to mitigate its potential 
negative effects on phytoremediation and to accelerate its positive effects. 
Integration of organic acids (i.e., citric, malic, tartaric, and oxalic acids), 
organic amendments, and nZVI with phytoremediation are feasible practices 
for the repair of metal-polluted soils, which can be because of the resulting 
increase in reactive surface locations, higher nZVI volume to the surface area, 
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which might bind to more metal ions and enhancing the availability of heavy 
metals for phytoremediation. It can be concluded that the selective interac
tion of plants and nZVI has great application prospects in the context of soil 
remediation. 
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ABSTRACT

Food and energy resources are gradually becoming scarce due to ever-
increasing consumption and demand and the world faces crises. Resources 
like land, air, and water are increasingly becoming contaminated with heavy 
metal contaminants produced by wastages due to municipal, industrial, 
and mining activities by humans. There is an urgent need to address these 
problems by reclaiming the HM-contaminated soil and aquatic ecosystems for 
food and energy production. Various physicochemical remediation strategies 
are being developed and tested, but they are all expensive and applicable 
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to small areas. During the past couple of decades, eco-friendly plant-based 
strategy, phytoremediation, is gaining popularity due to its economic and 
aesthetic values. But, it is very time-consuming and often hampered by the 
plant involved being slow-growing, producing contaminant-laded biomass 
with the added cost of safely disposing, and requiring the use of costly 
fertilizers. To overcome all these drawbacks, the process can be hastened 
by using plant growth-promoting soil microbiota, especially universal and 
ubiquitous arbuscular mycorrhizal fungi (AMF) and plant growth-promoting 
rhizobacteria (PGPR). However, AMF being obligate symbionts, and 
production of its mass-scale inoculum for field application is an obstacle. 
Various commercial AMF inoculants, mixed with PGPR, developed by in 
vitro and in vivo production methods using substrate-based and substrate-free 
(hydroponics and aeroponics) base systems, are available in the international 
market, but they were reported to produce mixed, variable, and inconsistent 
results. We developed in our laboratory using a substrate-free system, 
Ultrasonic Nebuliser Aeroponic System. Pre-inoculated with AMF propagule 
(isolated from the rhizospheres of plants grown in the HM-contaminated sites 
to be remediated) was grown in the aeroponic system to produce adequate 
adventitious roots with extensive extraradical mycelium network outside the 
root surface of the test plant used. The aeroponically grown mycorrhizal 
roots were then sheared, air-dried, and used as inoculum to test its infectivity 
and efficiency in the roots of the plants in the field, in competition with 
the indigenous and not efficient AMF propagules in the field soil, causing 
intensive mycorrhization of root cortices, uptaking contaminants into their 
aerial parts (phytoremediation) and producing high biomass for bioenergy 
production, that is, Nano-Mycorrhizo-PhytoRemediation. 

14.1 INTRODUCTION 

Soil and its plant-root-associated microbiota population perform various 
functions such as nutrient (including heavy metals) sequestration and 
their biogeocycling, climate and water regulation, and are critical tools in 
ecosystem restoration and function, especially restoration of degraded 
ecosystems (Munoz-Rojas et al., 2018; Balser et al., 2002; Khan, 2002, 2008). 
These microorganisms, such as plant-growth-promoting rhizobia (PGPR), 
ubiquitous and universal root-associated symbiont, that is, arbuscular mycor
rhizal fungi (AMF), constitute one of the major biodiversity reservoirs on 
earth (Kushwaha et al., 2020). These endophytes also play an integral and a 
unique and significant role in the functioning of ago-ecosystems, as noted by 
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Sansanwal et al., (2017), by promoting plant growth by direct mechanisms 
(e.g., N-fixation, K- and P-solubilization, siderophore production, production 
of indolic-compounds, ACC utilization, ammonia excretion, etc.) as well 
as indirect mechanisms by acting as biocontrol agents (e.g., production of 
metabolites and antibiotic substances). 

The significance of the worldwide distributed soil fungi that form a 
symbiosis with roots of most land plants, that is, AMF, is now accepted 
that they improve plant growth and productivity, including bioenergy crops 
(Khan, 2020a), as well as increase plant resistance against abiotic and biotic 
stresses (Khan, 2005a, 2020b). Mycorrhiza-associated plants have been 
reported growing on contaminated soils (Chaudhary et al., 1999; Khan et 
al., 2000; Hayes et al., 2003). To improve bioenergy-crop-plant health and 
growth on contaminated sites, and to increase biomass production of non-food 
energy crops for bioenergy purposes, we need to consider the potential of 
nanomaterials secreted by bioenergy crop plants and these AMF, PGPR, and 
Mycorrhiza-Helping Bacteria (MHB), in our efforts toward achieving our 
goal of using them for the dual purpose of nano-mycorrhizo-phytoremediation 
(NMPR) of contaminated soils and producing greater biomass for bioenergy 
production. Many different techniques such as substrate (soil and sand)-based, 
substrate-free (hydroponic/aeroponic), and in vitro (excised or root-organ 
cultures) products, with advantages and disadvantages, have been developed 
during the last few years. Ijdo et al. (2011) reviewed these methods, probable 
sectors of their application and discussed their positive and negative aspects. 
Compared to the availability of P and trace metal fertilizers, AM fungal 
inoculants do not seem to encourage growers to them as they fail to appeal 
significant grower needs and broad-scale efficacy in cost-effective manners. 
Several researchers, including private companies, government industries, and 
technologists, have attempted to develop commercial AM inoculants. Various 
soil-less media, such as expanded clay aggregates (Dehne and Backhaus, 
1986), peat, perlite, or vermiculite (Sreeramulu and Bagyaraj, 1986), sand 
(Millner and Kitt, 1992). 

Being obligate symbionts, AMF cannot be grown in pure cultures and 
the techniques used for producing AMF inoculum are different from those 
usually employed for other biotechnologically interesting fungi. AMF cannot 
grow in the absence of a living root partner. However, culturing the fungi with 
living roots is hampered by contamination with other soil-borne pathogens 
that affect their viability and efficacy. This hampers the mass production 
of AMF inoculum (Hepper, 1984). Therefore, cost-effective and large-scale 
production methods of high-quality AMF inoculum production for their 
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commercial exploitation are still not commercially utilized due to their non-
consistent and unstable performances in field situations. There are several 
reports indicating that AMF are adaptive to different edaphic conditions and 
seem to possess unique properties based on their cell biology (Bethlenfalvay 
et al., 1990). The literature also reveals that fungal isolates from fertilized 
or heavy metal contaminated sites are better adapted to elevated levels of P 
(Jasper et al., 1979) plant growth by mitigating the negative effects of HMs 
and also to enhance the uptake and translocation of various minerals from 
HM-enriched soils (for reference see Khan, 2020a, 2020b). 

Due to inherent efficacy, fungal aggressiveness, the number of infec 
tions, or a combination of the three (Borges and Chaney, 1988), the intro
duction of AM fungal isolates alien to particular soil conditions may not 
be effective in causing mycorrhization of roots, thereby, invalidating the 
beneficial effects of inoculation on plant growth. Therefore, it is important 
to the culture and exploits the use of AM isolates which may be well suited 
and efficient in the soils where they will be introduced, that is, AMF are 
site-specific and not plant-specific. Mohammad and Mittra (2013) assessed 
the efficacy of the AMF ecotype of stress-adapted AMF (Glomus deser
ticola) isolated from the rhizospheres of grasses growing along with the 
industrial waste in India on the growth of eggplant (Solanum melongena 
L.) and sorghum (Sorghum Sudanese Staph. seedlings in soils amended 
with various stress levels of NaCl, Zn, and Cd. The authors reported that 
the AMF-ecotype responds best to these soils, as evident from the signifi 
cantly greater growth response and its aggressiveness in colonizing roots 
in all soil types tested. These results suggest that this AMF-ecotype can 
be used as an effective tool to alleviate the adverse effects of excessive 
salinity and HM toxicity on plant growth, that is, it has a potential in the 
NMPR of HM-polluted soils. 

Faye et al. (2020) assessed the potential of commercial mycorrhizal 
inoculants and a rhizobial inoculant to improve soybean yield in Kenya 
both in greenhouse and field conditions and reported variable results, that 
is, significant or insignificant effect on plant P uptake, biomass production, 
leaf–chlorophyll index, and grain yield. The authors concluded that not only 
the inoculant type, soil type, and P source in soil are critical factors to evaluate 
mycorrhizal inoculants, additional criteria such as inoculant type, soil type, 
and P source are needed to be predictive of the response, without which the 
economic value of commercial inoculants will remain elusive. Soil microbes 
that improve and enhance soil fertility (N-fixing symbiotic and free-living 
rhizobia) and nutrient uptake efficiency by universal symbiotic mycorrhizal 
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fungi – AMF) offer valuable alternative technologies. These microbes play 
an important role in nutrient acquisition and cycling, in situ nanoremedia
tion of contaminated soils and waters, increasing plant biomass, promoting 
plant growth including those of high biomass producing nonfood bioenergy 
crops, reducing the translocation of heavy metals from contaminated soils 
and water to aerial parts of plants growing in contaminated habitats, etc., by 
synthesizing nanomaterials for their NMPR (Khan, 2020a, 2022a). NMPR 
offers a new window for future research. 

A wide variety of commercial AMF inoculants, mixed with PGPR, are 
available in the international market, but their qualities are found to be sensi
tive to subtle changes in processes and transportation (Faye et al., 2020). These 
authors recommend that commercial inoculants need to be pre-evaluated on 
selected crops and regional soils before undertaking large field-scale use. Ijdo 
et al. (2011) reviewed the methods for large-scale production of AM fungi– 
past, present, and future. The authors attempted to describe and compare 
the principal in vivo and in vitro production methods, critically discussed 
the parameters criteria for optimal production, advantages and disadvantages 
of the methods, and highlighted their most probable sectors of the applica
tion of both substrate-based and substrate-free systems (hydroponics and 
aeroponics) and in vitro cultivation methods for large-scale developed AMF 
inoculum. As pointed out by Ijdo et al. (2011), there are almost as many tech
niques as there are laboratories working with AMF, since it is a prerequisite 
to fundamental research as well as for application purposes. Furthermore, in 
the presence of universal and ubiquitous AMF propagules in the field soil, 
tracing and relating positive effects of inoculation to the introduced AMF 
strain are not possible, and interaction of the indigenous AMF population 
and the introduced exotic strain poses risks associated with the introduc
tion of unwanted microbes associated with the inoculum (Pringle et al., 
2009). Voets et al. (2009) studied the role of extraradical mycelium network 
(ERMN) of AMF extending from mycorrhizal plants often not considered in 
vitro to inoculate young plantlets, as an important source of AMF inoculum 
in soils allowing fast colonization of plants under in vitro conditions. The 
authors grew young seedlings of Medicago truncatula in vitro in the ERMN 
extending from mycorrhizal plants, and after a few days of contact with 
ERMN seedlings were transplanted in vitro on a suitable growth medium for 
4 weeks. They found that the seedlings were readily colonized by AMF and 
reproduced 1000s spores within 4 weeks. This fast mycorrhization process 
developed by Voets et al. (2009) has an open door for the mass production of 
AMF inoculum required for field application. 
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14.2 PRODUCING LARGE-SCALE AMF-COLONIZED-ROOTS WITH 
EXTENSIVE EXTRA RADICAL MYCELIUM NETWORK INOCULUM 

We, in our laboratory at Western Sydney University, in an attempt to large-
scale production of AMF inoculum for field studies, employed two tech
niques, that is, pot culture and aeroponic culture techniques. The specific 
objectives were to (1) preinoculate test plant with native AMF spores 
collected by wet sieving and decanting technique, from the rhizospheres of 
mycorrhizal plants growing on the HM-contaminated sites in New South 
Wales, Australia, in pot culture using sand-based media (Fig. 14.1) trans
ferring the 4-week-old healthy-looking infected test plants from the pot 
cultures randomly into the perforated lid of the Atomizing Disk Aeroponic 
System (Fig. 14.2) or the Ultrasonic Nebuliser Aeroponic System (Fig. 
14.2B), to produce adequate adventitious root systems with good AMF 
colonization levels of the root cortices harboring intra- and inter-cellular 
fungal hyphae, vesicles and arbuscules (Fig. 14.3C and D), and extensive 
ERMN outside the root surface of the grassroots from the atomizing disc 
aeroponic system as well as atomizing disc aeroponic system (Fig. 14.3A, 
B) (Khan, 2007). 

AMF-inoculum for field application was developed by harvesting and 
shearing the ERMN and the adventitious roots excised from the plants 
growing in aeroponic chambers and blending them in an electric blender to 
produce a slurry that is air-dried to be used as inoculum for field application 
(for details see Khan, 2007). Comparatively, the inoculum potentials of the 
inoculum developed by the aeroponic culture techniques were significantly 
greater than those developed by the pot culture in all the inoculation treat
ments (Asif, 1997). 

14.3 FIELD TESTING INFECTIVITY AND EFFICIENCY OF SHEARED-
ROOT AMF-INOCULUM PRODUCED BY AEROPONIC TECHNIQUES TO 
YIELD GREATER BIOMASS FOR 

(a) Food Crops for Enhancing Yield 
To date, very few field trials have been conducted to evaluate the ability of 
introduced AM isolates to enhance plant growth in competition with the indig
enous AMF propagules. Sylvia and his associates (Jarstfer and Sylvia, 1992; 
Sylvia, 1998, Sylvia and Hubbell, 1986); Sylvia and Jarstfer, 1992, 1994, 
Sylvia et al., 1993) were the first who used aeroponically grown sheared root 



 

  
 
 

(a) 

(b) 

FIGURE 14.1 Establishing pot cultures (a) of surface sterilised vetiver grass ‘slips’ into 
sterilised sand inoculated with indigenous arbuscular mycorrhizal fungal spores (B), extracted 
by wet sieving and decanting technique from the indigenous contaminated soils, and producing 
mycorrhizal roots (C) used for producing large scale AMF inoculum in aeroponic culture systems. 
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(a) (b) 

FIGURE 14.2 Pre AMF-colonised rooted slipe from the pot culture are transferred to the 
lids of the Atomising-disk Aeroponic System (a) or Ultrasonic Aeroponic System (b), to mass 
produce AMF inoculum for Field application (Khan, 2007). 
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AMF-inoculum (consisting of root fragments and AMF propagules including 
in a commercial nursery and in a field and reported enhanced growth of 
transplanted sea oats at Miami Beach). We assessed, under field conditions, 
the ability of introduced AM isolate in competition with the indigenous AM 
fungal propagules produced by the ultrasonic aeroponic system under field 
conditions (Asif et al., 1995; Asif, 1997; Mohammad et al., 2004). These 
studies reported improved growth of plants in a field containing low levels 
of P and a low population of indigenous AMF propagules, when inoculated 
with a commercially produced sheared-root inoculum of Glomus intrara
dices consisting of root fragments and AMF propagules including ERMN, 
indicating that the introduced AMF can compete with its indigenous AMF 
and benefit plant growth. Khan (1975a, 1975b) may have been the first to 
demonstrate the potential of pre-inoculating plants with AMF propagules and 
transplanting them into nutrient-deficient field soil to compete with its indig
enous AMF population, but it is not known how long such introduced strains 
persist. The composition of soil microbiota, including both indigenous and 
introduced AMF community, and their interactions clearly have relevance 
to mycorrhizoremediation of contaminated soils, but yet to be elucidated 
(Khan, 2005a, 2005b). Further research is needed to integrate in situ soil 
fertility enhancing technologies by using AMF and associated microbiota as 
plant biostimulants and the nano-phytoremediation technology, in order to 



 

 

(a) (b) 

(c) (d) 

FIGURE 14.3 Large scale AMF-colonized adventitious roots, produced by Atomizing Disk 
Aeroponic system (A), and by Ultrasonic Aeroponic System (B), with extensive Extraradical 
Mycelium Network (ERMN) outside the root surfaces. Root cortices of the Adventitious 
Roots produced by both aeroponic systems had good AMF-colonization levels harboring 
inter- and intra-cellular fungal hyphae, vesicles and arbuscules, and Extraradical Mycelium 
Network (ERMN) on the root surfaces (C and D). 
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globally decontaminate and reclaim derelict land and water ecosystems and 
to increase crop yield, especially in the underdeveloped world economies. 
There is a need to investigate the dynamics and persistence or decomposition 
of the efficient introduced AMF inoculum in the mycorrhizosphere of crops 
growing in P-deficient soils with indigenous non-efficient AMF propagules. 
This knowledge may enable us to understand and develop these aspects and 
their input into developing future strategies to be used to optimize AMF
inoculum production for NPMR of contaminated soils and waters. 

(b) Nonfood Crops for In Situ Nano-Mycorrhizo-Phytoremediation 
of HM-Contaminated Soils and Waters and Increasing Biomass for 
Bioenergy Production 
Due to increasing energy demand for the rapidly growing human popula
tion and due to climate change and limited fossil fuel resources, accelerated 
efforts to develop alternative sustainable energy resources have prompted 
scientists and governments to explore other options such as the use of green 
plants for bioethanol and biodiesel production. However, there are concerns 
about overusing agricultural land and food crops for biofuel production. 
This dilemma developed interests in the use of (1) nonfood bioenergy crops 
capable of producing large biomass under stressed conditions in a short period 
of time such as Vetiver grass, (2) plant growth-enhancing microbes such as 
AMF, and (3) land such as derelict contaminated wastelands for growing 
such non-food crops. Kumar et al. (2018) suggested that a solution to carbon 
emissions and energy crisis is the production of microbial biofuels and that 
microbial-biotechnology might substitute crop-based biofuel production. 

As stated above, most of the plants growing on disturbed, derelict, and 
HM-contaminated soils and water, have a strong dependency on AMF for 
optimal growth and biomass production. Both plant roots and their symbiont 
AMF synthesize nanoparticles (NPs) to protect themselves from the toxicity 
of contaminants by secreting HM-affinity transporter nanomolecules that 
immobilize or translocate HMs into root cells, that is, NMPR (Khan, 2020a). 
We propose that coupling sustainable NMPR with bioenergy by using non
food crops and derelict land is an integral approach to address the issue 
of reclamation of HM-contaminated and derelict land and simultaneously 
producing greater biomass for bio-energy production. Vetiver grass is one of 
such plants, that is, it is a fast-growing, mycorrhizal, high biomass producing, 
with dense-root systems, secreting high levels of HM-degrading NPs, capable 
of growing as halophyte, hydrophyte or xerophyte and with a potential for 
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NMPR as an ideal plant to be used in in situ phytoremediation purposes 
and ecological restoration of derelict land contaminated land (Khan, 2022, 
2007, 2009). Phytoremediation of HM-contaminated wastewater ecosystems 
and wetlands and to produce large biomass for bioenergy production is also 
proposed by using NMPR strategy and constructed-wetlands planted with 
vetiver grass plants with roots pre-occupied with water-logging tolerant AM 
fungi extracted from the rhizosphere of HM-adapted aquatic macrophytes 
growing at the land–water interface of the contaminated water ecosystem 
(Fig.14.4) (Khan, 2021b). 

FIGURE 14.4 Schematic view of the Constructed Wetlands (CWs) planted with water
logging-tolerant and  Pre-occupied with indigenous arbuscular mycorrhizal fungal (AMF) 
infected rooted slips of the Vetiver grass from the pot cultures (Fig. 14.1 a) transferred to the 
lids of the constructed wetlands (AM-CWs) for the Nano-Mycorrhizo-Phyto-Remediation 
(NMPR) of HM-Contaminated Wastewater Ecosystems and Wetlands. (Khan, 2021). 

14.4 CONCLUDING REMARKS AND FUTURE DIRECTIONS 

Production of large-scale AMF inoculum for applying in situ nanophytore
mediation strategy to mycorrhizoremediate HM-contaminated soils and 
water depends upon the AMF isolate, the physicochemical characteristic 
of the contaminated ecosystem, and concentration of the contaminating 
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HM (Khan, 2020b). The mycorrhizal technology needs to be commercially 
exploited, but more information is required to understand the role played by 
AMF in ecosystem management, sustainability, and restoration of degraded 
and contaminated ecosystems before adopting this strategy. Using non-
agricultural land and greater biomass producing mycorrhizal plants such as 
Vetiver grass seems to be the answer to achieve this goal. 

As the use of a commercially produced AMF inoculum available 
in the International markets produces mixed results, using stress-
tolerant and indigenous, site adaptive AMF/PGPR microbes from the 
rhizospheres of plants growing on the contaminated sites to be remediated 
is recommended. NMPR is an emerging strategy. Future of AMF/PGPR 
assisted nano-phytoremediation, using native site-adaptive microbes, and 
simultaneously producing greater biomass for bioenergy production, is the 
way to go. However, there are still many issues, such as the optimization of 
the processes and factors affecting NMPR, to be resolved before applying 
these plant–microbe interactions at field-scale using mass-produced 
AMF inoculum using various techniques discussed in this article. NPMR 
technology is a potential mechanism to improve survival. 
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ABSTRACT

Nanoparticles have wide range of applications in various fields such as 
biomedical, environmental remediation, etc. High surface area and high 
reactivity properties of nanoparticles make it suitable for nanoremediation 
of environmental pollutants. Despite the magnificent properties of nanopar-
ticles and their wide range of applications, the process of engineering and 
handling of nanoparticles pose considerable risk to health and environment 
safety. The toxicity of nanoparticles proves that some of these products 
become toxic at the cellular level in the tissues and organs after entering into 
human body. Inhalation of nanoparticles leads to various pulmonary illness 
in mammals including asthma. Nanoparticles introduced in water could pose 
high risk to living beings upon consumption. The highly potential field of 
nanotechnology can be exploited with safety by facilitating the development 
of high-performance filter media, respirators, dust-repellants, self-cleaning 
garments, and frequent work place risk assessment.
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15.1 INTRODUCTION 

Nanotechnology deals with the ultra small nanoparticles. The rapidly 
advancing field of nanotechnology has remarkable applications in various 
diverse fields. It has been widely studied for its potential to act as an efficient 
carrier for drug delivery, diagnostics, food pathogen detection, wearable 
sensors, and numerous other biomedical applications. Along with the above, 
nanomaterials also have shown positive results in environmental remediation. 
It can be used to clean up polluted media like soil, air, and water. Nanoreme
diation is possible because of the unique properties of nanoparticles such as 
high surface area, high reactivity, etc. This enables them to eliminate a wide 
range of toxic environmental pollutants. Despite the magnificent properties 
of nanoparticles and its wide range applications, the process of engineering 
and handling of nanoparticles poses considerable risk to health and environ
ment safety. This review deals with the possible health safety, environmental 
risk associated with nanoparticles and risk management (Karn et al., 2009; 
Vishwakarma et al., 2010). 

15.2 HEALTH HAZARDS 

The excessive exposure of nanoparticles is considered to be unsafe for 
the biological system. Researches on the toxicity of nanoparticles indicate 
that some of these products become toxic at the cellular level in the tissues 
and organs after entering into human body (Rachel, 2006; Jin et al., 2005). 
Nanoparticles may enter into the body upon exposure via inhalation, dermal, 
oral, and parenteral in the case of biomedical applications (Stern and McNeil, 
2008). Their smaller dimensions and higher specific surface area enable them 
to easily bind and transport toxic contaminants. They can cause numerous 
pulmonary diseases in mammals. If the nanoparticles enter the body, they 
will circulate freely across the body in the blood and reach organs such as 
the liver or brain. It may move deeper into the lungs and the bloodstream and 
also may cross the blood–brain barrier. During the handling of the nanopar
ticles, skin contact can easily occur. The possible toxicity of the materials 
of these particles could vary, but even inert nanoparticles are considered to 
be dangerous. They may get converted into toxic items on reaction with the 
body fluids. In order to produce highly reactive types of oxygen that can 
cause tissue damage, including inflammation and other toxic effects, certain 
nanoparticles can display improved catalytic properties. This damage will 
translate into asthma and atherosclerotic heart disorders in airborne particles. 
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In terrestrial organisms, uptake of nanoparticles by inhalation or ingestion is 
likely to be the major route (U.S. National Institute for Occupational Safety 
and Health, 2006). Nanoparticle deposition in the lung rises with exercise 
due to increased breathing rate and transition from nasal to mouth breathing 
and among people with known lung diseases or conditions (British Standard 
Institute [BSI]). 

Threadlike nanotubes are structurally similar to asbestos fibers. According 
to a report by the Royal Society, the United Kingdom’s National Science 
Academy, upon inhalation in large amounts for longer periods they are capable 
of causing lung fibrosis. Lower sized nanoparticles function more like a gas 
and are capable of moving through skin and lung tissue thereby penetrating 
into cell membranes. Once they enter into the cell, they may become toxic 
and interfere with the normal cell chemistry (Vishwakarma et al., 2010). 

Particles with diameter of 1 nm or 0.001 µm do not penetrate the alveoli 
instead they get deposited in the nose and pharynx. In the tracheobronchial 
zone, the other 20% are deposited. The retention of inhaled nanoparticles 
at this size is nearly 100% (Claude, 2006a). Deposition is primarily in the 
alveolar zone of the lungs for particles larger than 5 nm. The deposition 
fraction of inhaled nanoparticles is higher in the alveolar and tracheo
bronchial regions of human lungs leading to the development of airways 
diseases, such as chronic obstructive pulmonary disease (COPD) or asthma. 
In addition, studies support the direct role of inhaled nanoparticles in 
systemic diseases such as cardiovascular diseases. Study on CNTs show that 
they tend induce platelet aggregation and enhance thrombosis (Stern and 
McNeil, 2008). The toxicity and health risk of nanoparticles may also be due 
to its various physical and chemical factors (Claude, 2006a; British Standard 
Institute [BSI]). 

Dermal exposure to nanoparticles may lead to direct penetration of 
nanoparticles into the epidermis and lead it into the bloodstream; however, 
there is no remarkable evidence (U.S. National Institute for Occupational 
Safety and Health, 2006; Aitken et al., 2004). Only mild irritation was 
reported as an adverse reaction to topical nanomaterial application in limited 
in vivo studies conducted to resolve the issue of cutaneous toxicity. For 
example, nanoscale metal oxides are currently used in commercially avail
able sunscreens and have been extensively tested by animals and clinicians 
to satisfy regulatory requirements. These studies found minimal irritancy 
potential, and no evidence of photoirritation, sensitization etc. (Stern and Mc 
Neil, 2008). In contrast, some recent studies have revealed some cutaneous 
penetration by ultrafine beryllium particles and the formation of cutaneous 
nodules (Claude, 2006a). 
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Ingestion is another route by which nanoparticles can penetrate the 
body. Ingested particles smaller than 20 µm (20,000 nm) can pass through 
the intestinal barrier and enter the bloodstream. Ingestion can occur from 
unintentional events and direct ingestion of contaminated drinking water or 
particles absorbed on vegetables, etc. (Claude, 2006a; U.S. National Institute 
for Occupational Safety and Health, 2006). 

15.3 ENVIRONMENTAL HAZARDS 

Nanoparticles in water sources that are either present or introduced can 
lead to secondary toxic effects and potentially endanger human health. This 
problem drags the awareness of the scientific community. Ensuring their 
protection, possible health and environmental effects, is a key challenge for 
emerging nanomaterials. Ecological researchers are facing a major challenge 
on determining the toxicity levels of nanomaterials; also, they have to 
investigate whether biomarkers of harmful effects currently used would 
also function in the study of environmental nanotoxicity. The practicality 
of using natural nanomaterials as sorbents is therefore investigated by many 
research groups. For instance, allophone is an excellent sorbents for copper 
and surface-modified smectite adsorbs naphthalene and 17β- estradiol (Yuan 
2004). Both of these nano-sized minerals are soil-based and are of geological 
and pedological origin. 

While there are insufficient data to predict the risk of fire and explosion 
associated with nanoparticles, the general trend is to increase the violence of 
the dust explosion and the ease of ignition as the particle size decreases or 
the specific area increases. Decreasing the particle size of fuel materials will 
reduce the minimum ignition energy and increase the potential for combus
tion and the rate of combustion, contributing to the likelihood of highly 
combustible materials being relatively inert (Claude, 2006a; Pritchard, 2004). 

Nanoparticles exist in the atmosphere in large concentrations, still the release 
of manufactured nanoparticles into atmosphere and aquatic environment is 
yet unknown. Scientific community has raised concern that nanoparticles are 
potential of causing brain damage in aquatic environment (Rick, 2004). 

In addition, due to their high surface areas, nanomaterials released to the 
soil can be heavily absorbed into the soil and become immobile. Nanosized 
particles may be taken up by bacteria and living cells, providing the basis 
for possible bioaccumulation in the food chain. Certain nanomaterials are 
engineered to be released into the atmosphere as reactants and are therefore 
required to undergo chemical transformation. One instance of this is iron 
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(FeO). Biodegradation of nanoparticles by some kinds of fungi leads to 
generation of toxic metabolites to microorganisms under various conditions 
(J et al, 2007). 

15.4 EXPOSURE AND HANDLING 

Occupational environment pose high risk of continuous exposure to nanopar
ticles. Followed by the removal of nanomaterials from a closed system, it can 
be dispersed in the gas phase. Nanomaterials can also be formulated and used 
as powders, suspensions, etc. Nanomaterials in gas phase and powdered state 
pose the greatest risk. Cleaning and handling of nanomaterials engineering 
system also paves way for the exposure to risk. The amount of release of 
nanoparticles and duration of exposure widely influences the level of risk. 
Handling nanomaterials in liquid media, in gas phase under non enclosed 
system, in powders and cleaning dust collection system without adequate 
protection are certain workplace factors that increase the exposure to risk 
(Vishwakarma et al., 2010). 

Some organizations have started an active program to research the safe 
handling of nanomaterials in the workplace, such as the National Institute of 
Occupational Safety and Health (Schulte and Salamanca-Buentello, 2007). 
There is only little information available on the risks of handling these 
products, so employees should apply strict control procedures and safety 
engineering features to minimize exposure when working with them and 
not allow them to eat or drink in the laboratory. During manufacture and 
handling of these materials, there are high chances of release and exposure 
of nanoparticles to workers which can get inside their body through various 
routes (Kevin, 2005). 

When workers handle the nanomaterials they should use laboratory safety 
practices such as Personnel Protective Equipment including gloves, lab coats, 
safety glasses, face shields, closed-toed shoes, etc. These safety precautions 
will help in avoiding the skin contact with nanoparticles or nanoparticles 
containing solutions. Workers should wear adequate respiratory protection, if 
it is required to treat nanoparticle powders with exhaust laminar flow hoods. 
It is very important to use fume exhaust hoods to evict fumes from tube 
furnaces or chemical reaction vessels. Laboratory workers should be educated 
on occupational danger risk, Material Safety Data Sheets (MSDS), marking, 
signage, etc., periodically. The disposal of nanoparticles also focuses on envi
ronmental protection. It should be in accordance with recommendations for 
hazardous chemical waste (Vishwakarma et al., 2010) (Table 15.1). 



 

 

 

  

 

 

 

TABLE 15.1 Nanomaterial State, Potential Occupational Exposure, and Recommended 
Engineering Control. 

Nanomaterial Exposure	 Control 
Fixed 	 Nanomaterials may be released during 
nanostructures grinding, drilling, and sanding. 
Liquid Process like sonication or spraying, 
suspension equipment cleaning and maintenance 

may result in aerosolization of 
nanoparticles. 

Dry dispersible Handling dry powder formulations 
nanoparticles 
Nanoaerosols 	 Occurrence of leakage from the 

reactor, product recovery, processing, 
etc., results in exposure. 

• Local exhaust ventilation 

• Laboratory chemical hood 
(with HEPA filtered exhaust) 

• HEPA-filtered exhausted 
enclosure (glovebox) 

• Biological safety cabinet class II 
type A1, A2, vented via thimble 
connection, or B1 or B2 

• Appropriate equipment for 
monitoring toxic gas (e.g., CO) 
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15.5 MANAGEMENT OF RISK 

An efficient dust collection system with HEPA filter installed in it must be 
kept in the workplace where there is high risk of generation of nanoparticles 
in the air (gas phase). HEPA filters are known to effectively filter nanopar
ticles, provided the HEPA filter should be fitted properly. Otherwise, the 
nanoparticles will bypass the filter and disperse in the air. Workers should 
be educated about the safe handling of nanoparticles. Workers should be 
encouraged to wash their hands thoroughly before eating or leaving the work 
site in order to avoid the ingestion of toxic nanoparticles. The unnecessary 
transport of nanoparticles outside the work area, through clothing and skin 
as a medium, can be avoided by providing showering and changing facility. 
Food should not be stored or consumed near the work place. Work place 
must be cleaned with HEPA filter based vacuum or damp cleaning method. 
Nanoparticles should not be handled as free particulate in open air. If the 
worker has the risk of being exposed to nanoparticles dispersed in air during 
handling or engineering, appropriate respirators can be used as safety precau
tion. Frequent risk assessment tests should be carried out for continuous 
monitoring and control of the risk (British Standard Institute [BSI]). 

15.6 CONCLUSION 

Recent research is showing that when harmless bulk materials are rendered into 
ultrafine particles, they appear to become harmful and toxic. These ultrafine 
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particles could certainly enter into the human body via lungs, intestine, and 
less evidently through skin. The smaller the particles, the more reactive and 
harmful their effects are. Since ultrafine particles could pose a human health 
hazard, more research is required in this field (Hoet et al., 2004). Through 
the growing field of nanoscience if we get to understand the root cause of 
toxicity in these products, it will be possible to engineer better materials that 
will save human lives. Industry consortiums, actual environmental toxicity 
data for iterative groups and particular firms need to take strong steps before 
they enter the market to assess the quality and safety of goods and products. 
Nanomaterials established today also aid in dealing with emergencies. Sensors 
and communication systems based on nanotechnology may decrease their 
exposure to risk of injury and help in preventing diseases at the early stage. In 
conjunction with wireless technologies, nanosize will promote the production 
of wearable sensors and applications for workplace safety and health 
monitoring in real time. The highly potential field of nanotechnology can be 
exploited with safety by facilitating the development of high-performance 
filter media, respirators, dust-repellants, self-cleaning garments, etc. In order 
to minimize its effect on the environment, due consideration should be taken 
with respect to nanoparticles and nanotechnology safety concerns for the 
personal health and safety of staff engaged in nano-manufacturing processes 
and even customers. 
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ABSTRACT

As a result of the recent world industrial and technological revolution, 
scientists have reassessed the relationship between socioeconomic develop-
ment and environmental ethics. It has long been acknowledged that adapting 
to the sustainable use of natural resources is critical for the survival of the 
future generations of human society. Nanotechnology is one of the most 
prominent emerging technologies and it has revolutionized all fields of 
medicine, agriculture, environmental science, etc., by offering abilities that 
have never been imagined. Nanotechnology has ushered the world materials 
and devices that are already used in a multitude of platforms. One of the 
most intriguing features of nanotechnology is its incredible scope of real and 
potential applications for fostering long-term economic growth. As a result, 
the propagation effect of nanotechnology is immense and the commercial 
opportunities it creates are both numerous and diverse. A broad alliance of 
industry leaders, scientists, and politicians has recognized nanotechnology 
as a pivotal technology for the 21st century that will lead to economic 
growth and sustainable development. In recent years, nanotechnology has 
significantly contributed to benefiting society and transforming the nature 
of modern life, and at the same time boosting economic growth as well as 
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improving the capacity and quality in industrial sectors. This chapter focuses 
on the economic impacts of nanotechnology by using market volumes as an 
accurate measure of its economic importance. 

16.1 INTRODUCTION 

Science has taken great strides, enabling what is perhaps the most incredible 
transformation in human productivity in the entire history. The field of 
economics has also made significant progress in understanding the application 
of such scientific innovations, that is, technology, which transforms society at 
large and creates a continuous chain of wealth and advancement. Technology 
is critical for the sustainable growth of mankind (Ottman, 2005). On the 
one hand, the technology strongly influences the demand for energy and 
raw materials, infrastructure and transport needs, the mass flow of materials, 
emission composition, and volume of waste materials. Technology, on 
the other hand, is also a central determinant in the innovation process and 
directly impacts prosperity, consumption habits, ways of living, interpersonal 
interactions, and cultural changes. Consequently, the advancement, 
fabrication, usage, and disposal of technical products and systems have an 
impact on environmental, social, and economic dimensions of sustainability. 
Nanotechnology is among the most powerful and influential evolving 
technologies. It has been heralded as a vital twenty-first-century technology 
that will contribute to economic growth and sustainability by a diverse 
coalition of politicians, scientists, and industry groups. Nanotechnology has 
always been at the frontier between scientific reality and optimistic ambitions, 
between first milestones and promising aspirations, between progressive 
advances and innovative discoveries. Most assessments and evaluations of 
current and potential nanotechnology developments, directly or indirectly, 
identify this spectrum of opportunities. It is a revolutionary technology and 
has transformed all fields, like medicine, agricultural, and environment, etc., 
by rendering skill and knowledge that would never have dreamt of before. 
It is a distinctive platform for multidisciplinary approaches in the field of 
physics, chemistry, biology, and engineering. New areas of nanomedicine, 
cancer nanotechnology, and environmental nanotechnology have surfaced 
due to the impact of nanotechnology approaches and are thriving with the 
advances in this expanding field. This technology is rapidly changing the 
ways in which devices and materials will be developed in the future. 

Nanotechnology involves two major strategies for the synthesis of 
materials: (1) the “bottom up” approach that leads to the formation of 
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nanostructured basic components and then assembles them into final 
material based on the molecular recognition principles, and (2) the “top
down” process includes the development of nanostructures from the bigger 
entities without atomic level control. The letter is similar to the methods 
used by the semiconductor industry to fabricate electronic devices using 
pattern formation, like pattern transfer processes (reactive ion etching) and 
electron beam lithography, thus creating nanoscale constructs (Ahmed et 
al., 2010; Iqbal et al., 2012). Analytical science provides nanotechnology 
a boost by combining it with new-generation analytical tools like atomic 
force microscopy (AFM) and tunnel scanning microscopy (STM) with 
processes like molecular beam epitaxy and electron beam lithography, which 
enables nanostructure manipulation with unique phenomena (Ahmed et al., 
2010). The analytical chemistry is, therefore, crucial for the development 
of structures in the nano-systems and devices. The super interdisciplinary 
nature plays a vital role in the progression of nanotechnology. It helps to 
establish principles and methods for the application of nanotechnology with 
the unique characteristics of nanomaterials. The chemical composition, size, 
and morphology are characterized with the help of analytical tools (Ahmed 
et al., 2010). Moreover, the chemical synthesis leads to the fabrication of 
unique nanomaterials with new analytical possibilities. The engineering of 
molecular functional materials involves highly specialized concepts. It is an 
imagined capacity to generate materials using a bottom-up approach using 
existing technologies and techniques to synthesize complete high products. 
The ability to synthesize nanoscale blocks and then arrange them in a large 
structure with unique characteristics and functions, with precisely controlled 
size and structure, revolutionizes materials, their production, as well as their 
various applications. 

16.1.1 COMMERCIALIZATION OF NANOTECHNOLOGY 

Since its advent, nanotechnology has opened up new areas for future 
research, and researchers expect that it will have a profound impact on 
industry and technology, human health, social and economic growth, and 
the climate. Furthermore, since nanotechnology is expected to have a 
significant impact on the global economic system, market figures are good 
indicators of its commercial significance. Many nanotechnology industry 
predictions derive from the early 2000s, with a period of up to 2015. As over 
2 million research articles related to nanotechnology have been published 
worldwide annually in recent years, and more than 3000 patents have been 
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filed, both the volume of research and the interest it has attracted has shown 
surprising progress (Science and Scoreboard, 2016). Over the past few 
years, reports have usually been euphoric about nanotechnology and all the 
advantages it will offer in the future. Due to its immense potential, public 
and private investments in nanotechnology are substantial and increasing. 
This is an area with highly promising prospects for transforming basic 
research into effective inventions, not only to improve the competitiveness 
of the real industry but also to develop new products that will bring about 
positive impact in our daily lives, especially in the fields of healthcare, the 
environment, electronics, or any other sector. Plenty of nanomaterials, both 
in their pure state and as composite materials, are currently in use or under 
production, and the number of applications for nanomaterials is increasing 
swiftly. A continuing rise in the number of patents is the consequence of 
the successful technological advancements in nanotechnology. According to 
StatNano, in 2016, a total of 19,563 nanotechnology patents were registered 
by the U. S. Patent and Trademarks Office (USPTO). The European Patent 
Office (EPO) issued 3589 nanotechnology patents in the year 2016 (Science 
and Scoreboard, 2016). Around half of these patents belong to the United 
States, while the next ranks are held by South Korea, Japan, and Taiwan. 
Interestingly, the number of international patents for nanoproducts and 
nanotechnologies attained 189,000 in 2017, a rise of 31,000 compared to 
the year 2016. China, with more than 88,000 patents in nanotechnology, 
is the market leader, followed by the USA (86,000), Japan (25,000), and 
South Korea (22,000). Over the last 20 years, there have been about 620,000 
patent applications submitted in the field of nanotechnology (Inshakova and 
Inshakova, 2020). 

Nanotechnology is one of the most influential examples of new 
technologies and it increases high standards in a wide variety of areas 
impacting everyday life. Although the marketing of nanotechnology products 
has been relatively modest so far, recent and ongoing research efforts have 
made it possible to forecast excellent outcomes for the benefit of humanity 
in the years ahead. Large-scale production possibilities for the application 
of nanotechnology predict the possibilities of its growth in market share. 
Nanotechnology continues to have a pervasive effect on almost all aspects of 
the world economy, with market volumes being an acceptable measure of its 
economic value. The global nanotechnology market is valued at nearly USD 
1165.90 million in 2019 and is projected to rise over the 2020–2027 forecast 
period with a healthy growth rate of more than 10.50% (Market Watch, 
2021). Nanomaterials, with an 85% share, had the highest share of the global 
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nanotechnology industry by component. Nanotools had the second-largest 
share of the global nanotechnology industry, while nanodevices had the least. 
Electronics, energy, and biomedical are the top three areas of nanotechnology 
and, together, they represent more than 70% of the global nanotechnology 
market. Scientific innovations, increased government and private sector 
R&D investment, increased demand for equipment miniaturization, and 
strategic partnerships between economies are expected to propel global 
nanotechnology market development. 

16.1.2 GREEN ECONOMY AND NANOTECHNOLOGY 

The word “green economy” was coined to discuss global concerns and 
challenges such as climate change, growing energy needs, and health issues 
(Gaurav et al., 2017; Organisation for Economic Co-operation and Develop
ment, 2015). It refers to a broad concept focused on sustainable development 
principles. It encompasses strategies built on the foundation of acknowledging 
social and ecological resources, continuity in environmental sustainability, 
preserving the socioecological harmony, which leadto improved human 
well-being through the development of green jobs, increased productivity, 
environmental accountability, eradicating poverty, and continued growth 
in important areas through sustainable approach (Loiseau et al., 2016; 
Dickel, and Petschow, 2013). This also involves socially comprehensive, 
source-competent, and carbon-conserving methods, actions, objectives, and 
values (Loiseau et al., 2016). Nanotechnology sets up modern and creative 
green methods for developing innovative devices and materials with unique 
physicochemical properties that are both economically and environmentally 
friendly (Barbier, 2011; Caprotti and Bailey, 2014; Hamdouch and Depret, 
2010). Green-economy theory is characterized by a significant increase 
in investments and new projects in emerging markets, either contributing 
to an enhancement and reinforcement of the Earth’s natural resources or 
contributions to reducing threats and shortcomings in environmental sectors. 
Sustainable agriculture and energy, clean technologies, minimal emission 
transportation methods, and waste management, are all being prioritized. 
Without a doubt, the energy sector is the one that plays a very important 
role as a source of energy. All economic trends hinge on consumption and 
management, and as a result, the idea of using renewable energy is strongly 
promoted. To provide a more comprehensive and integrated solution to the 
fit-in environment in economic theories, sustainable energy necessitates the 
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development, adoption, and marketing of a green economy model. Nanotech
nology aims to find new ways to improve economic growth while keeping 
environmental and ecological considerations in mind, as well as leading 
to the mitigation of natural resource challenges, primarily through energy-
efficient technologies. Nanomaterials are anticipated to have a significant 
impact on industries and economic spheres. 

16.2 NANOTECHNOLOGY AS AN ENABLING TECHNOLOGY 

Nanotechnology is fuelling the development of several established nano
technology-specific industrial sectors and new ones as it advances from the 
concept of nanotechnology to application in generic markets. According to 
government and industry, nanotechnology has enormous economic poten
tial by improving the life cycle of materials and components, improving 
efficiency, and breaking the link between the ecological consequences and 
sustainable development. Apart from the financial implications, nanotech
nology offers a plethora of great possibilities for improving healthcare and 
overall quality of life. The scientists’ ability to envision and control the 
behavior of materials and nanoscales provides them with the tools for creating 
unique new products. Nanoscale materials with new and unexpected charac
teristics offer a unique opportunity to build “intelligent” materials that create 
products with completely different characteristics. The production of these 
products is less energy and resource intensive. Through nanotechnology, the 
perception is that production will become progressively cleaner and greener 
and that products will be inexpensive and will have more functionalities and 
many applications have been already proposed for nanotechnology. Nano
technology will also facilitate technological advancements that minimize 
the environmental footprints of current applications in the industrialized 
nations and allow emerging economies to utilize nanotechnology to address 
some of their most urgent requirements (El Naschie, 2006; Schulte, 2005). 
Nanotechnology’s market share growth prospects are determined by its huge 
production application possibilities. Nanotechnology is expected to have an 
impact in few areas. The following are some examples. 

16.2.1 NANOTECHNOLOGY IN HEALTHCARE 

In recent years, the healthcare industry has seen an increase in demand, and 
innovations such as nanoscience/nanotechnology have opened new doors in 
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the fields of drug discovery and delivery, cancer treatment, gene therapy, 
and diagnostics (Patel and Nanda, 2015). Nanotechnology will facilitate the 
development of personalized medicines that are delivered precisely at the site 
of infection or disease; new and improved surgical procedures, frequently 
involving robotics; retinal and cochlear implants, and the ability to re-join 
damaged nerves will all become prevalent. Nanotechnology in medicine 
has emerged as a promising area of research. Nanotechnology has a major 
pharmacological benefit in that it helps researchers to ensure that drugs are 
administered more accurately to particular areas of the body and that drugs 
can be rendered such that the active ingredient reduces the necessary dose 
by optimizing cell membranes. The implementation of nanotechnology 
in healthcare will revolutionize the way we identify and treat damaged 
human tissues and organs in the future, therefore innovative technologies 
that evolved a few years ago have made great strides in becoming a reality. 
Healthcare professionals can diagnose and treat patients with a broad range 
of ailments using nanomedicine. By 2028, configurable nanorobotic systems 
and nano-hormatics will be able to reverse the effects of atherosclerosis and 
heart disease, assist the immune system in combating diseases, eradicate 
cancer, and correct congenital abnormalities in cells and the next 15–20 years 
will demonstrate an outstanding leap in health infrastructure attributable to 
nanotechnology (Heath, 2015). A team of researchers who have mapped out 
the application of nanotechnology and the demands of global health argue 
that nanomedicine is significant for third-world countries. Studies showing 
the production of methods are being undertaken by major research institutes 
in collaboration with some private corporations. Scientists and researchers 
are experimenting with and studying these outstanding features, as well 
as their implementation in modern medicine. Nanoparticles and treatment 
methods, diagnostic methods, antimicrobial methods, and their applications 
in cellular repair are all actively being investigated. 

16.2.2 NANOTECHNOLOGY IN ENERGY 

After more than a decade of global stability, several countries’ political and 
scientific interests have resurfaced in recent years. Global energy consump
tion is growing, with emerging economies driving much of it. Between 2015 
and 2040, global energy demand is projected to grow by 28%, according to 
several estimates [US Energy Information Administration (EIA)], 2017). 
On the other hand, over 940 million people (13% of the global popula
tion) lack access to stable energy sources (Ritchie and Roser, 2019). Since 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

502 Nanotechnology for Environmental Pollution Decontamination 

coal and petroleum products will continue to influence the global energy 
system, this has direct implications on the global greenhouse gas emissions 
balance. This is especially true for global greenhouse gas emissions, which 
are expected to increase rapidly than energy consumption since the highest 
growth rates are seen in the regions where fossil fuels are extensively used. 
A breakthrough in nanotechnology could result in new technologies that 
help to ensure global energy protection and distribution (Hussein, 2015; 
Serrano et al., 2009). According to a Rice University study (Texas, 2005), 
certain areas have been established in which nanotechnology can facilitate 
low-cost, effective, and environmentally friendly technologies (Shafiei and 
Salim, 2014). Nanotechnology’s benefits are being recognized in several 
fields, including solar power, wind energy, clean coal, fusion and fission 
reactors, hydrogen production, storage, shipping and transportation, fuel 
cells, and batteries. One of the most promising and adaptable eco-friendly 
technologies is the direct conversion of solar energy into electrical energy 
(Abdin et al., 2013). Quantum dots-based-nanostructured photovoltaic 
devices have significant potential for cost reduction. Unlike traditional 
solar cells, they absorb visible light from a broader range of wavelengths 
in the sun’s spectrum. Hetero-structured absorption layers can boost cell 
efficiency even more or allow for the use of inferior quality materials in 
the cells. Hydrogen is another significant forthcoming energy alternative; 
however, it still faces some major technical challenges. Among them are 
strategies for producing and storing hydrogen, as well as converting it to 
electricity. A successful hydrogen production strategy requires technolo
gies that exploit renewable resources. One of them is the direct catalytic 
transformation of water into oxygen and hydrogen through the use of a 
nanostructured semiconductor catalyst or nanoscale additives (Candelaria 
et al., 2012). Nanotechnology may also aid in the development of new tech
nologies for capturing biogenic hydrogen (Paniagua-Michel et al., 2015). 
To develop a hydrogen energy infrastructure, new portable, reliable, and 
secure hydrogen storage systems are required, especially for transportation 
applications. Carbon nanotubes, and complex metal hydrides, like alanates, 
are among the materials being researched for hydrogen storage. Nanoscale 
constructs can be added to improve their properties even further (Fichtner, 
2005). Other energy technology opportunities include advanced catalysts 
for fuel cells, high-efficiency lighting, or appliance systems, modern 
technologies for low-loss power transmission, or high-strength lightweight 
materials for transportation, construction, or electric power applications 
(Seitz et al., 2013). 
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16.2.3 NANOTECHNOLOGY IN ENVIRONMENT AND AGRICULTURE 

The current human economy is highly dependent on a constant flow of natural 
resources, involving large quantities of non-renewable material, which, after 
a relatively brief period of use, return to the ecosphere in some form or 
another. The chemical industry is a major contributor to this approach, as it is 
often followed by unplanned contamination from processing, material use as 
well as disposal. As a result, “conventional” chemistry has become a popular 
priority for environmentalists as well as the focus of many regulations over 
the years. As a result, the principle of green chemistry was established. 
Green chemistry, in particular, is an environmentally sustainable design of 
synthetic products and procedures that minimize or eliminate the utilisation 
of toxic substances and pollutants. This concept, which began as a grassroots 
movement led by a few chemists, is now being adopted by the chemical 
and other industries. Among the 12 green chemistry principles, there are 
many aspects where nanotechnology could play a critical role (Anastas and 
Warner, 2000). Catalysts are one of the first nanotechnologies to be used in 
the industry. Nanoparticles and nanostructured materials open up new possi
bilities for developing and regulating catalytic functions, such as increasing 
activity and selectivity for particular reactions. Since the behavior and 
selectivity of catalyst nanoparticles are strongly influenced by their surface 
structure, shape, size as well as their bulk and surface composition, the 
ability to synthesize particles with specified physical and chemical proper
ties at the nanoscale is a critical step toward realizing the goal of catalysis by 
design. Nanotechnology is one of the many areas where green chemistry and 
green nanotechnology are plausible. Green nanotechnology is a prominent 
approach for the development of new, environmentally friendly products. 
This green synthesis transforms the fate of nanoparticles synthesizing and 
benefits future nanotechnology applications (Lu and Ozcan, 2015). There 
has been a slew of modern nanotechnology applications introduced to fix 
current sustainability issues. Nanoporous zeolites can allow for a slow 
release and efficient dosage of water and fertilizers for plants, allowing 
for improved agricultural production in countries where droughts last for 
extended periods. Food can be stored for longer periods in smart packaging 
using nanocomposites, particularly in areas where cooling is difficult to 
come by. Nanoparticles can increase the performance of catalytic converters 
in automobiles and reduce unique emissions. Nano-sensors can enhance the 
quality of ongoing environmental monitoring thereby lowering the cost. 
The use of iron nanoparticles in soil remediation at polluted sites should be 
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encouraged as a technique that outperforms traditional methods in terms of 
productivity and pace. 

16.2.4 NANOTECHNOLOGY IN WATER TREATMENT AND 
PURIFICATION 

Water is vital to socioeconomic growth, energy and food production, safe 
ecosystems, and human survival. Water is also central to climate change 
adaptation, operating as a critical link between society and the environment. 
Water, on the other hand, is a global issue, mainly in developing nations. 
Bad water quality and unsustainable sources stymie overall economic 
development and can inflict damage on people’s health and livelihoods. The 
WHO/UNICEF statistics for 2019 indicate that more than half of the global 
population, or 4.2 billion people, have no access to safe and hygienic sanita
tion facilities, and more than 2.2 billion people do not have proper access 
to safely regulated potable water services (WHO and Unicef, 2000). The 
reasons for such problems are numerous, mostly due to weak governance, 
poor infrastructure, and fiscal woes as well as the absence of political will. 
However, even if these nontechnical problems are equally or often even 
larger than technical challenges, the issues and challenges can be over
come in certain regions by offering new and advanced water purification 
and remediation technologies. Recent developments strongly suggest that 
nanotechnology can be used to fix—and eventually overcome—many of 
today’s water quality issues. Nanotechnology is already having a significant 
effect on water quality studies. Nanomembranes, zeolites, or nanoporous 
polymers for water purification and desalination, nanoscale sensor compo
nents for the detection of pollutants and infectious agents in water, filters 
and nanomembranes, and magnetic or catalytic nanoparticles for treating 
wastewater or water remediation are among some of the nanotechnology 
possibilities under exploration (Gehrke et al., 2015; Savage and Diallo, 
2005; Theron et al., 2008). 

16.3 CONCLUSION—A LOOKING AHEAD 

Nanotechnology is no longer a theoretical concept; it is rapidly becoming 
a part of everyday life. Nanotechnology opens up a slew of new prospects 
for social and economic growth, both now and in the future. Enhanced 
environmental monitoring capabilities, increased energy usage, and reduced 
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environmental effects of human activities are all significant positive 
outcomes of nanomaterial adaptation. The nanoproducts that are now on 
the market have ignited little public discussion and have gained little addi
tional regulatory scrutiny aimed directly at their novel features. The world’s 
largest major economic powers’ dedication to nanoscale research reflects 
these potential applications. The applications of nanotechnology are rapidly 
expanding, and resources are still required, particularly to develop the essen
tial infrastructure, which includes well-equipped research and prototyping 
facilities as well as a skilled workforce. Present scientific research aims 
to quickly leverage novel nanomaterial applications. Given the large-scale 
investments in product development, government authorities play a critical 
role in evaluating and resolving the dynamic consequences of widespread 
nanotechnology adoption, both short and long term. This is especially true in 
the case of nanoparticles that may be released into the atmosphere, whether 
deliberately or accidentally. Several complementary steps, ranging from 
meticulously performed laboratory studies and computer simulations to 
small-scale field trials, are mandated. It will also be important to establish 
specifications and instrumentation that will enable researchers to accurately 
characterize and track the effects of these new materials. Since several 
unintentional and unintended environmental impacts are long-term, current 
or new protocols for product traceability and life cycle analysis may be 
necessary. One important hurdle is that many nanotechnology products and 
processes are not commonly acknowledged. After several major obstacles 
are eliminated, real economic development through nanotechnology can be 
anticipated. The main underlying technology has been shown to function 
effectively, is remunerative, and is intended to last for longer period of time, 
viz., nanoprecision selective welding or glue technology, or a regulated 
surfaces procedure with a toolbox for incorporating functionalizations. 
Along with the advent of such vital technology, an additional big hurdle 
must be overcome: the absence of regulations and standards. 

Simple evaluations of the financial benefit of green nanotechnologies 
would take into consideration the net costs of technological development 
and market entry relative to the value of outputs and outputs achieved, 
considering time and outlook factors (or standing). Public research and 
development, knowledge creation and infrastructure investment, private 
sector R&D costs, prototyping, assessment, advertising, and start-up costs 
are all included in the net costs. Contributions to research and information, 
standardized or specific new technologies developed, the development of 
intellectual property (including patents and licences), the development of 
standards, and company’s new start-ups are all possible results of such 
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investments. These outcomes can contribute to many developmental and 
community advantages, such as enhanced regional and national GDP, higher 
efficiency, and trade balance and ecological and other economic gains. 

The economic growth implications of emerging technology, such as green 
nanotechnologies, are also of particular concern to policymakers, including 
the effects on employment and incomes. While it is difficult to predict new 
job opportunities, employment shall be created through research, production, 
distribution, utilization and maintenance of product and services, procedures, 
and associated industries and services of green nanotechnology. Govern
ments and international organizations should partner with researchers and 
the private industry to develop scientifically and ethically sound risk-based 
criteria for emerging nanotechnology-based products, as well as encourage 
“industry standards” to avoid possible environmental and health problems. 
Standard nomenclature is also required to remove uncertainty when defining 
the distinctions between nanomaterials and bulk materials, as well as when 
disclosing regulatory processes. Today’s globalized environment provides a 
once-in-a-lifetime opportunity to create, disseminate, and share the benefits 
of technological advancement with a greater number of people in a shorter 
time. As traditional products are phased out, existing employees can transi
tion to green nanotechnology activities. 

Environmental systems are becoming more scientifically known, as is 
public understanding of environmental concerns. Policymakers, industry, 
non-governmental organizations, and researchers, on the other hand, must 
cooperate to raise public awareness of nanotechnology’s unique threats and 
challenges. They must also keep the public informed about the measures 
being taken to determine the possible effects of nanomaterials before they 
are published into the market. To maximize benefits while minimizing risks, 
a well-balanced approach is needed. 
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ABSTRACT 

Environmental pollution has an impact on the quality of the soil, water, and 
atmosphere. Major attempts have recently been made to reduce pollution 
sources and fix or restore degraded soil and water supplies. Compared with 
chemical and physical methods, phytoremediation and nanoremediation are 
cost-effective and have less adverse effects. They have become more and 
more important in academia as well as this area. Nanoparticles have been 
shown to have soil and water remediation ability in a variety of plant species. 
It is also to be anticipated that the most recent biotechnology research will 
play a significant role in the creation of new environmental remediation tech
nologies. This chapter attempts to briefly introduce the latest developments 
in phytoremediation study and experimentation and nanoremediation of soil 
and water resources. According to the phytoremediation properties of plants, 
they have excellent development potential. These plants absorb pollutants 
from natural resources such as soil and water. Pollutants target different 
mechanisms, such as dividing enzyme activity into plant organelles. Heavy 
metals are pollutants that have undergone epidemiological research, and 
most of the pollutants are covered by industrial waste. Another type of waste 
is pharmaceutical waste that has a broad variety of adverse effects on human 
health. They come from mishandled antibiotics, hormones, and drugs. To 
understand the fate of nanomaterials in environment and environmentally 
friendly approaches to remove them from environment, it is interesting to 
explore the hazards of these pollutants in order to develop remedial measures 
against these pollutants. 

17.1 INTRODUCTION 

Green plants are used in phytoremediation to remove toxins from polluted 
sources such as soil, water, air, and sediment (Yan et al., 2021). In general, 
phytoremediation requires five purification processes, which are rhizofiltra
tion, phytostabilization, phytoextraction, phytovolatilization phytodegra
dation, and phytoremediation (Tangahu et al., 2011). Phytoremediation 
techniques are not new to science (Lone et al., 2008). It is reported that 
about 300 years ago, plants were used to treat wastewater. The remedy, 
which improves the advantages of minimal site disruption, reduced erosion, 
and the elimination of the need to dispose of contaminated plant materials, 
the release of mercury into the environment may pass through precipitation 
cycles, making this technique the most contentious of all phytoremediation 
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techniques and then re-deposit back into the ecosystem (Singh et al., 2012). 
Phytoremediation, the use of green plants to manage and regulate pollu
tion in water, soil, and air, is an integral aspect of new fields of ecological 
engineering (McCutcheon and Schnoor, 2003). Site soil and water charac
teristics, as well as nutrient sustainability, control in situ and in-situ activi
ties, meteorology, hydrology, pollutant attributes, and sustainable habitats 
(McCutcheon and Schnoor, 2003). Plant toxicity and large-scale transport 
restrictions or bioavailability are often critical in applications because of 
their dependence on sunlight and in-situ nutrient recovery, many applications 
are affordable. However, large treatment areas and longer treatment periods 
are typically restricted to root and shallow water areas wetlands, grasslands, 
crops, and tree plantations have been successfully linked to a number of 
wastes, often at low concentrations and without serious plant toxicity (Cruz 
et al., 2019). Metals and metal derivatives, certain heterogeneous contami
nants and salt-soaked sources, sewage, sludge, and other typical wastes are 
examples of organic and inorganic wastes. Depending on the acute ness of 
toxicity, some redundancy or alternative treatment may be required to coun
teract the variability of the biological system (McIntyre, 2003). However, 
few phytoremediation techniques use the basic principles of eco-engineering 
to optimize sustainability. The application of monoculture of hybrids and 
sometimes alien species and simple ecosystems of plants and microorgan
isms is feasible, but in some cases difficult to apply. Self-engineering and 
self-design need to be explored and used to apply sustainable ecosystems to 
manage waste (Haq et al., 2020). This chapter provides valuable information 
about the consequences of nanomaterials released in the environment. Nano
materials, especially AgNPs, can affect soil properties, microorganisms, 
and plants, and may be toxic to living organisms including humans. Plant 
extraction is considered to be a promising method for removing metal-based 
nanomaterials. However, there is still a lack of information in this regard. 
Further research is recommended to better understand the mechanism of 
plant uptake of AgNPs. Understanding the transporters and metabolites 
involved in removing AgNPs from the environment will help scientists to 
improve the success rate of phytoremediation of these materials by using 
plant biotechnology methods to change the expression of related genes. 

17.2 CERTAIN PLANTS FOR PHYTOREMEDIATION IN ASIA 

Heavy metals are a type of pollutant found in water and soil. A modern 
plant solar-driven plant technology in which plants are grown, becomes 
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an eco-friendly and cost-calculating method to remove heavy metals from 
a variety of media to help hyper accumulating plant species (Sharma and 
Pandey, 2014). The purpose of this review paper is to give information on 
the mechanisms of compounding and metal removal of plants, with a special 
emphasis on cadmium (Cd) metals, and to highlight the role of various super-
stored plants in the reuse of Cd metals in soil and water. It is consistent with 
a number of field case reports that are critical in understanding Cd removal in 
different factories. In addition, which refers to a variety of sources and conse
quences for Cd and other Cd-correction technology (DalCorso et al., 2008). 
This work is the latest advancement in Cd hyper accumulation mechanism 
for various plants to encourage further study in this area. Every year, new 
plants are identified, and known plants are used in experiments to observe 
the impact of pollution. Brassica juncea (Indian mustard) and Eichhornia 
crassipes (water hyacinth) have the highest trend of absorbing heavy metals 
from soil and water, respectively. Numerous studies have found that some 
plants improve the biodegradability of certain exogenous organic molecules 
in polluted soil. However, the information mechanisms, stages and the role 
of plants, directly or indirectly, in transforming these Compounds are scarce 
(Sarma, 2011). The purpose of this work is to put a plant one by one technology 
for cleaning contaminated soil is a useful alternative. General mechanism and 
plant use for specific stages, as well as complex interactions with plant native 
study of microorganisms-heteroclites in soil (Mejáre and Bülow, 2001). This 
knowledge will allow the proposed solve pollution problems and eventually 
recover. In recent decades, the annual increase in the pollution of synthetic 
organic compounds has become a significant human and environmental 
health problem. China, like other nations, has yet to find an effective solution 
to the issue of organic soil and water pollution (Schwarzenbach et al., 2010). 

Over the past few years, China has been exposed to inorganic pollutants 
by billions of degrees, but as international cooperation has shown, Chinese 
scientists are increasingly polluting the environment than their different 
organic compounds. They are, like their foreign counterparts, are attempting 
to investigate cost-effective technology to solve this issue, as they are 
conscientious that traditional techniques for dealing with contaminated soil 
are inadequate. We concentrate on soil and water polluted with organic matter 
in China, as well as research activities on various plants in China, including 
plant intake of pollutants to conduct research on contaminated sites (Liu and 
Raven, 2010). Heavy metals, radionuclides, and organic contaminants are 
the major pollutants that lead to soil depletion in China. This chapter is a new 
technology for heavy metal and other inorganic pollutant soil contamination 
in China. In this section, we concentrate on organic matter-contaminated 
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soil and water in China as well as research programs on various plants in 
China, such as plant intake of pollutants to conduct research on contaminated 
sites. The application of this method on bench and on a scale was briefly 
discussed (Wen et al., 2020). In India, urbanization, overuse of water bodies, 
and population increase are causing air, water, and soil pollution, as well 
as pollution. India's main environment is soil degradation (deforestation, 
overgrazing, overfarming, and irrigation failures), destruction of animals, 
destruction, erosion of habitats and genetic resources (crops and plants, as 
well as aquatic animals and fish), as well as pollution (air, water and soil 
pollution, toxic waste and other substances). The most pressing environmental 
issue in India is soil preservation and degradation (wasteland/marginal 
land) (Rajkumar et al., 2010). Soil erosion is a major issue in India from 
130.5 million years old to 16.4 million stateless terrain deformations. Soil 
erosion was reported under different land-use options, with marginal loss 
noticed while planting trees, while in silicon field systems, trees, and grass 
coexist. For example, Shivaliks (one of the most vulnerable companies in 
the foothills of the Himalayas) includes a combination of poplar-baba grass; 
Acacia classification grass; Lukaena-Napier grass; teak-Lukaena-Babar; 
Yukaliptus-Lukaena-Turme; poplar-Lukana-Babar; and Sessamu-canola 
seeds. The soil of the Ganges alluvial plains in India has the characteristics 
of pH, poor permeability, higher exchangeable sodium and phosphorus, soil 
dispersion, a lack of organic matter as well as low fertility. Specific planting 
tools have been introduced for the cultivation of multipurpose tree species 
in Sodic and saline soils. A model of a silicon field consisting of Prosopijuli 
flora and Leputoclo Afosca has also been produced and the alkali soil seems 
to have been lyon. One major issue is land degradation; again, floods affect 
some 11.6 million hectares of land in India. 

Environmental pollution has an effect on soil and water quality as a result 
of urbanization and makeup trends. For many years, including in Pakistan, 
the situation has been even more threatening, since no precautions have 
been taken to avoid the resolution of this issue. Although at present, many 
of the current technologies in Taiwan are used to carry out the environment, 
including one of the plants (Anjum et al., 2020). Plants are used to remove 
toxins from the atmosphere through this most environmental-friendly tech
nology. Pakistan does have a diverse range of plants that can be used to 
clean up pollution in the environment. As far as we know, research on the 
use of plants rarely comes from Pakistan. According to recent research, 50 
Pakistani plants have been studied. In this study, the ability of various plant 
species in Asian countries is addressed in the sections below (Garbisu and 
Alkorta, 2001) (Table 17.1). 



 

 

 

 

TABLE 17.1 Phytoremediation Basic Natural Resource Best Plants for Phytoremediation in Asia.

Plant local name Scientific name Origin Nature/function References 
Indian mustard/ Brassica juncea India, Water-loving plants are useful for accumulating some metals as well Qiu et al. (2021).
mustard L. Pakistan as beautifying landscapes.
Willow Salix species India, China The beneficial effect of poplar trees on soil and underwater has also Rockwood et al.

been extensively researched. (2004) 
Poplar tree Populus India The effect of the sunflower rhizosphere on the biodegradation of Rockwood et al.

deltoides PAHs in soil shows that sunflowers reduce various PAH levels in soil. (2004) 
Indian grass Sorghastrum India Skilled of cleaning up petroleum hydrocarbons. Sharma and Pandey

nutans (2014) 

Sunflower Helianthus Pakistan, Pb, Zn (heavy metals extraction potential of sunflower) (Helianthus Reza (2017)
Annuus L. China, India annuus) and Canola (Brassica napus)), N, P, K, Cd, Cu, or Mn are 

examples of heavy metals (capability of heavy metals absorption by
corn, alfalfa and sunflower intercropping date palm)

Castor plant Ricinus India, A plant of commercial importance, it has also been used as a biofuel Annapurna et al.
communis, Pakistan, crop. Commonly found growing in clusters, these plants can survive (2016) 

China in stress and environmentally polluted areas.
Jatropha Jatropha curcas India, China Applied during the dry season and infertile and heavily Agamuthu et al.

contaminated soils. Accumulation of chromium (Cr) and lead (Pb). (2010) 
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17.3 PHYTOREMEDIATION FOR SOIL AND WATER RESOURCES 

Heavy metals are among the most severe environmental contaminants. 
Several approaches have been used to eliminate these chemicals from the 
atmosphere, but the majority are costly and difficult to produce the best 
results (Tangahu et al., 2011). Currently, plant phytoremediation is an 
efficient process and cost-effective technological solution for removing or 
reusing active metals and metal pollutants from polluted soil and water. The 
technology is environmentally friendly and possibly less expensive. The 
goal of this paper is to gather some information about the sources, effects 
as well as the treatment of heavy metals like arsenic, lead, and mercury 
(ass, lead, and mercury) (Burakov et al., 2018). It also provided an in-depth 
review of plant restoration techniques, along with heavy metal acquisition 
mechanisms and a number of studies on these topics. In addition, it explains 
several sources of As, as well as the environmental impact of As., Pb, and 
Hg, the benefits of this technique in lowering them, and the mechanisms for 
obtaining heavy metals in plant restoration techniques and factors that affect 
the acceptance mechanism (Chibuike and Obiora, 2014). Several recom
mended plants that are frequently used in plant phytoremediation and their 
ability to reduce pollutants were also reported. Heavy metals are a type of 
environmental pollution. In addition to all those human activities, including 
natural activities, have the opportunity to enhance to heavy metal side 
effects (Jaishankar et al., 2014). Some of the case splendor severing events 
in ecosystems are the migration of these pollutants to uncontaminated areas 
like dust or seepage in soil, and heavy metals containing sewage sludge. 
To uphold the high quality of the soil and water from pollution, attempts 
are continually being made to build innovations that are simple to use and 
long-lasting and economically viable. To fix polluted soil and physical 
chemistry techniques have been commonly used and water, particularly on 
small levels (Keesstra et al., 2018). However, due to the high cost and side 
effects, they face greater large-scale remediation difficulties. Since the last 
decade, usage of plant species to mop up polluted soil and waters called plant 
phytoremediation (Mani and Kumar, 2014). It has attracted more and more 
attention as a new and cheap technology. Over the past two decades, many 
studies have been carried out in this area. A large number of plant species 
have been described and evaluated to detect and put their abilities to the test 
by ingesting and accumulating various heavy metals. The metal acquisition 
mechanism of the entire plant and cell level was studied. Progress in the 
mechanical and practical application of plant phytoremediation was studied 
by Morillo and Villaverde, 2017. 
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17.3.1 ROLE OF PHYTOREMEDIATION IN POLLUTED SOIL AND 
WATER 

The importance of plants phytoremediation is that it is usually harmless, 
low cost, and uses plant materials or fixed elements. On the other hand, the 
process is long and allows some contaminants to escape (Sharma, 2012). In 
addition, it is not suitable for certain types of contamination, which is not 
possible if the toxicity level to plants is too high. Plant phytoremediation is a 
repair technique based on plants and their interactions with soil and microor
ganisms (Glick, 2003). In particular, the technology includes water purifica
tion and soil restoration. The efficiency of the technology in tackling air 
pollution is often controversial. Combining soil microorganisms, plants, and 
algae reduces the fluidity of some pollutants (plant stability), absorbs them 
(plant extraction), anchors them in tissues (plant stability), or metabolizes 
them, detoxifies, and eliminates them (plant degradation) (Liu et al., 2020). 
Heavy metals are a form of pollutant found in soil and water that is toxic. 
Plant restoration, a modern plant solar-powered technology, has become an 
eco-friendly and cost-effective way to extract heavy metals from different 
media, due to the super-accumulation of plant organisms (Chandra and 
Kumar, 2018; Shabbir et al., 2020). This chapter paper's aim is to give infor
mation on plant regeneration and heavy metal removal processes, especially 
cadmium (Cd) metals, and to identify the role of various super-stored plants 
in soil and water Cd metal abatement. It is consistent with a number of field 
case studies that are helpful in determining Cd removal in different factories 
(Yang et al., 2016). In addition, it identifies many sources and their conse
quences for Cd and other Cd-correction technology. The latest development 
of cd super-accumulation mechanism of different plants in order to promote 
further research in this field environmental pollution affects the quality of 
the biosphere, hydrosphere, atmosphere, lithosphere, and biosphere. Huge 
efforts have been made over the last couple of decades to reduce pollution 
sources and regulate polluted soil and water supplies. It was observed that 
pb levels in roots and shoots after 12 weeks indicated that more bioavailable 
pools of pb were transferred from the roots to seeds, leaves, and stems in this 
order. The plant has the ability of plant extraction and can be used to restore 
the soil contaminated by Pb. Heavy metal pollution has been a concern over 
the past few decades because of its health hazards to humans as well as other 
species that reside in biological systems (Lu et al., 2015). Obviously, plant 
restoration is good for restoring balance in a tense environment, but care 
must be taken. The potential of glycine Max L. to repair lead-contaminated 
soil. After 12 weeks of restoration, the plant's seeds usually contain the 
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highest Pb, which means that the plant is in the late stages of its growth 
in cleaning contaminated soil (Huang et al., 1997). Therefore, this plant, 
when used to repair metal contaminated soil, should be harvested after 12 
weeks and replanted seeds for another clean-up process. However, without 
thoroughly examining lead contamination in the soil, planting G.max L. in 
the soil poses a great risk to the population spending the harvested seeds, 
since the plant has been reported to be increased significant amounts of Pb in 
its seeds (Islam et al., 2007). 

17.4 PHYTOREMEDIATION AND RHIZOFILTRATION 

Rhizofiltration is a type of plant phytoremediation restoration in which 
polluted groundwater and surface water are filtered and wastewater through 
a large number of roots to extract harmful contaminants or excess nutrients 
(Dhir et al., 2009) (Fig. 17.1). Rhizofiltration, a technique for absorbing or 
precipitating contaminants from surrounding solutions to plant roots. Rhizo
filtration is exactly the same as plant mining, Plants, rather than soil, are used 
in the process to clean polluted groundwater (e.g., plant mining) (Gunarathne 
et al., 2019). In the process, used plants grow in greenhouses, with their roots 
in water. Contaminated water is then stored from the waste site or plants 
are planted in polluted areas. When pollutants saturate the roots of plants, 
they are removed from contaminated areas (Etim, 2012). Sunflowers, for 
example, are used to clear radioactive pollutants from pond water in Cher
nobyl, Ukraine. Lead may be extracted from water by sunflowers, Indian 
mustard, tobacco, spinach, and corn. In particular, sunflowers decreased 
lead concentration dramatically, and an engineered rheumatic device (Akpor 
and Muchie, 2010). Plant phytoremediation is the use of plants to eliminate 
toxins from the atmosphere. The capacity to use terrestrial and marine plants 
for in situ or in-situ applications. Rhizo filtration is primarily used to elimi
nate heavy metals such as Pb, Cd, Cu, Ni, Zn, and Cr (Jadia and Fulekar, 
2009). One important aspect of this procedure is that pollutants do not move 
to shoot buds (Jadia and Fulekar, 2009). Water filtration is an exciting tech
nique to improve aquatic environments. Aside from being cost-effective, it is 
a more environmentally friendly choice. A few studies have shown that many 
macrophytes have an exceptional capacity to extract toxins from aquatic 
environments (Rai, 2009). These plants could be used to eliminate inorganic 
contaminants (heavy metals, ions, excess nutrients, and so on) as well as 
organic pollutants (dyes, pesticides, solvents, and so on) from surfaces and 
groundwater. E. crassipes (water hyacinth), P. stratiotes (water lettuce), L. 
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minor (duckweed), T. natans (water chestnut), and Azolla pinnata (water 
velvet) naturally grow in large animals living in aquatic environments and 
can effectively accumulate and pass pollutants to its airborne part (Bragato et 
al., 2006). It is needed to establish more appropriate and optimal conditions 
to further strengthen the rheumatic filtration process study and is also needed 
to develop a system for the proper disposal or actual use of harvested plants 
after removal. Flow pipes are the process of absorbing contaminants present 
in the nasal layer into the plant roots (Petrides et al., 2014). 

FIGURE 17.1 Role of phytoremediation and nanoparticle phytoremediation. 

Rhizofiltration usually treats contaminated groundwater, while plant extrac
tion targets contaminated soil. As plants usually grow in greenhouses and are 
exposed to contaminated water once they grow roots (Awa and Hadibarata, 
2020) (Fig. 17.2). This adaptation allows the plant's endogenous process to 
adapt to chemicals in the water. After adaptation, plants are transplanted into 
contaminated aquifers or soil above the water level below the habitat, and 
when the plant's absorption is thought to have reached a threshold, they are 
harvested and biomass is treated in a similar way to the biomass extracted by 
the plant (Pivetz, 2001). Rhizofiltration is particularly effective in applica
tions involving low concentrations and large amounts of water. Plants that 
are efficient in transferring metals to buds should not be used for soil filtra
tion because more contaminated plant residues are produced. The depth of 
contamination, the type of heavy metals, and the level of contamination must 
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be determined and monitored. Vegetation shall be aquatic, emergency, or 
water-affected (Nagajyoti et al., 2010). To design successfully, the hydraulic 
retention time and adsorption of the plant roots must be taken into account. 
Rhizofiltration is economical for large amounts of water with lower toxic 
elements and low (strict) standards. It is relatively cheap, but it's probably 
more effective than similar technologies (Toet et al., 2005). 

FIGURE 17.2 Phytoremediation of heavy metals rich soils by using plants that hyperac
cumulate these metals in above-ground organs. The harvesting of the aerial part of the plants 
leads to the disposal of the huge amounts of toxic heavy metals removed from the soil or to 
the recovery of the valuable metals taken up. 

17.5 NANOPARTICLES PHYTOREMEDIATION 

Nanoparticles are particles that exist on the nanoscale (i.e., a minimum of one 
dimension is below 100 nm. They have physical properties such as uniformity, 
conductivity, or special optical properties, making them popular in materials 
science and biology. As global industrialization and urbanization intensify, so 
does concerns about emerging environmental pollutants (Ebrahimbabaie et al., 
2020). Plant technologies are recommended as a viable option for maintaining 
environmental sustainability among the various options for repairing these 
pollutants. Current developments in phytoremediation, genetic/molecular/ 
economic/metabolic engineering, and nanotechnology have provided new 
possibilities for the successful management of emerging organic/inorganic 
pollutants (Srivastav et al., 2018). For this context, the clarification of molecular 
processes and genetic modification of super-accumulated plants are required 
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to improve environmental pollutant remediation. The aim of this analysis is to 
give useful information about the molecular mechanisms of plant regeneration 
and the prospects for genetically modified super-accumulators (Furukawa et 
al., 2020). 

Heavy metals and metals, heterogeneous, explosives, polyaromatic 
hydrocarbons, petroleum hydrocarbons, pesticides, and nanoparticles 
are examples of such substances that are more stress-resistant to different 
pollutants. The role of gene restoration and nanoparticles in enhancing plant 
restoration techniques is also described in frameworks related to biotech
nology prospects, such as plant molecular nano-agriculture (Krivoruchko et 
al., 2019). Finally, nanotechnology is the study and manipulation of matter 
at the nanoscale and the characteristics of nanomaterials are mainly derived 
as a result of their high relative surface area as well as quantum impacts. Any 
material intended to produce at the nanoscale with a specific characteristic 
or specific component is termed a manufacturing/engineering nanomaterial. 
Compared with conventional nanomaterials, this engineering nanomaterial 
has different properties (Zhang and Webster, 2009). Nanotechnology offers 
new agrochemical formulations Nanotechnology provides new agrochem
ical formulations and delivery pathways to improve crop yields, which is 
expected to minimize pesticide usage. Nanotechnology can promote agri
cultural production by using: (1) nanoformulations for agrochemicals for the 
use of pesticides and fertilizers to boost crop; precision farming techniques 
can be used to further increase crop productivity without damaging soil and 
water, reducing nitrogen losses from seepage and emissions, and increasing 
nutrients that soil microbes for a long term (Sekhon, 2014). Nanoparticles are 
used in crop production to achieve long-term sustainability as these particles 
are linked to the manipulation of essential plant life circumstances and are 
used for a number of purposes in agriculture, such as minimizing nutritional 
loss, reducing various types of environmental stress, including heavy metal 
stress, and increasing crop yields. Several forms of contaminants are released 
into the atmosphere, either inadvertently or on purpose. These contaminants 
must be repaired in order to avoid entry to various terrestrial, marine, and 
atmospheric habitats (Sarwar et al., 2010). 

Various pollutants, including heavy metals, have been observed, character
ized, and designed to enhance this capacity of these plants through the use of 
different types of formulations (e.g., plant hormones, nanoparticles, biochar, 
etc.). In fact, some plants that do not usually help remedy have been manipu
lating their physiology and biochemistry to repair contaminants through the 
chemical’s exogenous applications (Margesin et al., 2011). However, in this 
regard, nanoparticles are remarkable because they can alleviate different 
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forms of heavy metal stresses in plants, because they protect plants from 
induced oxidative stress and mimic the role of enzymes involved in oxida
tive metabolism, such as catalytic enzymes, peroxidases, and superoxide 
dislocations (Etesami and Jeong, 2018). Since olden history, silver metal, 
silver nitrate, and silver sulfonamide have been used to treat burns, wounds, 
and various bacterial infections. Nevertheless, prior to the advancement of 
many antibiotics, use of such silver compounds has decreased significantly. 
Nanotechnology has gained a huge boost this century because it has been 
able to regulate metals to nanosizes, dramatically modifying the chemical, 
physical, and optical properties of metals (Knetsch and Koole, 2011). 

Metal silver, in the context of silver nanoparticles, has made a big come
back as a possible antibacterial agent. The need for silver nanoparticles is 
also important since many pathogenic bacteria have gained resistance to 
various antibiotics. Silver nanoparticles have appeared in a variety of medical 
applications, ranging from silver-based dressings to silver-coated medicinal 
devices such as nanogels. The promise of nanotechnology has been fulfilled 
and the greatest scientific and technological progress has been achieved in a 
number of areas (Rai et al., 2009). 

The biological killing nature of metal nanoparticles in general and silver 
nanoparticles in particular (AgNPs) depends on the multiple morphology as 
well as the particles' chemical and physical properties. Many of the interac
tions between AgNPs and the human body remain difficult to understand, 
therefore, the development of nanoparticles with good control morphology 
and physical chemistry characteristics, the application in the human body is 
still an active advanced research (Durán et al., 2016). The discovery of nano
structure compounds appears to have a massive and all-encompassing effect 
on all scientific and technical fields. The security monitoring mechanism, on 
the other hand, is used and implemented. Nanotechnology has performed 
on its pledge to drive scientific and technological development in a range 
of fields. Nanostructure compounds have a wide range of engineering 
applications. The creation of biocompatible and environmentally friendly 
nanostructures will reduce ecosystem harm;, allow better use of resources in 
the synthesis of multiple processes, and save (Venugopal et al., 2008). 

17.6 CONCLUSION 

Metal phytoremediation in soil, sludge, wastewater, and water, the various 
techniques used, the biological, physical, and chemical processes involved, 
and the benefits and disadvantages of each strategy are discussed in this 
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chapter. Special attention is given to the use of genetically modified species 
and the phytoremediation of metal nanoparticles. This also demonstrates the 
ability of phytoremediation to extract heavy toxic metals from polluted soil. 
As a result of the given debate, it is possible to conclude that, like its applica
tions in other scientific fields, it has extensive application in bioremediation. 
Because of their high potential, their applications are expected to skyrocket 
in the foreseeable future, and plants play an important role in stable growth. 
Various plants are essential for toxic metal remediation. 
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