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Preface
Environmental nanotechnology is considered to have a great key role in shaping 
current environmental engineering and science practices. This book, Metal Oxide–
Based Carbon Nanocomposites for Environmental Remediation and Safety, covers 
the advanced materials, devices, and system development for use in environmen-
tal protection and safety. The development of nanomaterials attaining importance 
because of the increased environmental challenges due to the impact of modern 
industrial activities globally. Industrial activity involves the production and use of 
various toxic organic and inorganic chemicals/by-products that pollute water bod-
ies indirectly and affect aquatic and human life rapidly. Thus, there is a great need 
to protect the environment through the development of new technologies and by 
enacting awareness drives for environmental sustainability. The 12 chapters in this 
volume, all written by subject-matter experts, demonstrate the claim that metal 
oxide–based nanomaterials have the potential to be the future of industry.

This volume summarizes cutting-edge research on nanomaterial utilization for 
environmental challenges and protection.

At present, pollution has become a major problem for our environment globally. Many 
pollutants produced from different sources decompose naturally, but a majority of the 
anthropogenic pollutants are non-biodegradable and need some treatment. Currently, 
many technologies have been developed to remediate such pollutants, and nanotech-
nology is one of the recent technologies that can provide a way to deal with such 
problems. Heavy metals, toxic gases and dyes are major anthropogenic threats that 
result in environmental degradation and need to be mitigated using such technology. 
The removal of these pollutants through environmentally friendly and efficient meth-
ods is necessary and thus important to saving our environment. In the recent past, 
nanomaterials have drawn a lot of attention of researchers, almost from all the existing 
and new applications in the fields of electronics, health care, energy, optoelectronics, 
defense, environmental remediation, and others. In addition, because of their special 
properties, such as increased surface–volume ratio, magnetic nanoparticles are chemi-
cally reactive and therefore are good candidates for many environmental remediation 
applications.

The book Metal Oxide–Based Carbon Nanocomposites for Environmental Reme-
diation and Safety highlights the use of nanomaterials for remediating environmental 
pollution and safety. This book offers both an important volume for academic research-
ers and a resource for those in industry exploring the applications of nanoparticles 
in environmental protection and more. The book is divided into three main sections 
to thoroughly analyze the use of nanomaterials for water, soil and air solutions, with 
respect to emphasizing environmental risks of pollution. Therefore, the main goal of 
this book is to collect knowledge and provide information to the public, in general, and 
researchers, in particular, about how the environmental pollution problem being faced 
by the world can be overcome/minimized and how to initiate developing low-cost tools 
for environmental pollution remediation. This book in short explores as well as conveys 
the concepts to understand the metal oxide–based carbon nanocomposites for environ-
mental remediation and safety.
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Key Features:

•	 Covers the basics of advanced nano-based materials, their synthesis, their 
development, their characterization and applications and all the updated 
information related to environmental nanotechnology.

•	 Closes with a look at the role of nanotechnology for a green and sustainable 
future.

•	 Discusses implications of nanomaterials on the environment and applica-
tions of nanotechnology to protect the environment.

•	 Presents up-to-date information on the economic aspect, toxicity and regu-
lations related to nanotechnology in detail.

•	 Covers the sustainable and environmentally friendly approaches for reme-
diation and cleaning the environment and nanotechnologies available for 
wastewater treatment and contaminated soil treatment, as well as finding 
the healthiness of new nanomaterials.

•	 Discusses major subjects such as nano-sensors, their structural design and 
properties, carbon nanotube sensors for many applications in industry and 
those related to the environment and applications of nanocomposites for 
pollution sensing.

•	 Presents scanning electron microscopy, transmission electron microscopy 
(TEM), and high-resolution TEM, giving the scope for their application in 
environmental protection, environmental remediation, and environmental 
biosensors for detection, monitoring, and assessment while giving exam-
ples of field applications for environmental nanotechnology.

•	 Covers some important areas of environment nanotechnology that are 
particularly concerned with the pollution aspect and mitigation measures, 
techniques and technologies available for use.
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1 Synthesis and 
Characterization of Metal 
Oxide Nanoparticles for  
Antimicrobial Application
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1.1 � INTRODUCTION

Bacterial, viral and protozoan microorganisms are categorized as microbes. Of 
these three, bacteria-induced infections are the main contributors to a high mortal-
ity rate [1–5]. Antibiotics are used for curing them. The major issue emerges when 
inadequate, overdose or misuse of the antibiotics for precautionary and corrective 
purposes have been made without proper medical testing or symptoms indication. 
Then, bacteria develop a resistance to antibiotics [6–11], and the resistant bacteria 
develop a super-resistant gene toward almost all antibiotics [6], becoming what is 
known as super-bacteria. The antibiotics can work on bacterium target either by 
diminishing their activity or by killing them by the following three ways: (1) attack-
ing the cell wall, (2) disrupt the functioning of RNA and DNA formation parts 
and (3) the system that involves in production of proteins. Bacteria resistance for 
both mechanisms is the main reason why continuous research and development for 
new antimicrobial agents is in demand. Various metals and metal oxide nanopar-
ticles (MO NPs) as alternatives for antibiotics have been tried, and they exhibit 
good antibacterial activity. It means that nanomaterials as antibacterial agents are 
complementary to antibiotics with a very promising future because they help in 

https://doi.org/10.1201/9781003323464-1
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treating bacterial infections when antibiotics are insensitive [12–18]. Nanoparticles 
as antibacterial agents have the following merits in comparison to antibiotics: (a) 
They control the resistance processes and restrict biofilm creation, (b) they utilize 
a multitasking procedure to fight with microbes, and (c) they are good carriers of 
antibiotics. Biofilm-growing bacteria are the most resistant to antibacterial drugs 
and the host’s immune system. The actual mechanisms behind such a resistance 
are not clear and have not been fully explored to date [9–11]. Biofilm is basically 
a structured community of bacteria that is enclosed in a self-generated extracel-
lular matrix of proteins, polysaccharides (carbohydrates), and DNA. The infections 
produced by such biofilms are very chronic and become very hard to treat, which 
reflects the seriousness of problems and the immediate need to explore alternative 
treatment approaches to overcome the problem of increasing resistance of bacteria 
for recently available antibiotics [6].

1.2 � SEVERITY OF THE PROBLEM

Data published in the medical journal The Lancet in 2019 [1] based on a survey 
of 204 countries revealed deaths in all age groups of around 12.7 lakh from anti-
microbial drug-resistant bacteria as compared to the deaths caused by HIV/AIDS 
(8.64 lakh) or malaria (6.43 lakh). By 2050, the deaths by antimicrobial-resistant 
(AMR) bacteria will tentatively rise to 10 million per annum [1, 3]. This report 
projected the severity of the problem and encouraged the researchers and medical 
community, as well as policymakers, to take immediate steps for saving the lives 
of people and overcoming this worldwide challenge by developing new and more 
advanced effective AMR materials. The bacteria are found in rod-like (bacilli), 
spherical (cocci) and helical (spirilla) shapes. They come under two categories:  
(1) gram-positive bacteria, which have a thick cell wall of peptidoglycan around 
the cell membrane that is attached to teichoic acids present only in these bac-
teria, and (2) gram-negative bacteria, which have a very thin cell wall layer of 
peptidoglycan that is covered by the second lipid outer membrane that prevents 
the entrance of any foreign material into the bacterial cell [9–11]. The bacterial 
infection takes place in the human body via a toxic strain of bacteria on the skin 
or inside the body through touching, inhaling, or consuming stale/contaminated 
food. Pneumonia, meningitis and food poisoning are illnesses caused by harm-
ful bacteria infecting the chest, bloodstream and stomach, respectively. Only 
these three illnesses arising from infections developed because of Escherichia 
coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, 
Acinetobacter baumannii, and Pseudomonas aeruginosa are the most harmful 
antibiotic-resistant bacterial infections, leading to about 79% of the total deaths 
caused by bacterial infection. The bacteria are becoming more resistant to almost 
all types of antibiotics used for treatment, meaning that the infection cured previ-
ously by antibiotics in a few days now is becoming incurable. There are several 
factors that lead to the emergence of resistant bacterial strains such as (1) the anti-
biotics used to attack a single target in the bacteria [19], (2) an over- or improper 
dosage of the antibiotics being prescribed by the healthcare personnel [20] and (3) 
in agriculture, the uncontrolled use of antibiotics in feedstock to promote animal 
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growth [21] or spraying over plants to protect them from disease and increase 
yield [20]. This is really a very grim situation for the health and life of bacteria-
infected people. So the present investigations demand pursuing new, advanced 
strategies for identifying bacterial infections and developing new next-generation 
drugs or agents by using nanoengineered antimicrobial materials to control and 
passivate bacterial infections. In the 1980s, methicillin-resistant Staphylococcus 
aureus (MRSA) has been correlated to hospital-associated (HA) infections. But 
in 2003, a new community-associated-MRSA (CA-MRSA) strain was reported 
by [22] for infecting healthy people including children also. The key factors that 
help spread CA- or HA-MRSA bacterial infections are gatherings, physical skin-
to-skin contact, and unknowingly sharing infected items like towels contaminated 
with wound drainage, dirt and unhygienic matter, among others [23]. It means that 
skin-related bacterial infections can be markedly reduced and prevented by adopt-
ing good habits like creating a hygienic atmosphere, avoiding directly touching 
or exposing skin to the infected part by air and using antibacterial ointments as 
surface-coating agents.

1.3 � MO NPS APPLICATIONS AS ANTIMICROBIAL AGENTS

Several metal oxides are widely used in medicine, agriculture, and environmen-
tal protection as antimicrobial/antibacterial agents. Nanocrystalline metal oxides, 
namely, Ag2O, CaO, MgO, ZnO, NiO, CoO, CuO, Cu2O, TiO2, SiO2, and FexOy, have 
been used as antimicrobial agents owing to their bacteriostatic or/and bactericidal 
effect. MO NPs’ antimicrobial activity path is different from the normal antibiotics 
used for bacterial/microbial infection treatment because it destroys the bacteria in 
prokaryotic cells [24] by simultaneously attacking at the biochemical and molecu-
lar stages [25], which involves degradation of cell wall, enzyme, lipids, and nucleic 
acids, among others. The antibacterial activity of promising MO NPs is sensitive to 
various parameters, which, in turn, affects their physical and chemical properties. 
These parameters are briefly described in the following:

	 1.	Structure and crystallinity of MO NPs: To confirm the formation of the 
required structure and crystallinity of synthesized MO NPs by a particular 
synthesis route for antimicrobial application are characterized by the X-ray 
diffraction technique. These studies give information about the formation 
of desired phases or mixed phases or the existence of unreacted reactants 
or impurities, crystalline nature, and preferential orientation along the most 
intense plane, among others. The values of crystallite size, lattice parame-
ters, and strain in the lattice can be derived from their diffraction pattern by 
following standard procedures. The crystallinity of MO NPs throws light 
on their metallic, semiconducting and insulating properties. Metallic and 
semiconducting MO NPs are produced from the periodic table 3–12 groups 
metals, and insulating MO NPs are derived from groups 1, 2 and 13–18 met-
als [26]. Per the electron-excess/cation-excess/anion-deficient or electron-
deficient/cation-deficient/anion-excess charge carriers in semiconducting, 
MO NPs come under the n-type or p-type semiconductor category [27]. 



4 Metal Oxide–Based Carbon Nanocomposites

The third is intrinsic semiconducting (i-type) MO NPs, which exhibit both 
insulating and conducting properties. While insulating MO NPs obtained 
from groups 1, 2 and 13–18 metals of the periodic table show alkaline and 
electrostatically charged positive natures, respectively. These unique prop-
erties of MO NPs are exploited for their interaction with different types of 
biomolecules present in the bacterial/microbial cell [28]. They decide the 
effectiveness of the antimicrobial activity for a particular microorganism or 
for a different variety of microbes.

	 2.	Chemical composition of MO NPs: Metal ions’ affinity for electrons pres-
ent in MO NPs play a vital role in their interaction with different atoms 
present in the multidentate biomolecule ligands in a bacterial cell because 
some metal ions exist in two or more valence states. The different biomole-
cules are involved in the formation of protein/nucleus/carbohydrates/lipids/
cell wall of a bacterial cell. They follow hard-soft acid-base (HSAB) theory 
[29, 30] to form stable complex compounds with metal ions. For example, 
soft Ag+, Hg+ or 2+, and Cd2+ ions form complexes with soft bases like sulfur 
from the thiol (R-SH) functional group present in the proteins of a bac-
terial cell, while Cu2+, Zn2+, Co2+, Fe2+ and Ni2+ ions on interaction with 
hard amine (R-NH2) and soft thiol (R-SH) bases produce stable medium 
hard–soft-natured complex compounds. The biomolecules with carboxyl  
(–COOH) and hydroxyl/alcoholic (–OH) functional groups present in bac-
teria also have a tendency to interact with metal ions to form stable complex 
salt. The antibacterial activity of the metals ions is tentatively proportional 
to their affinity for thiol groups.

	 3.	Particle size, morphological shape, agglomeration into small/medium/
larger-sized ensembles and stable dispersions: It is a well-known fact 
that the activity of a nanoparticle depends on its particle size, morpho-
logical shape, and agglomeration dependent because on decreasing par-
ticle size, the ratio of surface area to volume increases markedly along 
with the availability of more number of active sites, that is, more number 
metal ions with unsaturated coordination bonds at the surface. MO NPs 
acquire different morphological shapes, for example, spherical, nanorod, 
nanowire, nanosheet, nano/quantum dot, floral/star/diamond/spindle/pyra-
mid, and others, per the chosen synthesis route and parameter optimization 
for the desired application. The antibacterial activity of MO NPs is also 
shape-dependent. Since the size of grown nanoparticles is too small, they 
have a tendency to agglomerate into different-sized ensembles to stabilize 
themselves by dissipating excessive energy. To overcome this problem, the 
nanoparticles are stabilized by using hydrophobic or hydrophilic surfac-
tants that help in separating nanoparticles and restrict their aggregation. 
This helps in forming stable dispersions of MO NPs in aqueous or organic 
solvents. Hence, MO NPs antimicrobial agents are found to be a better 
option as compared to their bulk analogues because they facilitate attach-
ments of more bacteria at the surface. Their surface develops a positive, 
negative, or zero (neutral) charge per the characteristics of metal oxide. 
The surface charge properties of such nanomaterials are explored from 
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the zeta-potential measurements. The positively charged surface of MO 
NPs tends to form strong ionic coordinated bonds with negatively charged 
functional groups of bacteria-constituting biomolecules and has been found 
to be very effective antimicrobial agents, while negatively and neutrally 
charged MO NPs exhibit the least and intermediate antimicrobial activity, 
respectively.

	 4.	Antibacterial activity vs. MO NPs concentration: MO NPs concentra-
tion, along with the experimental conditions and the nature and number 
of bacteria, plays a vital role in destroying bacterial infections. There is 
no doubt that by increasing the MO NPs’ concentration, the antimicro-
bial activity enhances. But the experiments were carried out to optimize 
a minimal MO NP concentration to swiftly inhibit the growth of a bacte-
rial infection after incubation. In addition to the concentration of MO NPs, 
the experimental conditions are also optimized to get the best antibacterial 
activity for a particular concentration and nature of bacteria.

1.4 � SYNTHESIS OF MO NPS

Nanomaterials with a variety of morphological shapes in the form of nanoparticles and 
thin films are synthesized by various chemical and physical methods through “bot-
tom-up” and “top-down” approaches, respectively. The bottom-up approach involves 
assembling the initial atomic or molecular dimension constituents for nanoparticle 
formation. This method is extensively used because it allows their chemical composi-
tion, particle size, and shape to be controlled. The versatile bottom-up approach can 
be employed for the large-scale production of nanoparticles because they work on a 
self-assembly process. While in the top-down synthesis approach, nanoparticles are 
obtained by reducing the size of macroscopic/bulk materials to nanometer dimensions. 
The reduction of the particle size can be achieved through both physical and chemical 
methods. From the top-down approach, the derived nanomaterials often suffer from 
imperfections in the structure with lots of impurities. The surface chemistry and physi-
cal properties of the nanoparticles are very sensitive to the structure of the material. 
The obtained nanoparticles have different sizes and shapes with wide particle size 
distribution. Figure 1.1 summarizes some of these methods in the following schematic.

The economic chemical methods generally require a simple experimental setup, 
toxic chemical reactants, and solvents. One can optimize nanoparticle size, shape, 
surface morphology, composition, and structure by varying synthesis parameters and 
selecting the appropriate synthesis route and reactant concentrations, while physical 
methods involve using costly instruments, precursors, substrates and trained persons 
for operation and the maintenance of instruments. In this chapter, different chemical 
methods are discussed in brief regarding the synthesis of MO NPs for application as 
antimicrobial agents:

	 1.	Coprecipitation Method: The economical and facile coprecipitation 
method has been widely used for the synthesis of pure and mixed ion fer-
rite nanoparticles (FNPs) for use as antimicrobial agents. In this method, 
the first step is MO NP formation in the aqueous or organic liquid phase 
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through oxidation, reduction, and hydrolysis reactions to obtain the desired 
stoichiometric composition, and the second step helps achieve the required 
crystal structure and nanoparticle morphology through a thermal treat-
ment. For example, in the synthesis of ferrite nanoparticles by chemical 
coprecipitation reaction, the aqueous salt solutions of Fe2+ and Fe3+ chlo-
rides/sulfates/nitrate salts are mixed in a 1:2 stoichiometric molar ratio with 
a few drops of surfactant to restrict the precipitating nanoparticles’ agglom-
eration. A 25% ammonia solution or a diluted sodium hydroxide solution is 
generally used to precipitate ferrite oxide hydroxide nanoparticles with con-
tinuous stirring in the 8.5–9.0 pH range. The pH of the solution, the stirring 
rate, the salt concentration, the temperature and the surfactant concentra-
tion are the vital parameters that control the phase formation, the chemical 
composition, the purity, the particle size, the surface area, the shape and the 
agglomeration of FNPs [31–35]. In the coprecipitation reaction, the nucle-
ation under super-saturation conditions, growth and agglomeration of FNPs 
via the Ostwald ripening process takes place simultaneously. Fine uniform-
sized and -shaped, high-purity, stoichiometric single- and multicomponent 
FNPs with narrow/wide size distribution under controlled/uncontrolled 
conditions are obtained on heating precipitated particles at very low tem-
peratures, approximately 80°C. FNPs formation by coprecipitation reaction 
is represented by the following chemical equation:

Fe2+ + 2Fe3+ + 8OH- → Fe3O4 + 4H2O

This method is also used for the synthesis of ZnO nanoparticles. Although 
it is very difficult to control the particles’ size and their distribution due 

FIGURE 1.1  Schematic presentation of various chemical and physical methods used for the 
synthesis of nanomaterials.
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to the kinetic factors, but this problem can be overcome by changing the 
reactants used for coprecipitation, their ionic strength, the surfactant used 
for coating nanoparticle surface, the pH and the temperature of precipitat-
ing solutions.

	 2.	Sol-Gel Method: Initially, in mid-1800s, this sol-gel chemical method 
was at first used for the synthesis of inorganic ceramic and glass [36, 37]. 
For MO NP preparation with desired particle size and morphology, this 
method was successfully used. Metal alkoxide/acetate/nitrate salt as pre-
cursors in organic or aqueous solvents with catalysts, stabilizers, and other 
reactants such as gelling agents are used [36–40]. For example, zinc oxide 
nanoparticles [40] derived from zinc acetate dihydrate precursor by this 
method have been described in the following three steps, namely, hydro-
lysis, hydroxylation, and condensation/polycondensation reactions for sol 
and gel formation. In Step 1, hydrolysis reaction, a zinc acetate dihydrate 
aqueous solution forms partially hydrolyzed to basic zinc acetate (Zn(OH)
(CH3COO)), (Zn2+ and CH3COO-) ions and acetic acid (CH3COOH). This 
is sol, a stable colloidal suspension of solid crystalline or amorphous ionic 
nanoparticles in a solvent. The hydrolysis reaction is affected by environ-
mental conditions like relative humidity and temperature in the formation 
of basic zinc acetate. In Step 2, hydroxylation reaction, the basic and ionic 
zinc acetate mixture solution, on heating, forms two molecules of Zn(OH)2. 
In Step 3, condensation/polycondensation reactions form a chain of Zn-O 
with terminal OH groups, after completion of these reactions, the more 
viscous continuous three-dimensional metal oxide–network gel is formed. t 
gel is aged to separate out the solvent; the Ostwald ripening process helps in 
forming the solid mass. The obtained hydroxylated ZnO gel is dried at a low 
temperature, about 80°C, to slowly evaporate the solvent and the moisture. 
Then this amorphous powder is annealed for 1 hour at 350°C to obtain the 
desired crystalline stoichiometry of the ZnO nanoparticles. Drying the gel 
to evaporate the solvent and the annealing temperature, as well as duration, 
may vary from one metal oxide to another. In this method, one can vary the 
particle size and shape by varying the precursor salt or concentration, the 
solvent used for sol formation, the stirring rate, the annealing temperature, 
and its period parameters to derive a narrow size distribution and uniformly 
shaped MO NPs. All these merits have attracted researchers to extensively 
adopt this method for the synthesis of new advanced and existing pure and 
mixed MO NPs for antimicrobial activity.

	 3.	Microwave-Assisted Method: The microwave-assisted method for syn-
thesizing MO NPs has drawn the attention of researchers owing to its 
high synthesis rate, yield, purity, and uniform, small-sized nanoparticles 
with a narrow particle size distribution compared to conventional thermal 
heating, which takes longer time to complete the reaction. This method, 
in conjunction with precipitation/coprecipitation, sol-gel, microemulsion 
and hydrothermal, is generally used to markedly increase the reaction rate 
and drastically reduce the reaction time. Mostly, microwave ovens/reactors 
operating at a 2.45 GHz frequency with 1 kW maximum output power for 
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chemical synthesis of materials have been used to avoid the electromag-
netic interference effects arising from electronic devices, telecommunica-
tion, wireless networks and mobile frequencies. At this operating frequency, 
with the optimal power for the chemical reaction to proceed, the whole 
material is uniformly heated without any thermal gradient. The molecules 
present in the material are vibrating at the rate of 4.9 × 109 times per second 
at a 2.45 GHz frequency, causing their alignment and realignment with the 
oscillating field to produce 100°C–200°C temperature, which increases at 
a rate of 10°C per second. This volumetric heating of material raises the 
reaction temperature above the boiling point of the solvent, which, in turn, 
increases the reaction rate by 10–1000 times and duration from minutes to 
seconds [41]. High-purity, small-sized MO NPs with better physicochemi-
cal properties [42] are obtained from this method. One can easily apply this 
method for the large-scale production of pure and mixed MO NPs because 
it has overcome the problem of thermal gradient effects [43] for pure and 
mixed metal oxides, for example, Fe3O4 [44], ZnO [45, 46], TiO2 [47, 48], 
SnO2 [49], NiO [50], PtO2 [51], CeO2 [52], and CuO [53].

	 4.	Solvothermal/Hydrothermal Method: In this method, the precursor 
metal salts on dissolution in a nonaqueous solvent (solvothermal) or in 
water (hydrothermal) form complexes that are heated at different tempera-
tures and under high pressure under optimized experimental parameters 
in sealed vessels in autoclaves for the synthesis of MO NPs. The chemi-
cal reaction takes at least 3–48 hours or even more to complete the reac-
tion, which involves nucleation and the growth of nanoparticles. Since, the 
obtained MO NPs are pure with precisely controlled size, distribution, shape 
and crystalline phases, no further purification or posttreatment annealing 
steps are required. Hydrothermal temperature decides that synthesized 
MO NPs are anhydrous, crystalline or amorphous [54, 55]. The hydrother-
mal method is one of the most extensively used methods for synthesizing 
MO NPs. This process does not require costly instrumentation, hazardous 
chemicals or special conditions to carry out the synthesis. But it still has 
good control over homogeneity, particle size, chemical composition, phase 
and morphology of the resultant products.

	 5.	Solid-State Pyrolysis Method: The conventional solid-state reaction 
method has been used to prepare bulk polycrystalline MO NPs by taking 
their nitrate/carbonate/sulfate/acetate/citrate salts as precursors [56]. Then 
these bulk materials are ball milled to reduce nanometer particles sized in 
the range of <100 nm. Ferrite powdered samples from the mixture of metal 
nitrates of respective elements in stoichiometric ratio. One can also use this 
method in conjunction with the sol-gel auto-combustion method in which 
MO NPs are derived by using different ways like (a) metal nitrate and cit-
ric acid; (b) polyvinyl vinyl alcohol (PVA)-assisted metal nitrates, ethylene 
glycol and citric acid; and (c) by using different complexing agents like 
citric acid, cellulose and cellulose citric acid mixture, among others. The 
oxidation–reduction reaction takes place during the combustion process in 
which nitrate ions play the role of the oxidizing agent and the carboxyl 
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group as the reducing agent. PVA imparts the role of the surfactant, which 
controls the grain growth and the size of the nanoparticles. The application 
of different complexing agents helps optimize the desired size nanoparticle, 
shape, morphology, porosity, microscopic structure and physicochemical 
properties for efficient antimicrobial agents.

	 6.	Microemulsion Method: MO NPs are produced from the thermody-
namically stable dispersion of two immiscible liquids microemulsions, for 
example, water in oil or oil in water, and stabilized by surfactant mol-
ecules. It is a well-known fact that stirring two immiscible liquids forms 
an emulsion in which the lesser amount of liquid has a tendency to form 
small droplets, a bunch of coagulated droplets or a layer to separate from 
the higher amount of liquid. The size of droplets in emulsions is in the 
range from >100 nm to a few millimeters, while microemulsions are 
transparent and contain droplets of a size in the 1–100-nm range and are 
stabilized by using ionic or nonionic surfactant and/or cosurfactants. In 
such microemulsions, metal salts are dissolved and reduced in nanometer-
sized monodispersed droplets, which are stabilized by surfactant mole-
cules. In that situation, under some critical concentration, “micelles” or 
“inverse micelles” are formed, pertaining to the concentrations of water 
and organic liquid. Micelles are formed with higher amounts of water, 
and inverse micelles are formed when the concentration of the organic 
liquid or oil is more. The micelles or reverse micelles on collision results 
in the formation of controlled size, differently shaped MO NPs [57, 58]. 
This process can also be easily exploited for the large-scale production of 
nanoparticles with the advantages of recovering and reusing the surfactant 
and oil many times for the microemulsion preparation and stabilization of 
nanoparticles.

	 7.	Solution-Free Mechanochemical Method: In this method for prepar-
ing MO NPs, when their respective solid salts are ball milled, they then 
directly absorb the mechanical energy released during the milling pro-
cess from the power and friction between balls and precursor salt. For 
nanoparticle formation from its bulk analogue, the size of the particle of 
salt in the ball mill is reduced due the deformations, fractures and abrasion 
faced by the salt while grinding within the walls of the balls. In mechano-
chemical methods, this huge accumulated mechanical energy in the pow-
dered sample is optimum for undergoing chemical reactions to achieve the 
desired composition of the final product. The basic requirement of this 
method is high-energy ball mills/shakers/grinders because they are able to 
develop very high mechanical stress, which on absorption by the precursor 
compound results in the breaking of the lattice bonds. This creates struc-
tural variations in the lattice, and the surface active atomic layers of reac-
tant interfaces are continuously exposed to extreme stress; the absorbed 
mechanical energy is utilized by the molecules for chemical reactions to 
form the desired pure and mixed small-sized MO NPs [59–61] in the range 
of 5–20 nm along with the required crystalline phase, morphology, poros-
ity and specific surface area.
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	 8.	Electrochemical Method: The very facile and eco-friendly electrochemi-
cal method has been used for synthesizing MO NPs. In this process, the 
anode (negative) electrode is oxidized and released into the surfactant solu-
tion; the ions interact in between the electrode–electrolyte interface and 
synthesize the respective pure and mixed MO NPs [62–65]. The merits of 
this method are high-purity metal oxides and controlled particle size com-
pared to other synthesis methods. The purity and crystallinity of desired 
MO NPs size can be optimized by controlling the following parameters: 
current density, pH, electrolyte concentration, electrode selection and vary-
ing the distance between electrodes. At the same time, either by increasing 
the current density or by decreasing the distance between electrodes, the 
particle size tends to increase. This is because the closer the electrodes, the 
faster the reduction–oxidation reaction, which releases more oxidized metal 
ions into the solution for the rapid formation of MO NPs. The synthesis of 
ZnO, TiO2, Fe3O4 and NiO nanoparticles by the electrochemical method 
has been already reported by different groups.

	 9.	Sonochemical Method: In this process, the precursor metal salt solution 
is subjected to different high-powered ultrasound radiations having fre-
quencies in the 20 kHz–10 MHz range for acoustic cavitations to proceed 
with the chemical reaction to form MO NPs for 30–60 minutes. The ultra-
sound waves passing through the solution create alternate compression and 
relaxation. This leads to acoustic cavitation, that is, the formation, growth 
and implosive collapse of bubbles in the liquid, while the change in pres-
sure develops microscopic bubbles whose collapsing is explosive. This 
step propagates shock waves within the gas phase of the ceasing bubbles. 
Hence, the sonochemical reaction is based on the creation, growth, and ces-
sation of bubbles in the solution during the ultrasonication process. In the 
bubble-growth process, the solute (precursor salt) vapor starts diffusing in 
the bubble. When the bubble attains its maximum volume, it behaves like 
a hot spot because of its very high temperature, 5000–25000 K [66], and 
pressure around 1800 atmosphere. This bubble-cessation process completes 
instantly, that is, in less than a nanosecond [67, 68], which breaks the chemi-
cal bonds of precursor salt followed by a very high cooling rate of about 1011 
K/s. Such a high cooling rate restricts the organization and crystallization 
of the product. This is the reason why volatile precursors are selected for 
this method, in which gas-phase reactions dominate to produce amorphous 
nanoparticles. The obtained nanoparticles are washed several times and fil-
tered for further calcination processing in the case of MO NPs to get the 
crystalline with optimal-sized nanoparticles. The sonochemical methods 
have several advantages, like uniform size distribution, high surface area–
to–volume ratio, being fast, purity and the large-scale production of MO 
NPs. This method has been widely used to synthesize MO NPs [69–72].

	 10.	Green Chemistry Method: This method is categorized under the bottom-
up approach and found to be better than the chemical methods because 
it uses the natural nonhazardous plants/algae/fungi/bacteria biological 
resources as reducing agents. The green synthesis process is designed in 
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such a manner that it minimizes or entirely removes the use or formation of 
toxic chemicals or by-products [73–75]. It does not require/or minimize the 
use of costly chemicals, hazardous solvents/catalysts/surfactants, and the 
synthesis reaction can be easily executed under mild conditions. This eco-
friendly, facile, biocompatible method produces pure MO NPs with the least 
or without any contamination/impurities. The physicochemical properties 
of the MO NPs derived by this method are sensitive to the following reac-
tion parameters: precursor chemicals, plant selection, phytochemicals the 
organic compounds extracts obtained from plant leaves/stem/fruits/flowers/
roots/seeds, solvent, temperature, pressure, and the pH of the solution. Plant 
biodiversity has opened a window, and a wide range of phytochemicals and 
biomolecules are present in different parts of the plant extracts. The leaves 
are generally used owing to their abundance and sustainability. The plant 
extract contains ketones, aldehydes, flavones, proteins, terpenoids, carbox-
ylic/polycarboxylic acids, phenols/polyphenols, polysaccharides, amino 
acids and vitamins, among others. These compounds have been used for 
synthesizing and stabilizing MO NPs. The plant derivatives derived MO 
NPs acquire distinctive morphological shapes like spherical, cubical, cylin-
drical, needles, stems, prisms and dendrites, among others, with better sta-
bility. However, this process takes a long time for MO NP formation owing 
to the three time-consuming steps: (a) the extraction, (b) isolation and  
(c) the purification of phytochemicals. MO NPs synthesized by the green 
chemistry route exhibit enhanced biocompatibility for biomedical applica-
tions compared to those obtained by conventional chemical methods. CeO2, 
Co3O4, CuO, Fe3O4, γ-Fe2O3, MgO, MnO2, and ZnO are some examples of 
MO NPs derived by the green chemistry method for biomedical and anti-
microbial applications.

1.5 � CHARACTERIZATION OF MO NPS BY VARIOUS  
ANALYTICAL TECHNIQUES

To confirm the formation, structure, morphology, chemical composition, and particle 
size of the synthesized MO NPs are characterized by some of the basic techniques, 
for example, X-ray diffraction (XRD), Fourier transform infrared (FTIR), Raman 
and ultraviolet–visible light (UV)-Vis spectroscopy, scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDS) and electron paramagnetic resonance (EPR) spectroscopy. The sche-
matic of these characterization techniques is summarized in Figure 1.2.

	 1.	XRD technique: XRD patterns of MO NPs are generally recorded by a 
powder X-ray diffractometer to confirm the formation of the desired com-
position and structure of the prepared MO NPs. The diffraction pattern 
consists of various peaks pertaining to Bragg reflections and indexed by 
Miller indices. This represents the polycrystalline nature with a preferred 
orientation along particular crystallographic axis/plane and the d-spac-
ing values of the prepared sample are compared with their standard joint 
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committee on powder diffraction standards (JCPDS) card/file. From the 
diffraction pattern, one can obtain the lattice parameters and particle size. 
The XRD pattern also reveals the purity of materials and the existence of 
any other phases of the prepared MO NPs or impurities formed during the 
synthesis process or unreacted precursor salt. The particle size is calculated 
using the Scherrer formula.

	 2.	FTIR and Raman spectroscopy techniques: The bonding details of 
MO NPs are inferred by using these two techniques. Their spectra are 
recorded in 4000–400 cm−1 region, the peaks arising from the vibrations 
of different bonding groups appear as strong, medium and weak intensity 
peaks. These peaks are assigned to antisymmetric stretching, symmetric 
stretching and bending modes. Normally the vibrations are active in infra-
red (IR); then they are forbidden in Raman spectra. But sometimes, some 
modes are active in both the IR and Raman spectra. This may be due to 
site symmetry of the bonding group in the lattice or deformations in the 
lattice induced by interstitial or substitutional atoms/bonding groups and 
dislocation/missing atoms in lattice. The adsorbed moisture/water stretch-
ing and bending modes appear between 3500–3200  cm−1 and at about 
1600 cm−1, respectively. While the organic functional groups like methyl 
(–CH3), methylene (–CH2), carboxylic (–COOH), alcohol/phenol (–OH), 
C-H stretching, amino, nitro and other heteroatom-containing chain/ring 
structures appear in 3000–800 cm−1 region in both the IR transmittance 
and Raman absorption spectra. M-O stretching modes appear in 600–
400 cm−1 region. These peaks are the fingerprints of the vibrational modes 
pertaining to particular functional groups’ symmetry and their site sym-
metry in the lattice structure. This is how these spectra provide informa-
tion about the structure of MO NPs.

FIGURE 1.2  Schematic of preliminary techniques used for characterization of MO NPs.
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	 3.	UV-Vis spectroscopy: The optical absorption spectra of MO NPs are 
recorded in 200–900-nm region using an easily available UV-Vis 
spectrometer. These spectra help in distinguishing the monodisperse 
particles in suspension and agglomeration of nanoparticles in small, 
medium- or larger sized ensembles. The band-edge absorption of MO 
NPs has been used for band gap energy and red shifts due to colloidal 
gel formation.

	 4.	SEM and TEM: Both these electron microscopy techniques have been 
used to investigate the shape and surface morphology of prepared MO NPs. 
TEM imagery gives more in-depth information about the morphology and 
precise particle size, while SEM imagery reveals that the prepared MO 
NPs are in the nano range with particles having spherical/rod/spindle/poly-
gon- or irregularly shaped with different particle sizes. They may acquire 
dense or porous morphology. However, TEM imagery reveals the forma-
tion of fine, nano-range MO NPs as well as their variable sizes, shapes 
and agglomerate ensembles. The selected area electron diffraction pattern 
(SAEDP) gives information about the structure of crystalline MO NPs to 
further confirm the XRD data.

	 5.	EDS: The EDS accessory is attached the SEM’s main unit. While scan-
ning the MO NPs sample for morphological details, on the simultaneously 
operating EDS accessory, one can determine the chemical composition 
qualitatively and quantitatively in terms of the metal oxide–constituting 
elements and their composition values in atomic % and weight %, respec-
tively. While recording the SEM images, the EDS spectra and data are also 
recorded to confirm the formation of MO NPs and help detect other metals 
as impurities.

	 6.	EPR Spectroscopy: This sophisticated technology has been used for the 
qualitative and quantitative analysis of paramagnetic species, for example, 
oxygen vacancies, deep-level shallow donors in MO NPs (ZnO, TiO2), free 
radicals of the surfactant and the nature of magnetic nanoparticles. The 
oxygen vacancies are generally formed in MO NPs during the synthesis 
process. The FNPs’ (Fe3O4) ferromagnetic and superparamagnetic nature 
is easily characterized by observing their EPR spectra. In ferromagnetic 
nanoparticles, the broad resonance signal is obtained due to the dominance 
of dipolar–dipolar interactions among nanoparticles, while superparamag-
netic nanoparticles having a size of less than 10 nm exhibit a narrow sig-
nal because in this, each nanoparticle behaves as a free magnet. By this 
method, one can very precisely reveal the nature of paramagnetic species 
by its g-value and calculate the concentration of oxygen vacancies/super-
paramagnetic nanoparticles from ppm to ppb level by the comparison 
method. For the quantitative estimation, 1,1-diphenyl 2-picryl hydrazyl has 
been used as standard reference material.

The selection of appropriate precursor salt, solvents, surfactant, synthesis route with 
optimized temperature, pH, time and other parameters and the characterization of 
MO NPs are very important for assessing their abilities as antimicrobial agents.  



14 Metal Oxide–Based Carbon Nanocomposites

In the next section, the work done on the application of MO NPs as antimicrobial 
agents from 2000 onward is reviewed in brief.

1.6 � TENTATIVE MECHANISM FOR ANTIBACTERIAL ACTIVITY OF 
MO NPS FOR THE DESTRUCTION OF MICROBES/BACTERIA

Extensive work has been reported on the application of MO NPs as antimicrobial 
agents for the diagnosis and treatment of microorganisms, especially bacteria, owing 
to their unique physicochemical, electrical, magnetic, optical and biotic properties. 
The antimicrobial activity mechanism of MO NPs is not fully understood yet, and 
it is still a challenging problem. The possible mechanisms for drastically reducing 
the growth or destroying microorganisms/bacteria reported so far are summarized 
and discussed in lieu of the simultaneous functioning of MO NPs at different con-
stituents of bacterial cells. The process depends on the selection of MO NPs, their 
nature, their particle size and the chemical reaction. Basically, the MO NPs accu-
mulate at the surface of bacterial cell walls by electrostatic interaction because a 
negative charge present in the polymers (e.g., proteins carboxylic acid functional 
group) active groups that attract MO NP metal ions that slowly enter into bacte-
ria by adsorption, dissolution and hydrolysis processes [76] and damages it’s cell 
wall and morphology due to toxic and abrasive nature. Inside the bacterial, MO NPs 
form superoxide anion (O2

−), hydroxyl radicals (-OH•), hydrogen peroxide (H2O2) 
and organic hydroperoxides (OHPs) reactive oxygen species (ROS) chemically or 
by the absorption of light of an appropriate wavelength. The variations in electronic 
properties and decrease in particle size of MO NPs generate more active groups/
sites at the surface of the nanoparticles which on interaction with oxygen (O2) and 
electron donor/acceptor active sites form O2

•-, and this species further produces more 
ROS through Fenton-type reactions [77]. The physicochemical properties of MO 
NPs, such as surface area, diffusion and electrophilic nature are the parameters, 
which provide information regarding the quantity of ROS production in the bacteria. 
O2

•- species obstruct the release of respiratory enzymes by damaging the iron–sulfur 
(Fe–S) clusters in the electron transport chain and discharge of more ferrous (Fe2+) 
ions for decreasing adenosine triphosphate (ATP) production. The ferrous ions are 
oxidized by the Fenton reaction for more OH• radical production for the destruction 
of DNA, proteins and lipids present in bacteria cells [78]. H2O2, as an oxidant, is 
fatal to cells; it affects the DNA and proteins in microbes [79]. The intermediate per-
oxyl free radicals undertake the peroxidation reaction of unsaturated phospholipids 
present in the membranes for acute damage. This reaction brings conformational 
changes in the membrane proteins and the membrane fluidity, while the ionic imbal-
ance leads to the migration of more metal ions owing to membrane damage [80]. The 
presence of malondialdehyde (MDA) has been used as an index for cell membrane 
damage. Its concentration rises due to lipid peroxidation by ROS [81]. It means the 
ROS are involved in the disruption of phospholipids present in the cell membranes, 
lipoproteins and nucleic acids that develop oxidative stress for killing the microbes. 
Glutathione is a nonenzymatic antioxidant that protects bacteria to overcome oxida-
tive stress. The metal ions released by MO NPs oxidize glutathione for more ROS 
production. The oxidized glutathione also enhances the lipid peroxidation reaction 
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in the bacterial cell membrane for destroying it. The excessive production of ROS 
within the bacterial cell disturbs the activity of antioxidant enzymes. This dispar-
ity in oxidants and antioxidants in microbes develops oxidative stress, which even-
tually destroys them. These species simultaneously attack the different parts like 
the nucleus, lipids, and polysaccharides present in the bacteria/microorganism cell 
for deactivation or destruction. This fast process restricts the mutation of bacteria/
microorganisms to become resistant to the administered drug or ointment, unlike 
antibiotics, and resulted in the eruption and destruction of the intercellular parts of a 
microbe/bacterial cell. The penetration of more metal ions into the bacterial/micro-
bial cell interrupts their metabolic activity due to a malfunctioning of enzymes and 
catalysts [82]. The electrical properties of MO NPs have been captured for interac-
tion with nucleic acids, especially genomic and plasmid DNA [83], which inhibits 
the cell division process of bacteria/microbes by interrupting chromosomal, as well 
as the plasmid, DNA replication process. This affects signal transduction in bacteria 
due to the dephosphorylation of phosphotyrosine. Hence, the restriction of signal 
transduction in bacteria eventually blocks the bacteria’s growth [84, 85]. Metal ions 
form cross-linkages within or between nuclear material, for example, DNA, which 
disturbs their helical structured strands. MO NPs’ metal ions in the cell are reduced 
to metal atoms by thiol (–SH) groups present in enzymes and proteins. Hence, this 
reduction reaction deactivates the proteins, which inhibits the metabolism and res-
piration activity of bacteria and finally leads to cell death. In addition to this pro-
cess, the catalytic property of metal ions is exploited, which involves in oxidation 
of amino acid side chains to protein carbonyls, known as a carbonylation reaction, 
and acts as a marker to reveal the oxidative protein damage. This reaction decreases 
the catalytic activity in enzymes which in turn causes protein degradation. In gram-
negative bacteria, lipopolysaccharide of the outer lipid bilayer imparts more negative 
charges than the phospholipid layer [86]. They have more negative charges, that is, 
stronger strains, compared to gram-positive bacteria [87]. However, for skin bacte-
rial/microbial infections, one can use MO NP photocatalysts in the ointment for 
external use, which absorb UV/visible light from sunlight/normal light inside the 
premises for the excitation of electrons from the valence band (VB) to the conduction 
band (CB). The formed holes in VB and excited electrons in CB initiate the process 
of ROS formation and follow the same path as described earlier for the destruction 
of the bacteria cell.

1.7 � SUMMARY AND THE FUTURE OF MO 
NPS AS ANTIMICROBIAL AGENTS

Extensive work has been reported on the use of MO NPs as antimicrobial materials. 
This chapter has concisely described the introduction and severity of the problem, 
the synthesis methods for producing MO NPs and their characterization by simple 
basic characterization techniques. The tentative mechanism is proposed based on 
available literature. But still, no medically approved standard list of MO NPs for 
antimicrobial treatment for the healthcare sector is available. An AMR bacterial 
infection therapy has been tried to reveal the role of MO NPs’ action with a tenta-
tive mechanism involved in destroying deadly microorganisms. Before being taken 
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to the market as antimicrobial agents, an evaluation and assessment of the risks 
and adverse effects are required. The risk and severe effects faced by patients dur-
ing the administration of MO NPs on or into the body have not fully explored and 
assessed yet. Before marketing them as antimicrobial medicine in place of antibiot-
ics, one should take care of all possible merits and demerits. This process draws 
special attention to the dosage, patients’ immunity, allergies to a particular drug, 
effectiveness, off-target toxicity of MO NPs and so on. The unique physicochemical 
properties of MO NPs having a large surface area–to–volume ratio with different 
morphological shapes have been utilized for antimicrobial activities. The toxicity of 
MO NPs is one of the major problems, and they are very sensitive to parameters like 
particle size compared to their bulk analogue, dispersion in solvents, stoichiomet-
ric composition, susceptibility and type of the bacterial stains, ROS generation and 
simultaneous degradation reactions.
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2.1 � INTRODUCTION

Today, one of the most active and important research areas in modern material sci-
ence and technology is nanotechnology. There are many different types of nano-
structured materials available, such as nanoparticles, nanopores, nanotubes, and so 
on [1–8]. The nanoparticle is one of the most important components of nanotech-
nology. The nanoparticles show a broad range of applications not only in electron-
ics, materials science, physics, optics, and chemistry but also in health sciences 
or biomedical sciences, among others. There are various types of nanoparticles, 
including gold (Au) [9–12], silver (Ag) [13–16], titanium (Ti) [17–18], zirconium 
(Zr) [19], strontium (Sr) [20], and others that can be used for various applications. 
Nanoparticles are particles with a diameter of 1–100 nm; these nanoscale particles 
possess new, superior, and distinct biological, chemical, and physical properties. 
Metal nanoparticles are the most studied materials because of their ease of prepa-
ration. Furthermore, they can be used as surface-coating agents, detectors, cata-
lysts, antimicrobials, and others. Silver [21, 22], gold [23], platinum [24–27], and 
palladium are examples of some of the most studied metal-based nanoparticles. 
The study of these metal-based nanoparticles is particularly useful in the field of 
health and medicine. Silver has been found to be an effective antimicrobial agent 
due to the interaction of silver ions with macromolecules present in the cell, like 
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deoxyribonucleic acid, and proteins that has the ability to destroy bacterial cell 
growth and alter the cell metabolism (DNA). When the Ag ion comes into con-
tact with a living cell, it hinders the synthesis of the protein, reduces the perme-
ability of the membrane, and, finally, is responsible for cell death. Chemically, 
silver nanoparticles have shown a greater reactive nature than silver in bulk. As a 
result, silver-based nanoparticles are thought to have better antibacterial proper-
ties [28–30].

Several processes, including chemical reduction, can be used to make metal-based 
nanoparticles. Chemical reduction procedures are frequently utilized because they 
are more convenient and cost-effective [31]. This approach uses reducing chemicals 
like sodium citrate or sodium borohydride to reduce metal salts [32]. However, the 
use of chemicals (such as reducing agents, organic solvents, etc.) in the production 
of nanoparticles causes the production of hazardous substances that adsorb on the 
material’s surface that cause negative and damaging consequences with its applica-
tions [33].

As a result, it is preferable to employ ecologically friendly approaches to syn-
thesize effective and nontoxic nanoparticles. It is possible to synthesize nanopar-
ticles by using only green approaches. By using plants, microorganisms, or natural 
products, green synthesis methods have been adopted to synthesize metal-based 
nanoparticles [34].

The content of secondary metabolites as reducing agents has been used in the for-
mation of nanoparticles by using various parts of plants, bacteria, algae, fungi, and 
yeast, among others, as raw materials [35]. Biological substances are said to serve 
as stabilizers, reducers, or both in the formation of green nanoparticles [36]. The 
biological synthesis of many metal nanoparticles was designed by using a variety 
of plants and their antibacterial activity has been assessed [37]. Nanomaterials have 
structural characteristics that are halfway between those of atom and bulk materi-
als. While the properties of most micro-structured materials are similar to those of 
corresponding bulk materials, the properties of materials with nanoscale dimensions 
of atoms and bulk materials are drastically different. This is due to the small size 
(nanoscale) of the materials, which results in

	 1.	a high surface energy,
	 2.	a large fraction of atoms present on the surface,
	 3.	 reduced imperfections, and
	 4.	spatial confinement.

2.2 � TYPES OF NANOPARTICLES

Nanoparticles can be divided into different types on the basis of their composition. 
On the basis of composition, nanoparticles are classified as organic nanoparticles 
(e.g., polymers, liposome), inorganic nanoparticles (ceramic, quantum dots, metals) 
and carbon-based nanoparticles (organic colloids, etc.). However, on the basis of 
origin, they are classified as natural nanoparticles and anthropogenic nanoparticles 
(C-containing and inorganic nanoparticles).
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Natural and manmade nanoparticles can be distinguished as shown in Table 2.1. 
The particles can be further divided into carbon-containing and inorganic nanopar-
ticles based on their chemical composition, that is, geogenic, biogenic, pyrogenic and 
atmospheric.

Fullerenes and carbon nanotubes of biogenic magnetite, pyrogenic or geo-
genic origin and atmospheric aerosols (organic and inorganic like sea salt and 
others) are examples of natural nanoparticles. Anthropogenic nanoparticles 
can be produced accidentally as a by-product, most commonly during combus-
tion, or purposely owing to their unique properties. They’re often referred to as 
engineered or made nanoparticles in the latter situation. Fullerenes and carbon 
nanotubes (pristine and functionalized), as well as metals and their oxides like 
silver and titanium, are some examples of designed nanoparticles. Engineered 

TABLE 2.1
Type of Nanoparticles on the Basis of Origin

Sr. 
No.

Mode of origin Type Formation Nature Examples

1. Natural
nanoparticles

Carbon-
containing

nanoparticles

Geogenic Soot Fullerenes

Biogenic Organic colloids 
organisms

fulvic acids, Humic

Pyrogenic Soot Nanoglobules, CNT
Fullerenes, nanospheres 
onion-shaped

Atmospheric Aerosols Organic acid

Inorganic 
nanoparticles

Geogenic Oxide
Clays

Atmospheric Aerosols  Sea salt

Biogenic Oxide
Clay

Magnetite
Au, Ag

2. Anthropogenic 
(manufactured 
engineered) 
nanoparticles

Carbon-
containing

Engineered Soot Carbon black
Fullerenes
Functionalized CNT, 
fullerenes

By-products Combustion 
by-products

Polymeric 
nanoparticles

Polyethyleneglycol, 
nanoparticles, CNT, 
nanoglobules, onion-
shaped nanospheres

nanoparticles

Inorganic 
nanoparticles

Engineered
By-products

Oxides
Salts
Metals
Alumino-
silicates

Combustion 
by-products

 SiO2, TiO2, Ag, Fe
Metal-phosphates
Zeolites, ceramics, clays 
and metals of

Platinum group
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nanoparticles are the focus of contemporary environmental research, but many 
of them are also found naturally, such as fullerenes and inorganic oxides, among 
others. The various sorts of natural and man-made materials are discussed in the 
following sections.

2.2.1 � Natural and Unintentionally Fabricated 
Carbon Nanotubes and Fullerenes

Fullerenes and carbon nanotubes are regarded as manmade nanoparticles; they are 
also considered as natural particles or have near environmental cousins. While some 
of these fullerenes may have come to earth via comets or asteroids [38], the vast 
majority are thought to have been generated from algal matter while metamorphosis 
at a temperatures range between 300 to 500°C in the presence of elemental sulfur 
[39] or during the natural processes of combustion.

2.2.2 � Natural and Unintentionally Generated Inorganic Nanoparticles

Natural inorganic nanoparticles can come from the atmosphere, geology or bio-
logical agencies. Inorganic nanoparticles are found everywhere in geological 
systems [40, 41]. Nanoparticles are also known as common aerosols in the envi-
ronment, and they are pioneers in the creation of bigger particles that are known to 
have a significant impact on atmospheric chemistry, global climate, visibility and 
pollution transport on a regional and global scale [42]. Soil dust and sea salt are 
examples of primary atmospheric nanoparticles, although coarse particles make 
up the majority of the mass fraction. Based on mass, the average particle size of 
mineral dust (airborne) is in a range between 2 to 5 mm. The average particle size 
depending on the number of particles is roughly 100 nm, with a significant per-
centage falling below this figure [43]. Rhodium (Rh)-and platinum (Pt)-containing 
particles created by car catalytic converters are a unique type of inadvertently pro-
duced nanoparticles. Although the majority of Rh and Pt are linked with coarser 
particles, roughly 17% has been discovered to be related with tiniest aerosol frac-
tion, that is, 0.433 mm [44].

2.2.3 �E ngineered Fullerenes and Carbon Nanotubes

Buckminsterfullerene C60 is by far the best studied among the large family of fuller-
enes. Fullerenes are primarily proposed for use in composites of fullerene polymer, 
electro-based optical devices, thin films and numerous biological applications [45, 
46]. Due to the limited water solubility of fullerenes, much effort has been devoted 
to functionalization and a plethora of C60 derivatives have been synthesized, each 
with their own set of characteristics and properties [47]. Carbon nanotubes are the 
trendiest topic in the area of physics right now [48]. A range of distinct carbon nano-
tubes with highly varying properties are created, which depend on the synthesis 
method, the methodology employed for the separation from amorphous by-products, 
following cleaning stages and finally different functionalization [49]. The potential 
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of altering the characteristics of carbon nanotubes is being investigated in biological 
and medical applications [50].

2.2.4 �S oot

Anthropogenic and natural combustion processes, which occur in fixed and mobile 
sources, produce a diverse range of particles, so-called ultra-fine particles that fit 
the traditional definition of nanoparticles. The scope of this study is limited to the 
“soot” component of the black carbon combustion continuum and refers to nanosized 
black carbon as soot. Soot is discharged into the atmosphere because of recondensa-
tion after incomplete combustion of renewable and fossil fuels [51], where it spreads 
throughout the hemisphere and settles on soils and aquatic bodies. Carbon black is a 
type of soot that is used in industry for a variety of purposes, including filler in rub-
ber compounds, notably in automotive tires, and others. Carbon black particles are 
partially nanometer-sized with approximate values ranging from 20 to 300 nm for 
various nanoparticles [52, 53].

2.2.5 �O rganic Colloids

In natural waters, colloidal matter is described as molecular assemblies, particles 
and macromolecules with a size of about 1 nm and hence fall into the size range of 
nanoparticles to some extent. Inorganic colloids and big biopolymers, such as poly-
saccharides and peptidoglycans, are examples of environmental colloids. Colloids 
must be regarded as an important component of the nonbiological medium that sup-
ports life [54]. However, our understanding of natural colloid structure and environ-
mental impact has improved greatly in recent years; hence, their composition and 
precise function remain unknown.

2.2.6 �A erosol

Recently, the methods of synthesis based on aerosol have gained popularity because 
of their ease, versatility, low cost, small particle shape and size and the capability of 
synthesizing particles with negligible toxic environmental effects. The techniques 
based on aerosol provide nanoparticles with very high purity. In comparison to tra-
ditional wet-chemical methods, this method does not involve a large number of steps 
[55]. This system of nanoparticles preparation is being most widely acquired on a 
commercialized scale as it permits the collection of nanoparticles in a single step and 
results in little waste production [56].

2.2.7 �E ngineered Polymeric Nanoparticles

In medicine, nanoparticles made from organic polymers have piqued the atten-
tion of researchers as medication carriers. Polymers are particularly used to design 
nanoparticles with customized properties due to their ability to manipulate morphol-
ogy, size, composition surface and charge. These nanoparticles are ultimately taken 
up by various living cells, and their capability to traverse the blood-brain barrier 
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is being investigated [57]. For soil and groundwater remediation, several forms of 
polymeric nanoparticles have been produced and proposed [58, 59]. It has been 
found that micelles, such as amphiphilic polyurethane particles with exterior side 
(hydrophilic) and inner core (hydrophobic), are well adapted for withdrawing hydro-
phobic contaminants from the soils. The nanoparticles remove polycyclic aromatic 
hydrocarbons in the same way that micelles do, but unlike micelles the polymeric 
nanoparticles, do not bind to soil particles. Dendrimers, which act as water-soluble 
chelates, are another polymeric nanoscale substance [60].

2.2.8 �E ngineered Inorganic Nanoparticles

Engineered inorganic nanoparticles are made up of a variety of materials, including 
metal, metal salts and oxides of metals. Element silver (Ag) is employed as a bacte-
ricide in numerous conditions [61], whereas elemental gold is being studied for its 
catalytic activity [62]. The utilization of zero-valent iron (nanoscale) for remediating 
groundwater is the most studied nanotechnological application based on the environ-
ment [63].

2.2.9 �M etal Oxides

Nanoparticles obtained from oxides of metals are one of the most commonly used 
nanoparticles [64]. For many years, bulk materials of iron oxide, titanium oxide, 
aluminum oxide and silicon oxides have been manufactured. However, they have 
lately been synthesized in a nanoscale form and have already made their way into 
the consumer market, such as ZnO in sunscreens [65]. Pigments, photocatalysis and 
cosmetic additives are just a few of the applications for TiO2 nanoparticles.

2.3 � EFFECT OF CHEMICALLY SYNTHESIZED NANOPARTICLES 
ON ENVIRONMENT AND LIVING ORGANISMS

Environmental impacts of nanoparticles require detailed knowledge of character-
istics, such as physicochemical properties, identification, method of emission and 
toxicity level for the environment [66]. The toxicity impact depends on the number 
of and frequency that nanoparticles reach the environment. The quantitative analysis 
and evaluation of nanoparticles released into the environment need deep research 
right from the raw materials required to produce them to their emission into the 
environment [67].

2.3.1 �O n Soil

A large number of nanoparticles is found to penetrate the environment and the soil. 
They may be accidently passed into the soil through various agencies, like wind and 
in excretory material from the laboratory during synthesis and so on, and show their 
potential toxicity, hence disturbing the natural behavior of soil [68]. The environ-
ment’s soil can be examined by measuring the activity of the enzymes present in soil. 
Along with soil, nanoparticles affect the organisms found in soil, like earthworms, 



28 Metal Oxide–Based Carbon Nanocomposites

insects and others. The burrowing activity of earthworms is very important and is 
found to be crucial for increasing the fertility power of soil, increasing water fil-
tration and minimizing the erosion effect. That’s why earthworms were used to 
observe the effects of nanoparticles, and some experiments were designed to detect 
their effect on them. One of the most important methods used to find the biological 
changes in earthworms is targeting the apoptotic process. Apoptotic cells are found 
in intestinal and cuticle epithelium. These parts were directly exposed to nanopar-
ticles, and it has been observed that they affect the mucus, antibacterial molecules, 
nutrient absorption and immune protection supported by chloragogenous tissue. 
Eisenia fetida (species of earthworm) was exposed to 4 nm Co nanoparticles over 
seven days, and evidence shows that this organism retained the nanoparticles for 
eight weeks and that only 20% of the ingested nanoparticles were discharged from 
the body. These nanoparticles were found in the cocoons and blood along with in 
spermatogenic cells [69].

Similarly, nanoparticles of titanium oxide enter several layers of soil, but they 
are found to be inert. TiO2 nanoparticles show toxic effects in the presence of 
sunlight and water as they form reactive species, that is, free radicals. These 
nanoparticles damage the DNA of humans and animals in the presence or absence 
of sunlight [70, 71].

2.3.2 �O n Terrestrial Animals

Terrestrial animals include all the animals living on earth, especially human 
beings. Due to their large surface area and very small size, nanoparticles can enter 
the body through various modes, such as inhalation, transcutaneous mode and 
others, but in all modes, the small size of nanoparticles enables endocytosis to 
infiltrate the cell and then transcytosis to enter other cells. So upon inhalation, 
they reach the nervous cells of the olfactive epithelium, then the axons, and then 
the olfactive bulbs in the brain, and here, they affect the neurons. Experiments 
with mice and rats confirm the actual harmful effects of nanoparticles on brain. At 
about 1.5 μg/ml concentration, Cu nanoparticles produce the expansion of endothe-
lial cells in brain capillaries. In another experiment, Ag nanoparticles affected the 
blood-brain barrier after an exposure of 24 hours [72]. It has been found that the 
size of nanoparticles plays an important role in the spread of disease. For example, 
in adult rats, Ag nanoparticles with a particle size of 25–40 nm induce more cyto-
toxic effects compared to nanoparticles with 80 nm and result in the reduction of 
its locomotor activity [73]. Various nanoparticles also have the ability to reach in 
lungs, liver, bone marrow, spleen, lymph, heart and more. In these body parts, they 
are responsible to induce oxidative stress, antioxidant activity, prooxidant activi-
ties and the like [74].

2.3.3 �O n Amphibia

Amphibians or semiaquatic animals are those species that spend their larval life in 
water and breathe with gills. When they become terrestrial, they develop lungs and 
their gills disappear. Hence, their circulatory system also gets modified. Apoptotic 
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cells have also been found in tadpoles [75]. As metamorphosis is under the control of 
the pituitary and thyroid glands, so amphibians represent a unique model for show-
ing the toxic effects of nanoparticles. An experiment was performed on a species 
of tadpole, that is, Lithobates catesbeianus, to observe the effect of TiO2 nanopar-
ticles. The results were evaluated after exposure of 20 nm of nanoparticles through 
genes transcription encoding of the receptors of thyroid hormones (thrb and thra) 
implicated in the metamorphosis, catalase (cat), superoxide dismutase (sod), for rlkI 
(larval keratine type I) and hsp30 (stress proteins) [76]. Different nanoparticles of 
TiO2, CuO and ZnO did not result in the death of the embryo but affected the intes-
tine in concentrations of more than 50 mg/L. In particular, nanoparticles of ZnO that 
activate the adverse effects on the intestinal barrier, and hence, allow nanoparticles 
to reach the connective tissue [77]. However, some ZnO-based nanoparticles can 
also improve the different visual functions in the body. A  study of electroretino-
grams identified that nanoparticles enhance the wavelength amplitude in tadpoles 
adapted to anonymity on exposure to sunlight. Also, they improve visual sensitivity 
and decrease the time of light-sensitive pigment (rhodopsin) regeneration [78].

The identification of gold nanoparticles has also been done in other organs of 
amphibians such as the spleen, liver, intestine, kidney, muscle stomach and so on. 
They have shown the presence of about 0.09% on direct ingested of nanoparticles 
and 0.12% when bullfrogs were fed earthworms. These results clearly reveal the pos-
sibility of a trophic transfer of gold nanoparticles [79].

2.3.4 �O n Aquatic Invertebrates and Vertebrates

Some freshwater species such as Thamnocephalus paatyurus and Daphnia magna 
have been used to observe the toxic effects of nanoparticles. Results have shown that 
exposure to TiO2, CuO and ZnO nanoparticles leads to the accumulation of these 
particles in the gastrointestinal tract and other parts of the body [80]. Similarly, 
chronic effects, such as effects on reproduction and growth, have also been found 
[81]. The effect of exposure to CuO nanoparticles has also been reported in the form 
of cellular toxicity and cell death through biochemical pathway of cell structure, 
transcription regulation, cytoskeleton, oxidative stress, proteolysis and apoptosis 
[82]. The zebrafish, Danio rerio, is a fish that is accepted by regulatory agencies for 
investigating nanoparticle toxicity because of its well-known biology. During the 
zebrafish’s early development and larval development stages, many nanoparticles, 
such as Cu nanoparticles, have shown toxic effects, such as increased tissue damage 
and decreased hatching and survival rate [83–85]. Metal ions liberated from some 
metal-based nanoparticles, that is, TiO2, ZnO and Ag, are also responsible for their 
toxicity in water [86–88].

2.3.5 �O n Algae and Plants

Various studies have been done to observe the effect of nanoparticles on algae and plants. 
The harmful effect is due to the dissolution, release and finally uptake of nanopar-
ticles. It has been observed that nanoparticles are responsible for retarded growth of 
marine phytoplankton species like Duanliella teriolecta, Skeletonema marioni and 
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Thalassiosira pseudonana [89–91]. In plants, exposure to aluminum nanoparticles has 
been shown to affect the growth of roots [92]. However, high concentrations of ZnO 
nanoparticles slow the process of seed germination in ryegrass and result in toxicity 
from both particle dissolution to Zn ions and their particle-dependent effects [93].

2.3.6 �O n Microorganisms

A broad range of nanoparticles are found to show antimicrobial activities and hence 
contribute as effective antifungal and antibacterial agents [94, 95]; for example, 
Nano-Ag, Nano-Cu, Nano-Ni and Zn have shown the ability to inhibit the growth 
of Staphylococcus aureus [96, 97]. Escherichia coli has also been found to show the 
toxic effects of nanoparticles such as ZnO, TiO2 and Ag, among others. Along with 
it, other microorganisms like protozoa and yeast are also affected by nanoparticles of 
ZnO, TiO2, CuO and others [98, 99], and studies have shown that some nanoparticles 
of silver do not show their harmful effects not only on bacteria but also on mamma-
lian (liver, brain, etc.) cells, fish, algae, fungi, plants, bacteria, crustaceans, soli-form-
ing chemolithotrophic bacteria and nitrogen-fixing bacteria, among others [100–104].

2.3.7 �O n Human Beings

The optical, chemical and electronic properties of nanoparticles are responsible for 
the discovery and development of novel nanoparticles that have a wide range of appli-
cations. However, this development and expansion of different nanoparticles result in 
serious risks to the health of living things, especially humans [105]. Nanoparticles 
are known to affect the skin, gastrointestinal tract, lungs and other body parts in 
humans as shown in Table 2.1. Hence, “nanotoxicology” represents the concept that 
nanoparticles are a particular and unique class of toxins that differ from other patho-
genic particles [106–108]. The mechanism for nanoparticle exposure to living things 
and the environment is different. The prime exposure can occur to workers during 
research-scale synthesis, at the production site of nanoparticle-based materials and 
during handling of raw materials, packaging, characterization and transportation, 
among others. Even the introduction of nanoparticles into the human body can also 
take place through different mechanisms:

•	 Penetration of nanoparticles through skin
•	 Insertion by respiratory system through inhalation
•	 Intake by digestive system through ingestion

2.3.7.1 � Nanoparticle-Induced ROS Generation and Oxidative Stress
Antioxidant defenses include low-molecular-weight agents like proteins, enzymes 
and others that play the role of scavenger for ROS. Excessive ROS may result in the 
generation of diseases in the body, which is regarded as the condition of oxidative 
stress. So oxidative stress is due to an imbalance between oxidants and antioxi-
dants that results in the overall enhancement in the ROS level [109]. Evidence indi-
cates that oxidative stress has been caused by different nanoparticles and hence 
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negatively affects the cells of the body. Metal-based nanoparticles such as nickel 
(nano-Ni), silver (nano-Ag), cobalt (nano-Co) and zinc (nano-Zn), among others, 
are known to induce an enhancement in intracellular ROS by using a probe, that is, 
H2DCF-DA [110–113]. H2DCF-DA is administrated in the form of diacetate, which 
is further deacetylated in living cells and converted to less permeable H2DCF. The 
H2DCF gets transformed into DCF (fluorescent dichlorofluorescein) by the action 
of ROS. However, DCF is capable of photo amplification for eliminating nonspe-
cific reactions. HE (hydroethidine) has also been used to evaluate the production 
of intracellular ROS with submission to different metal nanoparticles [114, 115].

2.3.7.2 � Systemic Toxicity
Due to their physical resemblance to physiological molecules such as proteins, 
nanoparticles show tendency to revolutionize medical imaging, therapeutics, diag-
nostics and various biological processes. It has been found that the nanoparticles 
have the ability to translocate into the blood from the lungs, which results in the sys-
temic revelation of internal organs. However, neuronal uptake can be a translocation 
route from airways [116]. The extent of toxicity varies with the site of deposition and 
the mode of administration of nanoparticles.

2.3.7.3 � Genotoxic Effects of Nanoparticles
Evidence indicates that the toxicity of some nanoparticles increases with a decrease 
in particle size [134, 135]. Nanoparticles of arsenic (As), chromium (Cr), cadmium 
(Cd) and nickel (Ni), among others, are found to be carcinogenic in both humans and 

TABLE 2.2
Harmful Effects of Nanoparticles of Living Things

S. No. Nano
Particle

Target Concentration 
(time/size)/

Route of 
Administration

Cellular 
Target

Animal 
Target

Major Effects Ref

1. Silica-based 
nanoparticles

Lungs Approximately 
10 to 100 g/ml 
for 24 h,

48 h and 72 h

A549 lung 
cancer cells 
of human

The Oxidative 
stress indicated 
the mode of 
Cytotoxicity.

[117]

2. Silica-based 
nanoparticles

Lungs Approximately 
0–185 g/ml for 
24 h.

endothelial 
cells 
(EAHY926) 
J774, human 
lung cancer 
cells 
monocyte 
(A549) 
macrophages

Enhancement in 
dose-dependent 
cytotoxicity.

[118]

(Continued )
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TABLE 2.2  (Continued)
Harmful Effects of Nanoparticles of Living Things

S. No. Nano
Particle

Target Concentration 
(time/size)/

Route of 
Administration

Cellular 
Target

Animal 
Target

Major Effects Ref

3. Silica-based 
nanoparticles

Lungs Approximately 
20 mg for 1 or 
2 months 
through 
Intratracheal 
administration

Wistar rats Lower pulmonary 
fibrosis induced 
by nanosized 
silica particles 
as compared to 
particles with 
micro-size due 
to the transfer 
of ultrafine 
nanosilica from 
the lung 
parenchyma.

[119]

4. Silver-based 
nanoparticles

Dermal Concentration 
0.76–50 g/ml 
for 24 h

A431 (skin 
carcinoma in 
human)

Rise in lipid 
peroxidation, 
GSH and SOD 
at 
concentrations 
between 
6.25–50 g/ml. 
DNA 
fragmentation 
results in cell 
death due to 
apoptosis.

 [120]

5. Silver-based 
nanoparticles

Dermal dressing of 
wound with 
silver-coated 
ActicoatTM for 
7 days

burns patient
(human)

Discoloration of 
area of skin 
under treatment 
(argyria-like), 
elevated 
concentration of 
silver in urine 
and plasma with 
increasing 
amount of liver 
enzymes.

[121]

6. Silica-based 
nanoparticles

Dermal Approximately 
70, 300 and 
1000 size in 
nanometers

Cells of 
murine 
Langerhans 
(XS52)

Enhancement in 
toxicity with 
faster cellular 
uptake due to 
smaller particles 
and concomitant 
toxicity.

[122]
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S. No. Nano
Particle

Target Concentration 
(time/size)/

Route of 
Administration

Cellular 
Target

Animal 
Target

Major Effects Ref

7. Silver-based 
nanoparticles

Dermal Approximately 
50 and 100 
g/m treatment 
for 24 h

Mouse 
fibroblasts 
(NIH3T3)

ROS-associated 
cellular 
apoptosis in 
mitochondria.

[123]

8. TiO2-based 
nanoparticles

Dermal Applied 
approximately 
2 mg/cm2 as 
sunscreen on 
volar forearm 
for 1st 3 days

Volunteers 
(human)

 Less than 1% of 
total amount of 
sunscreen 
applied could be 
identified within 
pilosebaceous 
orifices.

[124]

9. Gold-based 
nanoparticles

Dermal Approximately 
(13 nm) 95, 
142 and 190 
g/m and (45 
nm) 13, 20 and 
26 g/ml for 3 
to 6 days

Fibroblasts 
Cells of 
Human 
dermal 
(CF-31)

Cytotoxicity was 
found to depend 
on dose and 
size. Particles 
with 45 nm are 
responsible for 
greater toxicity 
at 10 g/ml while 
particles with 
13 nm exhibited 
cytotoxicity at 
75 g/m 
concentration.

[125]

10. Gold-based 
nanoparticles

Dermal Concentrations 
of 0 to 0.8 g/
ml with 14 nm 
in size treated 
2, 4 or 6 days.

Fibroblasts 
Human 
dermal cells

Reduction in the 
proliferation of 
cell that depend 
on a dose of 
nanoparticle.

[126]

11. Gold-based 
nanoparticles

Liver Approximately 
0.14 to 2.2 mg/
kg with 13.5 
nm in size 
applied for 
14–28 days 
through 
intravenous, 
oral or 
intraperitoneal 
route.

 Administration 
via tail vein 
show less 
toxicity as 
compared to 
oral 
administration.

[127]

(Continued )
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S. No. Nano
Particle

Target Concentration 
(time/size)/

Route of 
Administration

Cellular 
Target

Animal 
Target

Major Effects Ref

12. Silver-based 
nanoparticles

Liver A concentration 
of 23.8, 26.4 
or 27.6 g/ml as 
single or 
repeated doses 
of 20, 80 and 
110 nm, 
respectively, 
once in a day 
for 5 days 
through 
Intravenous 
route of 
administration.

Wistar rats Repeated 
administration 
of nanoparticles 
show 
implications for 
toxicity in 
tissues.

[128]

13. Silica-based 
nanoparticles

Liver Approximately 
0.001 g/ml for 
1, 3, 7, 15 and 
30 days 
Intravenously.

ICR mice Liver, lungs and 
spleen were 
found with the 
accumulation of 
nanoparticles. 
Hepatocyte 
necrosis and 
hepatic portal 
area were 
affected.

[129]

14. Gold-based 
nanoparticles

Brain 40, 200 and 400 
g/kg for 8 days 
with 12.5 nm 
size 
administered 
intraperitoneal.

C57 or BL6 
mice

Nanoparticles 
with small 
concentrations 
were found to 
cross the BBB 
but evident 
neurotoxicity 
could not be 
induced.

[130]

15. Silver-based 
nanoparticles

Brain Approximately 
10, 25 or 50 g/
ml for 1 h in a 
day.

Homogenates 
and Wistar 
tissue of rat

Oxidative stress 
and cell damage 
occur by 
decreasing the 
respiratory 
chain complexes 
I, II, III, and IV 
in mitochondria.

[131]

TABLE 2.2  (Continued)
Harmful Effects of Nanoparticles of Living Things
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S. No. Nano
Particle

Target Concentration 
(time/size)/

Route of 
Administration

Cellular 
Target

Animal 
Target

Major Effects Ref

16. Silver-based 
nanoparticles

Brain With 60 nm 
size, 30, 300 or 
1000 mg/kg 
for 28 days 
orally.

Sprague-
Dawley
(rats)

Oral introduction 
results in the 
accumulation of 
nanoparticles in 
the brain and 
other parts of 
the body. High 
dose may also 
result in the 
enhancement in 
cholesterol level 
that indicate 
hepatotoxicity.

[132]

17. CdSe QD–based 
nanoparticles

Brain 50 nmol 
cadmium with 
concentration 
of 0.68 mg 
containing for 
six hour and 
13.5 nm size 
intraperi
toneally.

ICR mice High 
concentration of 
Cd ions 
accumulates in 
brain tissue but 
no signs of 
parenchymal 
damage and 
inflammation 
were observed.

[133]

animals [136–138]. Different routes have been suggested to explain nanoparticle-
induced carcinogenesis as follows:

•	 Effects of redox signaling and ROS on the normal functioning of cells and 
on the mutation of genomic DNA

•	 Decreasing the defenses of the antioxidant
•	 Activation of various factors of nuclear transcription, such as NFAT, NF-κB 

and AP-1
•	 Apoptosis induced by metals
•	 Metal effects on the growth regulation of cell

Metal-induced tumor suppressor and oncogene activation such as p53 suppression 
show the genotoxic effects in living organisms [139–141]. Metals like cadmium, 
nickel, arsenic and chromium disturb the methylation level of DNA and gene-
specific histone-tail post-translational modification marks. These nanoparticles have 
the ability to perforate cells by using various methods such as receptor-mediated 
endocytosis, clathrin and passive diffusion, as well as diffusion within the nuclear 
membrane and nuclear pore, or may persist in nucleus.

The presence of nanoparticles inside the nucleus results in a direct interaction 
between DNA or DNA-related proteins and nanoparticles, which ultimately leads to 
physical and chemical changes in genetic material [142–144].
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2.3.7.4 � Inflammation and Nanoparticles
Inflammation due to injury is an ordinary condition, but an excess of inflammation 
can cause inflammatory disorders, including inflammatory bowel disease, arthritis 
and dermatitis, among others [145–148]. Excessive immune responses activate the 
function of immunomodulatory cells, like macrophages, neutrophils and others, and 
are responsible for the release of various proinflammatory mediators, like ROS and 
cytokines. Persistent inflammation is a major reason for various diseases that result 
in the generation of many diseases of heart and lungs. [149–151]. Few in vivo and in 
vitro results have shown that nanoparticles enhance the rate of inflammation in the 
body. Some nanoparticles are found to damage the mitochondria without any inflam-
mation and ultimately cause cell death. [152]. The administration of some nanopar-
ticles synthesized using metals like Ag, silica, aluminum and others into the body 
causes the activation of inflammation in macrophages that leads to the excretion of 
the proinflammatory cytokines IL-18 and IL-1β, among others, which is mediated by 
ROS production and lysosomal disruption [153–155]. Several studies have revealed 
that exposure to silica, asbestos and aluminum salts increases the secretion of IL-1β 
by activating NLRP3 [156, 157]. Exposure to some nanoparticles, like nano-TiO2 
and nano-C, induces pulmonary inflammation due to the excretion of IL-1β [158]. 
Thus, it is observable that IL-1β plays a crucial role in the toxic effects generated by 
nanoparticles.

2.4 � PRINCIPLES OF GREEN CHEMISTRY

To reduce the toxic and harmful effects of chemically synthesized nanoparticles, a 
remedial solution for a green approach to nanoparticle synthesis has been adopted. 
This is found to be an environment-friendly approach and was developed to conserve 
and use natural resources. A green approach aims to synthesize nanoparticles with 
minimal energy consumption and negligible waste production while using fewer 
natural raw materials [159]. There are about twelve principles of green chemistry 
which are shown in Figure 2.1.

•	 Prevention: This principle emphasizes prevention rather than production. 
It means that measures should be taken to prevent the generation of waste 
rather than to treat it.

•	 Atom economy: This principle refers to the synthetic procedures that must 
be designed to amplify the involvement of whole raw materials in the final 
product.

•	 Less hazardous chemical syntheses: This principle refers to the sub-
stances used and generated should not possess toxicity to the environment 
and animals.

•	 Designing safer chemicals: This principle refers to designing such chemi-
cal products that should give maximum efficiency and minimum toxicity.

•	 Safer auxiliaries and solvents: This principle refers to avoiding, if pos-
sible, auxiliary materials like separating agents, solvents, intermediate and 
others that can be toxic.
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FIGURE 2.1  Principles of green chemistry.

•	 Design for energy efficiency: Arrangements should be done to do the 
synthesis at ambient pressure and temperature to minimize the energy 
requirements.

•	 Use of renewable feedstocks: Renewable starting (raw) materials must be 
used rather than exhaustible materials to conserve the environment.

•	 Reduce derivatives: The use of protection/deprotection, blocking groups, 
chemical and physical processes, among others, should be minimized to 
avoid using hazardous reagents.

•	 Catalysis: Selective catalytic reagents should be used in place of stoichio-
metric reagents.

•	 Design for the degradation: Synthetic products must be designed in a 
manner so that on degradation their by-products should not preserve in the 
environment.

•	 Real-time analysis for prevention of pollution: Analytical methods 
should be used right from starting through the final preparation of the prod-
uct so that knowledge of hazardous substances can be taken in before reach-
ing the final step.

•	 Inherently safer chemistry for accident prevention: Raw materials and 
intermediates that have the capabilities of minimizing chemical accidents, 
fire and explosions should be chosen.



38 Metal Oxide–Based Carbon Nanocomposites

2.5 � METHODS OF SYNTHESIS OF GREEN NANOPARTICLES

Basically, there are three methods of nanoparticle synthesis, chemical, physical and 
biological, as well as the green method of synthesis. But in this chapter, we discuss 
only the green method of synthesis of nanoparticles. Synthesis can be done in one 
step using biological organisms like bacteria, actinomycetes, yeasts, algae, fungi and 
plants, among others, as shown in Figure 2.2.

2.5.1 �P lants

The advantage of utilizing plants to synthesize nanoparticles is widely applicable 
because they are easily available, economical, safe to handle and show a broad vari-
ety of metabolites. A large number of plant parts have been used to synthesize metal-
based nanoparticles. Nanoparticles of nickel, copper, silver, cobalt, gold, zinc and 
others have been synthesized using parts of Helianthus annus (sunflower), Medicago 
sativa (alfalfa) and Brassica juncea (Indian mustard), among others. Many plants 
are recognized for accumulating large concentrations of metals compared to others, 
and these are termed as hyperaccumulators.

For example, Brassica juncea has excellent metal-accumulating power and later 
assimilating the same metals as nanoparticles [160]. The role of phytochemicals is 
found to be very important in the preparation of nanoparticles. The main phyto-
chemicals which are responsible have been recognized as ketones, aldehydes, terpe-
noids, carboxylic acids, flavones and amides, among others. Every part of the plant 
such as stem, root, flower, leave, seed, bark and so on is used in the preparation. 

FIGURE 2.2  Methods of synthesis of nanoparticles.
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Liquid extracts of plant parts and metal solutions are prepared in appropriate sol-
vents under suitable conditions and then subjected to synthesized nanoparticles using 
various processes. Gold nanoparticles have been prepared using the liquid extracts 
of Diospyros kaki and Magnolia kobus leaves. After identifying the nanoparticles, 
it was reported that particles of polydisperse with an approximate size of 5–300 nm 
were recovered at lower temperatures while higher temperatures assisted in the for-
mation of spherical and smaller nanoparticles [161].

2.5.2 �B acteria

Bacteria are the greatest choice for nanoparticle manufacturing among all other 
methods because of their exceptional ability to reduce the number of heavy metal 
ions. Some species of bacteria have developed the ability to use specialized defense 
mechanisms to fight stressors like heavy metals or metal toxicity. Some of them 
(Pseudomonas stutzeri and Pseudomonas aeruginosa) have been found to remain 
and proliferate in high metal ion concentrations [162, 163]. Furthermore, it has 
been observed that when spread on elemental sulfur as energy source, Sulfolobus 
acidocaldarius, Thiobacillus ferroxidans and Thiobacillus thiooxidans were able to 
transform ferric ions to ferrous ions. T. thiooxidans was able to aerobically reduce 
iron in a low pH medium. Ferrous iron could not be oxidized by T. thiooxidans, 
while the biological reduction of ferric iron by T. ferrooxidans was not found to be 
aerobic due to the quick reoxidation of ferrous iron when oxygen was present [164]. 
Other phenomena of biomineralization have been reported, including the develop-
ment of tellurium in E. coli [165]. The direct reduction of Tc(VII) by resting cells of 
Shewanella has also been reported. Enterobactercloacae, Desulfovibrio desulfuri-
cans and Rhodospiriillum rubrum reduce selenite into selenium [166]. Researchers 
have shown the ability of P. Aeruginosa, Bacillus cereus, E. coli and B. subtilis 
to remove La3+, Ag+, Cu2+ and Cd2+ from the solution. They discovered that the 
cells of bacteria may hold significant amounts of metallic cations of nanoparticles. 
Furthermore, some of these bacteria, such as Magnetotactic, may produce inorganic 
nanoparticles like intracellular magnetite nanoparticles [167]. The majority of the 
bacteria involved in the production of nanoparticles are depicted in Table 2.3.

TABLE 2.3
Green Biosynthesis of Nanoparticles Using Bacteria

Bacteria Nanoparticle Morphology Size (nm) References

Bacillus cereus Silver Spherical 20–40 [168]

Aeromonas Silver - 6.4 [169]

Bacillus megatherium D01 Gold spherical 1.9 ± 0.8 [170]

Bacillus subtilis Silver Triangular and 
Spherical

5–50 [171]

Bacillus subtilis 168 Gold Octahedral 5–25 [172, 173]

Clostridium thermoaceticum Cadmium sulfide Amorphous -- [174]

(Continued )
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Bacteria Nanoparticle Morphology Size (nm) References

Desulfobacteraceae Zinc sulfide Spherical 2–5 [175]

Bacillus subtilis Silver Triangular and 
Spherical

5–50 [176]

Corynebacterium Silver - 10–15 [177]

Escherichia coli Cadmium sulfide Wurtzite crystal 2–5 [178]

Escherichia coli MC4100 Gold Rod-shaped, 
triangular, 
spherical and 
hexagonal

Less than 10 to 
50

[179]

Escherichia coli Silver Spherical 8–9 [180]

Geobacillus sp. Gold Quasi-
hexagonal

5–50 [181]

Lactobacillus strains Gold Crystalline, 
hexagonal, 
triangular and 
cluster

20–50 and above 
100

[182]

Lactobacillus casei Silver Spherical 25–50 [183]

Rhodobacter sphaeroides Zinc sulfide Spherical 8 (Average 
diameter)

[184]

Rhodopseudomonas capsulata Gold Spherical and 
nanoplate

10–20 [185, 186]

TABLE 2.3  (Continued)
Green Biosynthesis of Nanoparticles Using Bacteria

2.5.3 �A lgae

Algae are found to accumulate heavy metal ions and possess an extraordinary abil-
ity to remodel them into more malleable states [187]. Because of these unique attri-
butes, algae act as model organisms for preparing bionanomaterials. The extracts 
of algal consist of polyunsaturated fatty acids, carbohydrates, minerals, proteins, 
oil, fats and many bioactive compounds like antioxidants (tocopherols, polyphenols), 
and pigments such as carotenoids (xanthophylls, carotene), phycobilins (phycocya-
nin, phycoerythrin) and chlorophylls [188]. All these active compounds have been 
illuminating as reducing and stabilizing agents. Research reveals that to synthesize 
nanoparticles using yeast, the following are involved in the preparation:

	 a.	an algal extract,
	 b.	a metal precursor solution and
	 c.	algal extract incubation with the metal precursor solution.

The initial step is mixing the liquid algal extract with the metal precursor solution. 
The change in color of the reaction mixture confirms the formation of nanopar-
ticles [189, 190]. In the extract, the bioactive component supports the nanoparticle 
synthesis in which temperature, time, pH and concentration are controlling factors. 
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Initially, the intracellular synthesis of algal nanoparticles was known to form, but 
later, the extracellular mode of synthesis was also recorded [191, 192].

2.5.4 � Fungi

Fungi are known as eukaryotic organisms that live in a variety of ordinary envi-
ronments and usually form decomposer organisms. Only roughly 70,000 different 
species of fungi have been identified out of which only 1.5 million species are esti-
mated on the planet. According to more current research, roughly 5.1 million fun-
gal species can be discovered using high-throughput sequencing approaches [193]. 
It’s worth noting that these organisms are capable of digesting extracellular food 
and releasing specific enzymes to hydrolyze the complex or bigger components into 
simpler or small molecules that can be absorbed and used as sources of energy. The 
importance of investigating the role of fungi in nanobiotechnology is emphasized. 
Due to their toleration and bioaccumulation ability with metals, fungi have received 
greater attention in the research on the biological synthesis of metallic nanoparticles 
[194]. The ease with which fungi can be scaled up is a well-defined advantage of 
using them in manufacturing nanoparticles because of various advantages as shown 
in Figure 2.3. Because fungi are efficient secretors of extracellular enzymes, large-
scale synthesis of different enzymes is possible [195]. Another advantage of using a 
green approach mediated by fungus is to produce metallic nanoparticles with cost-
effectiveness and using biomass proficiently. Furthermore, because a lot of species 
develop quickly, cultivating and maintaining them in the laboratory is quite simple 
[196]. Most fungi have very high wall-binding and the ability to absorb intracellular 
metal [197]. Fungi can make metal nanostructures and nanoparticles (meso) by using 
a specific reducing enzyme, whether intracellularly or extracellularly or by using a 
bio-mimetic mineralization method.

FIGURE 2.3  Advantages of fungi as bio-factories for the production of nanoparticles.



42 Metal Oxide–Based Carbon Nanocomposites

The study of fungal species is relatively fresh in terms of nanoparticle processes 
in nanotechnology. The filamentous fungus Verticillium sp. synthesizes silver 
nanoparticles extracellularly, according to one of the first studies on the manufac-
ture of metallic nanoparticles by using fungi [198]. Among all the fungal species 
found for synthesizing nanoparticles, the (filamentous) fungus Fusarium oxysporum 
has been mostly used for this objective. The creation of extracellular nanoparticles 
has been documented as well as the creation of MoS2, PbS, CuS and ZnS nanopar-
ticles by the first used fungus. The identification of proteins in an aqueous solution 
indicates that a potential sulfate-depleting enzyme-based nanoparticle was created 
using the same fungus, but they appeared separately. They can also appear as a 
clump with a rapidly shifting shape and in a size range of 5 to 50 nm. However, the 
result other research confirms that spherical silver nanoparticles in the size of range 
20 of 50 nm could be produced using F. oxysporum; by comparing the results of 
the two different studies [199, 200], the differences between the size and morphol-
ogy of nanoparticles could be attributed to variations in temperature, even though 
the size of nanoparticles did not appear to depend on a variation in time [201]. 
Although quasi-spherical nanoparticles are the most common, other morphologies 
can be obtained depending on the metallic ion solution and incubation conditions. 
The synthesis of nanoparticles with various metals has been carried out using F. 
oxysporum. Extracellular production is described as having a wide range of sizes as 
well as distinct forms in all circumstances. The reduction in metal ions caused by 
this fungus has been linked to NADH-based reductases and an extracellular shuttle 
quinone process [202].

2.5.5 �Y east

The preparation of nanoparticles using yeast strains has additional advantages over 
bacteria because of mass production, as well as their ease of control under labora-
tory conditions, the synthesis of multiple enzymes and quick growth with by using 
some basic nutrients [203]. Manufacturing metallic nanoparticles using yeast has 
been the subject of some research. However, one of the key approaches in applying 
biological materials was achieved by utilizing eukaryotic systems, notably S. pombe 
and Candida glabrata. A  few studies have demonstrated the potential usefulness 
of yeast-produced nanoparticles. Yeast strains have also been used to synthesize 
silver and gold nanoparticles. It was also observed that silver nanoparticles were 
created extracellularly using the silver-tolerant yeast strains, that is, MKY3, with 
hexagonal silver nanoparticles 2–5 nm in size. Standardizing and documenting of 
the silver nanoparticles were also done [204] based on the varied temperatures of 
the situations. A  changed concentration of chloroauric acid was used to incubate 
Yarrowia lipolytica cells, which resulted in the synthesis of gold nanoparticles that 
were affected by the salt concentrations used and the number of cells [205].

2.6 � CHARACTERIZATION OF NANOPARTICLES

The identification of green nanoparticles has been done by observing changes in 
the color of the solution after adding the appropriate constituents, that is, biological 
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extract, metal solution and solvent, among others. Further confirmation has been 
done by using various spectral and analytical techniques as given in Figure 2.4.

2.6.1 �O ptical Spectroscopy

Optical spectroscopy constitutes the measurement of nanoparticles using differ-
ent methods of spectroscopy, that is, atomic absorption spectroscopy, photolumi-
nescence, Fourier transform infrared spectroscopy, Raman spectroscopy, dynamic 
light scattering, fluorescence correlation spectroscopy, zeta potential and UV-visible 
spectroscopy, among others. The technique of atomic absorption spectroscopy is 
used to determine the concentration of mass in a solid or liquid sample. The principle 
is based on the excitation of electrons from the ground to excited state by absorb-
ing particular wavelengths. As the amount of absorbed energy is related to total 
the number of atoms in the path of light, the mass sample of concentration can be 
quantified by comparing the signal to calibration standards at known concentra-
tions. Photoluminescence at low temperatures gives spectral peaks giving informa-
tion regarding host material and impurities. The surface chemistry of nanomaterials 
has been analyzed by using infrared spectroscopy. This technique helps identify 
different ligands adhere to the surface of nanoparticles and information regarding 
transformation of functional groups has also been recorded [206]. Raman spectros-
copy is also used for characterization of nanoparticles. It gives information about the 
size distribution; the chemical, structural and electronic properties; protein-metallic 
nanoparticle conjugates; and others. It records tissue abnormalities in nanoparticles. 
Advanced techniques in Raman spectroscopy, like increased spatial resolution 
(SERS), enhanced RS signal (SERS) and topological information of nanomaterials 
(SERS, TERS) etc., are further used to characterize the nanoparticles more efficiently 

FIGURE 2.4  Different characterization techniques used to identify nanoparticles.
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[207]. Similarly, dynamic light scattering analyzes the intensity of light as a function 
of time, which gives information regarding the size of the particles. Fluorescence 
spectroscopy gives information about the binding kinetics and hydrodynamic 
dimensions of nanoparticles as this technique studies concentration effects, chemi-
cal kinetics, molecular diffusion, conformation dynamics and more. Electrokinetic 
potential or zeta potential measures the effective electric charge and quantifies the 
stability of the charge on the surface of nanoparticles. The oppositely charged ions 
move with the nanoparticle, and the layer of surface charges and oppositely charged 
ions is known as an electrical double layer. In the same way, UV-visible spectroscopy 
is used to assess the light absorbed and scattered by the sample. The obtained mea-
surements are then compared at each wavelength. The data are obtained in the form 
of spectra plotted as an extinction as a function of wavelength.

2.6.2 �E lectron Spectroscopy

Electron spectroscopy comprises characterization techniques such as X-ray absorp-
tion spectroscopy. It includes EXAFS (extended X-ray absorption fine structure) and 
XANES or NEXAFS (X-ray absorption near edge structure). This technique evalu-
ates the coefficient of X-ray absorption as a function of energy. Every element in a 
nanoparticle consists of absorption edges, which correspond to various binding ener-
gies of the electrons. In very low concentrations, EXAFS is regarded as a convenient 
and simple way to confirm the chemical state of the targeted species [208].

2.6.3 �X -Ray Diffraction Analysis

X-ray diffraction analysis (XRD) analysis is performed to determine the parameters 
of the lattice, orientation, purity, size and crystallinity of nanoparticles. The positions 
of the peaks are then compared with the ICPDS (International Center of Diffraction 
Data card) and confirmed for various phases in the fabricated nanoparticles. The size 
of crystalline nanoparticles was determined by Debye-Scherrer’s Eq. [209]. On the 
XRD spectrum, the appearance of a broad peak confirms an amorphous nature of the 
nanoparticle while a narrow peak indicates a crystalline nature. The size obtained 
from crystalline nanoparticles shows that XRD-derived size is bigger compared to 
the magnetic size due to the existence of small domains in nanoparticles aligned in 
same direction.

2.6.4 �E lectron Microscopy

Electron microscopy includes various important techniques of characterization, that 
is, SEM (scanning electron microscopy), FESEM (field emission scanning electron 
microscope), TEM (transmission electron microscopy), atomic force microscopy 
(AFM), scanning tunneling microscopy (STM), near-field scanning optical micros-
copy and others. SEM is the most widely used technique to identify nanoparticles. 
It gives information about the chemical composition and morphology of the com-
pound. This characterization technique not only provides topographical informa-
tion but also gives an idea of the chemical composition near the surface; hence, it 
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is very useful in determining the chemical composition of the tested material [210]. 
However, FESEM provides less electrostatically distorted and clearer images with a 
resolution of 1.5 nm and is found to be 3 to 6 times better than SEM. An important 
tool used for the direct imaging of nanoparticles is TEM. It is used to find the grain 
size, morphology and size distribution in nanoparticles. TEM images are formed by 
using a beam of transmitted electrons. The pattern of electron diffraction gives infor-
mation about the atomic arrangement, orientation and structure of narrow regions 
in the nanoparticles. However, AFM provides data regarding sorption, aggregation, 
size distribution, dispersion, structure, surface properties and surface mapping, 
among others, while direct spatial resolution at the atomic scale is provided by the 
STM technique.

2.7 � APPLICATIONS OF GREEN NANOPARTICLES

A broad range of applications in different areas has been shown by green nanopar-
ticles as shown in Figure 2.5.

2.7.1 �M edicinal and Therapeutic Applications

The medicines derived by using nanoparticles are termed as nanomedicine. 
Nanomedicines obtained by using a green synthesis approach offer an alternative 
to conventional ways of disease therapy, diagnosis and understanding the biological 
system at the cellular level [211].

FIGURE 2.5  Applications of green nanoparticles.
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2.7.1.1 � Antidiabetic Therapy
The biosynthesis of silver nanoparticles has been done by using leaf extract of 
Lonicera japonica. These nanoparticles were investigated for antidiabetic activity, 
and results have shown the effective inhibition against enzymes like α-glucosidase 
and α-amylase with IC50 values 37.86 and 54.56 μg ml−1, respectively [212]. Similarly, 
silver nanoparticles of the aqueous leaf extract of Pouteria sapota have been studied 
for in vivo and in vitro antidiabetic activity in streptozotocin-induced rats, and a 
significant reduction in the level of blood sugar was found [213]. Green nanoparticles 
obtained from gold have been synthesized from the plant Fritillaria cirrhosa. The 
application of these nanoparticles on streptozotocin-induced rats shows that gold 
nanoparticles activate the islet cells of the pancreas, hence indicating its antidiabetic 
activity [214].

2.7.1.2 � Antimicrobial Activity
Chemically synthesized antibiotics have limited use due to their side effects. Due to 
their nontoxic nature, green nanomedicines give a promising and safe solution that 
has the ability to replace toxic and existing antibiotics. Silver nanoparticles have 
been found to be very effective against various pathogens. Leaf extract of Pisidium 
guvajava [215], Swertia chirayita [216] and Rhizophora lamarckii (mangrove plant) 
[217] has been used to prepare nanoparticles of magnesium oxide, and they all are 
found to show excellent antibacterial activities against various strains of pathogens.

2.7.1.3 � Anticancer Properties
Silver nanoparticles of Bacillus funiculus were found to exhibit cytotoxic effects 
on MDA-MB-231 (breast cancer cells). Various concentrations of Ag nanoparticles, 
that is, 5 to 25 μg/ml, were subjected to cure the breast cancer on treatment for 
24 h. Nanoparticles were observed to inhibit the growth of cancer cells in a dose-
dependent mode by activating ROS generation, caspase-3, lactate dehydrogenase and 
caspase-3 [218]. An aqueous extract of Alternanthera sessilis was used to prepare 
silver nanoparticles, and their anticancer activity against prostate cells was observed. 
These nanomedicines were found to decrease the cancer cells and increase antiprolif-
eration activity. Changes in the morphology of the cancer cells like oxidative stress, 
biochemical responses, cell shrinkage and coiling were identified, which ultimately 
led to apoptosis. For prostate cancer cells, a 95% apoptosis was found at a concentra-
tion of 25 μl/ml, which shows 100% inhibition on the growth of breast cancer cells 
[219]. Origanum vulgare has been used to treat indigestion, urinary tract disorders, 
respiratory disorders, rheumatoid arthritis and dental issues, among others [220].

2.7.1.4 � Wound Healing Ability
A large number of nanoparticles were found with the capability of healing wounds 
without causing any serious toxic effects. The fruit peel of Lansium domesticum was 
used to obtain silver nanoparticles and was investigated as a cure for burned-related 
wounds [221]. These nanoparticles were introduced into Pluronic F127 gels to exam-
ine their healing capacity. It was found that upon injection of 0.1% w/w of silver 
nanoparticles, the extent of healing activity was increased, and this efficiency was 
further increased by using hydroxyproline. Plant-extracted Ag nanoparticles from 
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Indigofera aspalathoides have also been used as hydrogel dressing for new burns, 
cuts and dry wounds without using preservatives [222]. Gold and silver nanoparticles 
obtained from actinobacterial metabolites also show excellent wound healing ability. 
A comparison of standard ointments with a concentration of 10% silver nanoparti-
cles and silver or gold nanoparticles heal 100% of the excision wound after treatment 
for 19 to 21 days. Along with this, they are also applied for scarless wound healing 
when clinical practice is occurring [223].

2.7.1.5 � Neuroregenerative Therapy
Spinal cord disease, Parkinson’s disease, brain injury, stroke and hampered neu-
ronal integrity, among others, come under the category of neurodegenerative dis-
eases. Regeneration therapy is used to slow these degenerations [224]. Silver-based 
nanoparticles 30 nm in size were biosynthesized from bacterial E. coli to cure 
SH-SY5Y (human neuroblastoma cells). Silver nanoparticles showed their activity 
by increasing the length of neurite and the divergent neuronal markers such as Map2 
expression, neurogenin-1, Drd-2, Gap-43, β-tubulin III and synaptophysin [225].

2.7.2 �B ioimaging Applications

Leaf extract from Olax scandens has been used to synthesize colloidal green Ag 
nanoparticles, and it has been reported that these nanoparticles can exhibit red fluo-
rescence in B16F10 cells, which can be used in the field of bioimaging [226]. The 
proteins and fluorescent phytochemicals found in the methanolic leaf extract of O. 
scandens link themselves to the silver nanoparticles, showing strong fluorescent 
properties inside living cells [227].

2.7.3 �B iosensing Applications

Biosensors are measuring or sensing devices that can estimate a material on the 
basis of a biological interaction. Scrutinizing and analyzing the biological interac-
tions are unique in the field of environmental issues, medical diagnosis and screen-
ing for food quality. Silver nanoparticle–based room temperature ammonia sensors 
were obtained from the polysaccharide Cyamopsis tetragonoloba were prepared and 
used for detecting the level of ammonia in biological fluids, such as sweat, plasma 
and saliva, among others [228]. Similarly, gold nanoparticles were obtained from C. 
tetragonaloba to prepare an optical ammonia sensor that shows an efficient repro-
ducibility of results.

2.7.4 � Water Purification

Water obtained from natural resources is not fit for drinking or consumption because 
of large amounts of inorganic, organic, biological and radiological contaminants like 
surfactants, dyes, pesticides, bacteria, algae, viruses and ions like arsenic, fluoride, 
mercury copper, plutonium, cesium, uranium and others [229, 230]. Catalysts and 
absorbents based on nanoparticles are very good alternatives to harmful chemi-
cals and are eco-friendly solutions for treating and purifying water [231]. Green 
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nanoparticles by using silver with biopolymer xylan have been used to detect Hg2+ 
in a sample of impure water [232]. The purification of water using silver nanopar-
ticles has been approved by the World Health Organization [233]. Nanoparticles 
prepared from grapheme, ferric oxide (Fe3O4), manganese oxide, titanium oxide 
(TiO2), magnesium oxide and zinc oxide are commercially used as adsorbents to 
treat water containing azo dyes, heavy metals and other pollutants [234, 235]. Zinc 
oxide nanoparticles obtained from cassava starch and aloe vera are used as adsor-
bents for copper ions and show a high removal efficiency as the concentration of 
adsorbents increases [236]. The incorporation of metal-based green nanoparticles 
like alumina, titanium, silica and zeolite into a polymeric membrane enhances the 
membrane’s permeability and hydrophobicity [237–239]. Photocatalytic activity of 
green-synthesized nanoparticles by using Pt, Ag, Pd and Au metals are being used 
for the degradation of various dyes [240–242].

2.7.5 �A gricultural Applications

Agriculture is a common source of income of more than 50% of the total popula-
tion of world. Using sustainable natural resources has led to some major problems 
in recent times such as urbanization, the accumulation of fertilizers and pesticides, 
changes in climate and so on [243]. These problems have been solved by green 
nanoparticles due to their detecting and controlling ability of disease in plants 
[244]. The reason behind using green nanoparticles in agriculture is to decrease 
the high cost of fertilizers and harmful environmental inputs because the green 
nanoparticles are prepared by using greener principles of synthesis that result in 
a reduction of the harmful exposure and emission of methane, carbon dioxide and 
nitrous oxide in the environment, thereby reducing the health risks to farmers and 
increasing crop productivity [245]. Due to their large surface area and small size, 
nanoparticles can penetrate the interior of a seed and activate phytohormones, which 
are essential for seed germination and growth [246]. The treatment of Spinacia 
oleracea L. seeds with 0.25% TiO2 nanoparticles results in an improved rate of 
photosynthesis and assimilation of nitrogen [247, 248]. However, the treatment of 
Citrullus lanatus seeds with Fe2O3 nanoparticles enhances the rate of germination 
and improves fruiting behavior and the development of plant [249]. Utilizing green 
nanoparticles in the field of agriculture is more advantageous because of their fea-
sibility, nontoxicity and safety [250]. Nanoparticle-based fertilizers and plant pro-
duction products include nanoemulsions, nanoparticles, viral capsids and so on that 
are not only used to control pest in plants but also used as excellent delivery systems 
of active ingredients for various diseases. Nanofertilizers contain nanoporous zeo-
lite, nitrogen fertilizers, zinc nanofertilizers, potash fertilizers, nanopesticides and 
nanoherbicides [251, 252].

2.7.6 � Nanoparticles in Food Industry

Green nanoparticles are found to be very impactful in the production, packaging, 
storage and transportation of a large number of food products due to their use as 
nanoadditives, nanocomposites, anticaking agents, nanocarriers and more [253]. 
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Nanochelates are used to increase the nutrient delivery and absorption of food nutri-
ents without altering the taste, color and flavor of the food. Food supplements based 
on nanoparticles are found to be more effective due to their ability to react with 
human cells. A gelatin-based nanocomposite film with silver increases its antimicro-
bial activity. This combination shows excellent antibacterial activity against food-
borne bacteria, that is, both gram-positive and gram-negative bacteria [254]. Recent 
applications of nanoparticles in the food industry are important because they have 
the ability to form emulsion bilayers, reverse micelles, surfactant micelles and nano-
emulsions, among others. Food ingredients with a nanotexture claim to offer better 
taste, texture and acceptability [255]. Green nanoparticles proved to be very help-
ful in the early stages of food manufacturing, nutrition, smart packing and quality 
control.

2.8 � SUMMARY

Metal-based nanoparticles obtained by green synthesis have replaced the harmful 
and toxic nanoparticles synthesized by using hazardous solvents and chemicals. 
They are also found to show potential and extraordinary capabilities to use in broad 
areas, such as the fields of pharmaceuticals, optics, food, textiles and many more. 
Green nanoparticles are able to attract the interest of researchers due to their ease of 
preparation in less time by consuming less toxic and economical materials.
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3 Economic Analysis and 
Environmental Aspects of 
Metal Oxide Materials

Saleem Ahmad Yatoo, G. N. Najar, Sajad 
Ahmad Rather, Rayees Ahmad Zargar, 
Ab Qayoom Mir, and S. A. Shameem

3.1 � INTRODUCTION

Nanotechnology is a novel technology that emphasizes the development of struc-
tures, devices, and systems using nanosized particles (1–100 nm) in several fields 
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of science like chemistry, physics, biotechnology and material science. As the 
nanotechnology industry has a strong connection to and plays a very important 
role in economic development. Presently, nanotechnology has a wide range of 
applications in many sectors; scientists, researchers, investors and policymak-
ers at the global level are aware of its potential and effective power. It is a fact 
that industry is considered a driving force behind economic development, which 
contributes to the creation of more job opportunities, the encouragement of new 
technological innovations, output rate increases and the attainment of a higher 
standard of living [1].

The use of nanometer-scale material properties has significant implications in all 
aspects of life, particularly in manufacturing. By using nanotechnology in the manu-
facturing sector, it will be possible to direct the placement of atoms in the reaction in 
a specific way, resulting in the creation of more specific and precise, that redefined 
than traditional production techniques, which improves product quality while reduc-
ing energy consumption and lowering production costs [2].

Advanced nanoengineered materials and nano-based products have become 
increasingly popular in various industries, like healthcare, energy conversion, 
energy storage, electronics and consumer goods, over the last two decades [3]. In 
recent years, nanotechnology has made progress in every field including nanoparti-
cles (NPs) and remediation techniques. Throughout the 21st century, many research-
ers have made significant developments in nanotechnology, and nanomaterials have 
received more attention for remediation [4, 5]. An increase in engineered nanomate-
rial (ENM) emissions into the environment has raised concerns about the harmful 
effects on human health and safety and the harmful effects on biological species 
(flora and fauna) and the natural environment [6]. In order to explore the full poten-
tial in terms of physical, chemical and biological transformations of ENMs in inter-
action with important environmental conditions, it is very necessary to characterize 
not only nanosized emissions but also the physical and chemical characteristics of 
the discharged particles [7]. NPs derived from metal oxides are one of the most 
commonly used NPs [8]. Fora couple of years, a large quantity of FeO2, TiO2, AlO2 
and SiO2 have been manufactured. However, due to their large use, they have been 
synthesized at the nanoscale and are being found in consumer market applications, 
like ZnO in sunscreens [9]. Among such nanomaterials, metal oxide NPs(MONPs) 
such as ZnO, TiO2, CuO and Fe2O3 are several that are commonly used in various 
fields [10–14].

3.2 � NANOTECHNOLOGY: USES AND APPLICATIONS

Nanotechnology has evolved as a miracle science for the development of vari-
ous materials at the nanoscale in the 21st century. An American physicist Richard 
Feynman commenced the idea or concept of nanoscience and nanotechnology with a 
famous talk titled “There’s Plenty of Room at the Bottom”. He revolutionize the new 
era, in which it is promising to change the properties of devices at the atomic, molecu-
lar or macromolecular level. Gradually, this technology advanced due to its signifi-
cant improvements through numerous scientific researchers [15]. However, the word 
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nano is derived from the Greek language, denoting dwarf or extremely small particles 
having a size less than 100 nm. Therefore, at present, the nanotechnology industry 
is a developing and growing science; thus, its market is flourishing. All branches of 
nanotechnology-based products have a profound effect on the market of innovative 
substances and change in consumer choices and planning in the near future.

Better nanotechnology products guarantee the long sustainability of industry. The 
use of waste products as raw material and the use of methodologies that consume 
a small amount of water and energy are necessary to protect human health and the 
environment [16]. Industrial technologies and advanced scientific applications have 
a firm position towards growing strategic sectors of countries economy and, specifi-
cally, economic growth. The applications of nanotechnology to traditional materials 
offer a chance for the industry to increase its innovative capacity [17].

In general, it is clear that materials at the nanoscale provide typical oppor-
tunities for developing our society; for example, they increase our information 
and provide better performing technological devices that make life simpler and 
subsequently result in a decrease in humans’ physically completing hard tasks 
[18]. The use of nanotechnology for market products needs tough standards for 
reproducibility and safety. So, it has become significant to frame a common sys-
tematic standard for security and long-term sustainability in nanotechnology and 
continuous research and advances in nanotechnology [19] as nanotechnology is 
progressing and producing new products in all small and large industrial sectors. 
The following sections mentioned some examples of nanotechnology use in indus-
trial applications.

3.3 � NANOTECHNOLOGY APPLICATIONS IN  
BIOMEDICAL FIELDS

For some years, NPs have been applied to disease diagnosis, the detection of infec-
tion, drug delivery, cancer therapy treatment, the detection of pulmonary diseases 
and the prevention of some infections.

3.4 � NANOTECHNOLOGY APPLICATIONS IN 
AGRICULTURAL AND FOOD PRODUCTION

A number of nanomaterials, mostly metal-based and carbon-based nanomaterials 
like graphene and fullerene have been exploited for their use in absorption, translo-
cation and accumulation and are used to find the impact on the growth and develop-
ment of crop plants [20].

3.5 � NANOSIZED FERTILIZERS

Common fertilizers are gradually being replaced by nanofertilizers, an advanced 
method of release of nutrients in the soil gradually. Nanofertilizers have more ben-
efits than commonly used fertilizers because they have exceptional features like 
ultra-high absorption, increased growth in production, an increased photosynthetic 
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process and a substantial expansion in the leaf surface area. Nanotechnology appli-
cations in nanofertilizers have also enhanced the efficiency of the elements and 
decreased the toxicity of the soil [20].

3.6 � NANO-BASED AGROCHEMICALS

In agriculture, pesticides are applied to improve crop yield and better efficiency. 
Industrial growth in nanotechnology has made a good technological improvement 
in the delivery of nano-based pesticide strategies to address the problems and issues 
in agriculture.

3.7 � NANOTECHNOLOGY IN THE TEXTILE INDUSTRY

Nanotechnology has made great improvements in the textile industry compared 
to the traditional way of production due to the increased durability and efficiency 
of fabrics, healthy properties and reduced production cost. NPs provide extraor-
dinary durability to fabrics as they have huge surface areas and high surface 
energies; for example, silver (Ag) NPs are being used in socks and sports cloth-
ing because of their capability of killing bacteria and preventing undesirable 
smells [20].

3.8 � NANOTECHNOLOGY APPLICATIONS IN THE OIL INDUSTRY

For the oil industry, nanotechnology has created nanotubes that are being used to 
create very lightweight, durable, strong and more corrosion-resistant materials in 
the oil industry. The application of nanotechnology has assisted in improving oil 
and gas production, making it easy to separate oil and gas in the reservoir [20]. 
Nanotechnology has been used in various environmental applications, including 
wastewater treatment and soil treatment, pollution remediation, sensors and energy 

FIGURE 3.1  Applications of environmental nanotechnology in industry.
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storage. The basic focus in environmental nanotechnology includes the safe design 
of nanomaterials having great environmental benefits, and this promotes the sustain-
able development of those materials [21] and introduces more resistant and more 
efficient materials [22].

3.9 � SUSTAINABLE ENERGY

There has been a great demand for using renewable sources of energy that are 
sustainable and environmentally friendly, which are being explored globally. 
Nanotechnology has become a great way, because of its capacity, to improve energy 
efficiency, clean and eco-friendly energy production, energy conversion, energy stor-
age and energy usage and saving. Therefore, potential nanomaterials can be used for 
producing more efficient of solar and fuel cells that are clean and environmentally 
friendly [21].

3.10 � ENERGY CONVERSION

Pollution-free energy that is green can be formed by means of nanotechnology to cre-
ate solar and some fuel cells which can be potential and efficient sources of commer-
cially consumable alternate forms of unpolluted energy sources with significantly 
less cost. Therefore, this nanotechnology is economically efficient for large-scale 
power generation.

The economic impacts of nanotechnology may be of short, medium and long 
term on society, and in time, economic aspects can be noticed, like the availability 
of research facilities with instrumentation, the supply-chain structure having skilled 
graduates possessing knowledge of research and development and new technology 
platforms having infra-technologies producing the commercialization of new prod-
ucts. In the long run, wide-ranging industry and national economic benefits in terms 
of return on investment and gross domestic product influences at the national level 
(Table 3.1)

TABLE 3.1
Some Short-, Medium- and Long-Term Socioeconomic Impacts of 
Nanotechnologies

Short Term Medium Term Long Term
Partnership structures and 
strategic alliances organized

New research facilities and 
instrumentation in place Initial 
research objectives met/
increased stock of technical 
knowledge

Supply-chain structure established
New-skilled graduates produced
Compression of R&D cycle
New technology platforms and 
infra-technologies produced

Commercialization of new products, 
new processes, licensing

Broad industry and 
national economic 
benefits:

1.	Return on investment
2.	Gross domestic product 

impacts
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3.11 � SOME METAL OXIDE MATERIALS AND THEIR APPLICATIONS

A selected number of applications of the typical metal oxide materials, character-
ized by different nanostructures is shown in Table 3.2. The list of oxides in Table 3.2 
is not comprehensive but gives a broader concept of metal oxide applications. One 
thing is clear from the table: that structures of both core and functional materials are 
compulsory in modulating the bandgap as well as surface adsorption properties of 

TABLE 3.2
Applications of Some Representative Metal Oxide–Based Materials with 
Various Structures

Metal Oxide-Based 
Material

Structural Features Synthesis Method Application Reference

ZnO nanosheets 3D hierarchical 
flower-like

architectures

Solvothermal Adsorption of
triphenylmethane 
dyes

[31]

Fe3O4UiO-66 
composite

Cubical 
nanoparticles (NPs) 
arranged

Sonication Adsorption [32]

Fe3O4MIL-100 (Fe) 
Core–Shell

Bionanocomposites

Core-shell structure 
with Fe3O4 core, 
immobilized on P. 
putida

Sonication followed 
by attaching the 
NPs on bacteria

Adsorption [33]

ZnO–TiO2/clay TiO2 and ZnO NPs 
mounted on clay 
surface

Sol-gel method Degradation of MG [34]

Cu/ZnO/Al2O3 Cu- and ZnO-
impregnated Al2O3

Impregnation 
method

CO removal from 
reformed fuel

[35]

CO2+, Ni2+ doped 
Fe3O4

NPs Cubic lattice Co-precipitation 
method

Photodegradation of 
carbol fuchsin

[36]

Ce/Fe bimetallic 
oxides (CFBO)

Flowerlike 3D 
hierarchical

architecture

No-template 
hydrothermal 
method

As(V) and Cr(VI) 
remediation

[37]

Perovskite titanates 
(ATiO3, A = Sr,

Ca and Pb)

Leaf-architectured 
3D-hierarchical 
structure

Combination of 
biosynthesis from 
cherry blossom, 
heating, grinding 
and photo de 
position

Artificial 
photosynthetic 
system for 
photoreduction 

of CO2

[38]

TiO2 polypyrrole Core–shell 
nanowires (NWs)

Seed-assisted 
hydrothermal 
method

Flexible 
supercapacitors

(SCs) on carbon 
cloth

[39]

Fe3O4/WO3 Hierarchical 
core–shell structure

Solvothermal growth 
+oxidation route

Photodegradation of 
organic-dye 
materials

[40]
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these heterogeneous materials photocatalysts. It is a fact that bandgap modulating, 
microstructure and optoelectronics properties are within the basic range of metal 
oxide applications [23–29]. There isa range of applications of metal oxide nanomate-
rials, including those of photocatalytic applications used for environmental remedia-
tion, decarbonization and energy sustainability [30].

Catalysts used in metal oxide–based reactions can alter any reaction type, and 
among the two ways that catalysts can change the reaction are, first, decreasing the 
activation energy and, second, providing another pathway; thus, metal oxide–based 
photocatalysts are applicable for both dye and organic pollution degradation. This 
degradation process occurs in three important steps:

Photocatalysts hv e-
CB + h+

VB

O2 + 2 e-
CB + 2H+  ̊OH + OH-

H+
VB + H2O H+ + ̊ OH

Organic Pollutant + OH- CO2 + H2O

3.12 � RECENT APPLICATIONS OF METAL OXIDE 
MATERIALS IN DIFFERENT FIELDS

In recent years, metal oxides have played a chief role in the fields of physics, chem-
istry and material science principally because of the exclusive physical and chemical 
properties of metal oxide nanostructures that lead to a wide scope of applications, 
including poisonous gas sensing, biomedical applications, textile coating for wear-
able electronic devices, photocatalytic degradation of organic contaminants and 
others [41, 42]. Engineered MONPs are among the extensively used manufactured 
nanomaterials because of their exceptional properties. The properties of nanophase 
structures that make them unique include higher ductility at elevated temperatures 
than the coarse-grained ceramics; unique catalytic, super-paramagnetic behavior; 
sensitivity; and selective activity [43]. Some of the major applications of metal oxide 
materials in the different fields are summarized in the following sections.

3.12.1 �R emoval/Adsorption of Heavy Metals

Heavy metal pollution is a major problem in our environment; thus, its removal is 
necessary to protect the environment from degradation. Metal oxides at present 
are playing a vital role in environmental remediation as well as pollutant sens-
ing. Heavy metal removal depends on the type, size and morphology of metal 
oxide–based materials. Three types of processes are mainly responsible for the 
metal oxide–based materials to work—reduction, oxidation and adsorption—in 
the remediation of heavy metals. The reaction between heavy metals mostly takes 
place during the adsorption process, which leads to the formation of inner-sphere 
complexes [44]. As far as the adsorption of heavy metals is concerned, surface 



72 Metal Oxide–Based Carbon Nanocomposites

area is an important factor to be considered. Moreover, these oxides are envi-
ronmentally friendly and suitable since they do not cause secondary pollution 
[45–47]. A number of heavy metals, such as Pb, Hg, Zn, Cu, Cd and others, are 
adversely harmful and carcinogenic to human health and they may bring a notice-
able threat to human health in the long run because they perhaps are biologically 
accumulated in food chains. For removal of heavy metals, nano-SiO2 is being used 
in microwave-assisted solid-phase extraction like Pb(II), Cu(II), Cu(II), Cd(II) 
and Hg(II) are uptake by adsorbents of very less time 5–20s by applying this tech-
nique. Thus, this is an efficient method for quickly removing toxic heavy metals 
[48]. Zinc oxide (ZnO) NPs are among the most stable and efficient catalysts for 
degrading a varied range of pollutants. Moreover, a cork synthesis of ZnO-based 
materials has been developed that is considered a multifunction biomorphic sys-
tem for environmental remediation.

Carbon nanotubes, graphene and fullerene may adsorb numerous heavy met-
als from water [49]. Nanomaterials, such as SWCNTs-COOH, SWCNTs-OH, 
SWCNTs-NH2, MWCNTs-FeO4, MWCNTs-ZrO2, MWCNTs-MnO2, MWCNTs-
Fe3O4 etc [50], have heavy metal adsorption capacities, and they all are capable 
for the remediation of heavy metal from polluted water. From natural plants or 
their products, TiO2NPs are being synthesized from Jatropha curcas L. through 
a green and eco-friendly procedure that is mostly economical, resulting in mul-
tiple benefits, namely, the removal of chemical oxygen demand (COD) and heavy 
metal like chromium ions from tannery wastewater and removal rates are; 82% 
and 76.48%, respectively, for COD and chromium could be achieved at the ana-
tase phase of these TiO2NPs under solar irradiation [51]. Cost of raw materials, 
bandgap, nanostructure and adsorption are considered some basic factors that 
determine the suitability of metal oxides as photocatalysts for organic pollution 
degradation and pure metal oxides often are found lacking in one or more of these 
parameters.

3.12.2 �D ecarbonization/Carbon Capture

It is a fact that most of the fossil fuels used in industry produce high levels of carbon 
dioxide (CO2) during combustion that is released into the atmosphere, consequently 
causing global climate change. Nanotechnologies have received great attention for 
CO2 capture due to their unique properties [22]. The increase in carbon dioxide 
concentration is a major problem in our environment. Its reduction is an important 
process because of its impact on the environment. Fortunately, sunlight-initiated 
breakdown of CO2 might be also a cost-effective, readily achievable and better 
method if the right kind of catalyst is designed. Optimizing crystal structures and 
more accurately engineering the band gaps of metal-based photocatalysts. Materials 
like niobates and ferrite materials are widely used metal oxides, with these intentions 
for quite some time now [52]:

	 a.	Adsorption of reductant and CO2 onto the metal oxide catalyst surface
	 b.	Adsorption of the sunlight on through perovskite leading to electron–hole 

separation



73Economic Analysis and Environmental Aspects

	 c.	Transfer of photogenerated charges to the surface and reaction with 
adsorbed CO2 and water

	 d.	Desorption products

Besides the previously mentioned uses, a good reducing agent can enhance the effi-
ciency of the valance bond, considering that its maximum is less than the reduction 
potential of water that is necessary for this type of process. Apart from environmen-
tal remediation, the photocatalytic reduction of CO2 is emerging as a green tool to 
produce chemicals and fuels by closing the carbon cycle and realizing zero carbon 
emissions. Apart from this, CaO-base solid sorbents for carbon capture and its storage 
[53, 54], perovskite-based sodium tantalate nanocubes (Vo-NaTaON) [55], perovskite 
titanates [56], nanostructured NaNbO3 [57], TiO2 [58], WO3, ZrO2, MgO, Ga2O3 and 
Al2O3, have been explored for CO2 photocatalytic reduction under UV/Vis light [59].

3.12.3 �R emoval/Adsorption

Surfactants are considered one of the dangerous communal environmental problems 
and mostly find their way and get mixed up with the aqueous environment [60]. 
Graphene oxide (GO), as well as reduced graphene oxide (rGO) are being applied to 
nonionic surfactants such as TX-100 [61]. Through carbon nanotubes, aromatic cat-
ionic surfactants are also effortlessly eliminated. Titanium oxide is the most popular 
nanomaterial utilized a significant adsorbent for the elimination of surfactants from 
polluted water [62].

3.12.4 �M etal Oxide Use in Semiconductors

The semiconductors manufactured from metal oxides are economically and envi-
ronmentally friendly and are considered materials with high stability. They have 
been widely used as photoelectrodes in photovoltaics (PVs) in dye solar cells and 
for the development of metal oxide p–n ju Ritchie notions [63]. Their widespread 
use in new-generation PVs is due to their unusually flexible properties, low cost and 
easily scalable methods. Due to very large bandgap energy range and high tune-
ability, these metal oxides are used as photo-harvesters. Thin film semiconductor 
structures have widespread application potential in energy conversion and storage, 
sensing, electronics, and photonics. Metal oxide semiconductors are promising 
alternatives for large-scale applications due to their abundance in nature, nontox-
icity and low cost. Cuprous oxide (Cu2O), a good photoactive metal oxide with 
these advantages, is a p-type semiconductor with a band gap of about 2 eV, a large 
absorption coefficient (>105 cm−1) in the visible region and high carrier mobility; 
therefore, it is used as a thin film active layer in solar cell applications [64]

Among all the metal oxide compounds available, copper oxides (Cu–O) are 
the most predominant materials to date. The good p-type semiconductor, cuprous 
oxide (Cu2O), is used as PV material due to its low cost, good mobility, high 
absorption coefficient, nontoxicity and plentiful availability. Although Cu2O has 
been used since 1920 in electronic materials, since 1970, its use has shown a mani-
fold increase [65].
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3.12.5 �M etal Oxides for Energy Conversion

Nanomaterials, especially metal oxides, play an important role in the manufac-
ture and application of sustainable energy sources. The efficiency of energy source 
utilization is significantly dependent on the properties of the nanomaterials and 
methods of utilization. Various innovative nanomaterials are hence explored for 
different methods of energy production and application, such as thermocatalysis, 
photoelectrocatalysis and photocatalysis. For the fabrication of these devices, a 
nanocrystalline mesoporous titanium dioxide (TiO2) film, with a monolayer of the 
charge transfer dye attached to its surface, is pasted on a transparent conductive 
substrate [66, 67]. The large nanomaterial surface area for dye chemisorption and 
the short charge migration length underlie their power conversion efficiency [68]. 
Also, semiconductor nanomaterials like TiO2 and cadmium sulfide nanostructures 
have been investigated as efficient catalysts for water conversion into oxygen and 
hydrogen [69].

3.12.6 �M etal Oxides for Energy Storage

Metal oxides have many applications in other fields like industrial, energy production, 
conversion and storage. Energy is a basic need for development at present in many 
sectors. The growing demand for energy is tremendously increasing and a challeng-
ing factor for economic growth and climate change at present times. Nonrenewable 
resources like coal, petroleum and natural gas are limited in quantity but have domi-
nated energy supplies in many past decades at a global level. Supercapacitors, a novel 
variety of energy storage device, reveals short charging time, high power density, 
low maintenance cost and long cycle life [70]. Supercapacitors can be efficiently 
used to prepare power supply systems, energy storage devices and many electronic 
devices [71].

Metal/metal oxides are common supercapacitors electrode materials, providing 
high power density and long cycle life. In combination, graphene and metal oxides 
exhibited the combination of the excellent cycle stability of graphene and the high-
capacity characteristics of metal oxides which extraordinarily improve the com-
prehensive properties of nanocomposites [72]. Cobalt oxide/iron oxide and copper 
oxide/cobalt oxide as binary metal oxide systems appear to be promising as thermo-
chemical storage materials [73].

3.12.7 �M etal Oxides for Water Cleanup Technologies

The application of metal oxide nanomaterials allows for the development of non-
reagent green technologies for water purification, which are considered more efficient 
and less energy-consuming; both the said properties are important for sustainable 
water treatment technologies. Improvement in the quality of water, air and soil is a 
vast obstacle of present times. Therefore, recognition and remediation of environ-
mental pollutants and their prevention is a very necessary step in the conservation 
of the environment. Carbon nanotubes (SWCNTs) and fullerene may be applied as 
water purification membranes to rectify water quality by converting wastewater into 
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drinking water (such as nano-sponge filtration), and adsorbents of polar and nonpolar 
organic chemicals, and to remove other toxic contaminants from water. A photocata-
lyst consisting of single-walled carbon nanotubes-titanium dioxide (SWCNTs-TiO2) 
is significantly applied to the purification of water from oil [74, 75].

Nanotechnology-enabled metal oxides are used in water and wastewater treatment; 
they promise not only to overcome major challenges met by existing treatment technol-
ogies but also to convey new treatment potential. This could allow the economic utili-
zation of alternative water sources to expand the water supply [76]. The deep removal 
of sulfur from liquid fuels, like diesel and others, is an extremely important issue to 
solve the issue of environmental pollution by sulfur-containing compounds [77, 78]. 
Remarkable applications may include the incorporation of functional nanomaterials, 
such as metaloxide nanomaterials such as aluminum oxide, TiO2 and zeolite [79], 
and photocatalytic nanomaterials such as bimetallic nanomaterials, TiO2 across the 
membranes to improve their permeability, biofilm control, fouling resistance, thermal 
and mechanical stability and offer pollutant degradation and self-cleaning ability [80].

3.12.8 �A dsorption of Numerous Harmful Dyes

At the present time, dyes play major roles in the paint industry and textile- and color 
pigment–fabricating industries. The sewage of organic dyes plus nitroarenes are rec-
ognized as some new harmful substances due to the fact that being unacceptable 
dyes, nitro compounds both are dangerous to humans and both to flora and fauna. 
Embellished titania on aerogel of SWCNTs and fabricated MWCNTs-TiO2 are used 
for the elimination of methylene blue dye from water [50].

3.12.9 �M etal Oxides for Health and Safety Considerations

The unique properties of nano–metal oxide materials have made them striking for 
a number of innovative, sustainable and green applications. Metal oxides, such as 
TiO2, Bi2O3, ZnO [13, 14], FeO, MnO2, CuO, Ag2O and Al2O3, show antimicro-
bial activities and play important roles in various medical applications. TiO2  is 
being used against the transmission of various infectious diseases [81, 82]. Due to 
their antibacterial activity, ZnO NPs are attaining worldwide attention. It is now 
understood to be a biosafe material and is being used to carry out photocatalysis 
and photo-oxidation reactions on biological and chemical species [83]. Similarly, 
Al2O3  nanoparticles have vast practical applications and exhibited antimicrobial 
behavior [84]. Because of the excellent chemical properties reported for the CuO 
complex of  Ficus religiosa  NPs, it has been used as an anticancer agent in bio-
medicine [85]. Zinc-doped titania NPs have shown good proangiogenic properties, 
which might be advantageous in diverse applications [86]. Antimicrobial properties 
have been revealed from doped copper/TiO2 NPs with carbon-based allotropes. To 
degrade various microbial species CuO has been successfully applied as an antimi-
crobial agent [87].

Similarly, different metal oxides and doped metal/metal composites, such as sil-
ver oxide, calcium oxide, copper oxide, titanium dioxide magnesium oxide and zinc 
oxide, have numerous distinctive properties and spectral activity and have exhibited 
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outstanding antimicrobial ability [88]. Furthermore, the physicochemical properties 
and morphology of nanomaterials have been proven for their antimicrobial activities. 
It was recognized that the nanosized metal particles carry a potent bactericidal effect 
to resist the bacteria [89].

3.13 � SUMMARY AND CONCLUSION

Gradually, nanotechnology and the economic system have recognized this important 
need for technological advancements. The idea of exploring how technology creates 
economic growth has been comprehensively explored. Nanotechnology has evolved 
as a miracle science for the development of various materials at the nanoscale in the 
21st century that have benefited and increased economic development for human-
kind in various fields for the last five decades. New techniques and technologies are 
being continuously developed for numerous applications. Systematic, scientific and 
strong technological base is very important for better long-term economic devel-
opment. Metal oxides are one of the promising nanomaterials for environmental 
applications tackling environmental challenges that presently exist. Over last the 
20 years, tremendous growth has been seen in technological exploitation and appli-
cations of MONPs as evidenced by the many patent applications in the field. It is one 
of the most important nanomaterials used in various applications and particularly 
in pollution remediation of the environment. As one of the most exclusive fields of 
research due to scope of structural and functional variation that can be produced, 
metal oxides continue to be explored for environmental remediation, solving the 
energy crisis and for decarbonization and solving agriculture problems, oil industry 
issues, nanofertilizers, carbon capture, and so on. Thus being, economical and often 
long lasting without being much negative impact on the environment, nanotechnol-
ogy is of great importance in the industrial sector and the environmental field.
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4.1 � INTRODUCTION

Over the next 50 years, the world will have to face two serious challenges, namely, 
environmental and energy problems. These two problems are not separate but con-
nected. Overconsumption of fossil fuels results in environmental pollution due to 
CO2 emissions. The population of the world is expected to increase to about 9 billion 
by 2050 [1], which will be responsible for a linear increase in energy demand. The 
demand for energy will increase 50% by 2025 for the nations’ development, which 
will result in the continuous depletion of fossil fuel reserves as about 80% of world-
wide energy consumption is rooted in the chemical energy stored in it. Our fossil fuel 
consumption is escalating and could double by 2025. The overconsumption of fossil 
fuels results in environmental catastrophes such as the depletion of the ozone layer, 
global warming, the destruction of biospheres and geospheres, and ecological imbal-
ances as the energy sector is mainly responsible for about 80% of CO2 emissions in 
the world. It is therefore obvious that these two major problems regarding the energy 
problem and the environmental problem must be dealt together, and the simplest 
elucidation of both issues is adopting environmentally friendly renewable energy as 
more than 75% of the world’s energy demand is met by nonrenewable sources. Fossil 
fuel potential is measured in MTOE, and the available fossil fuel in the world is 
about 5,500 MTOE, which includes 60% coal, 30% natural gas, and 10% crude oil. 
Insufficient fossil fuel supplies and environmental pollution by excessive gas emis-
sions are the main issues facing the world today. It was reported that the available 
reserves of fossil fuel in the world will be exhausted by 2050 [2] as the consumption 
of petroleum is 105 times faster than its creation by nature and the energy demand 
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globally is estimated to be about 30 and 46 TW by 2050 and 2100, respectively [3]. 
The major challenge our society is facing today is the energy requirements for the 
world’s escalating population. Due to limited energy resources, there is worldwide 
competition, making energy an issue of security concerns throughout the world. 
Troubling oil prices, excessive emission of GHGs, limited nonrenewable resources 
reservoirs, and increasing energy demands have highlighted the need for alternative 
sources of energy, that is, renewable energy.

Due to the lesser availability of fossil fuels and the increasing demand for energy, 
there is a shift toward clean sources of energy called renewable energy sources. 
These potential renewable energy resources are inexhaustible and are environmen-
tally friendly [4]. By 2040, it is estimated that renewable energy sources provide 
50% of primary energy throughout the world. Nowadays, the scientific community 
is greatly interested in renewable energy sources as they will play a pivotal role in 
reducing the emission of harmful gases by about 70% till 2050.

The challenge of the present century involves evolving technologies for renewable 
energy production and storage and reducing energy demand. Energy supply and demand 
can be amalgamated in developing nanotechnology. Energy supplies mainly depend on 
nonrenewable sources such as coal-red plants, nuclear power stations, natural gas, and 
oil. There is some thriving beneficence from renewable resources such as wind, water, 
biofuels, and solar cells. The power required to run household appliances, offices, shops, 
industries, mines, transport people and goods, waste treatment plants, and farms falls 
under energy demand technologies. To resolve energy-related issues, nanotechnologies 
offer an extensive range of developing components in the nano-regime with important 
characteristics and functions that regulate the shape and size of matter to capture, store, 
and exchange energy. Furthermore, nanotechnology can play a major role in making 
efficient lighting and heating, improving electrical storage capacity, reducing pollution 
content in the environment, modifying materials’ properties at the nano-scale, increas-
ing materials’ life spans, and increasing the efficiency of power systems.

This chapter examines the important utilization of nanomaterials in renewable 
energy systems. This chapter incorporates abstract and laboratory work concerned 
with materials properties and the future of renewable energies.

4.2 � NANOTECHNOLOGY: APPLICATION IN 
THE RENEWABLE ENERGY SECTOR

Nanotechnology contributes to comprehensive energy security and supply. With 
the help of nanoscience and nanotechnology, functional nanomaterials with control 
physical and chemical properties are synthesized that show different strengths, con-
ductivities, reflectivities, chemical reactivities, and more, in comparison to their bulk 
counterpart and have utmost importance in making new energy sources pragmatic 
on a profitable scale. In the arena of renewable energy, nanotechnology proved to be 
a cost-competitive technology. It is inexpensive, efficient, and environment-friendly 
technology [5]. For instance, solar energy, wind energy, hydrogen production, hydro-
power, bioenergy, geothermal energy clean coal, fuel cells, batteries, energy storage, 
and more, all benefited from the nanotechnology boom. Figure 4.1 shows nanotech-
nology application domains in renewable energy.
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Examining and plucking properties of materials at a nano regime results in a 
reduction in the cost of PV and solar cells, power efficiencies and storage capaci-
ties of super-capacitors and batteries being improved, achieving a reduction of CO2 
to methanol by photocatalytic processes, commercializing technology of hydrogen 
generation from the photo-conversion of water and light, preventing current loss and 
thermal drop by designing quantum conductors and super-conductors based on nano-
materials, economically extracting geothermal energy by developing nano-coating, 
and creating hydrogen-storage for reversible chemisorption by creating lightweight 
materials. Batteries based on nanotube ultra-capacitors have adequate power, have 
longer lives, perform excellently, and are rechargeable within a span of seconds. 
These batteries are used to run hybrid electric cars [6]. Nanotechnology plays a vital 
role in solar energy storage and generation by reducing assembly costs and enriching 
material efficiency [7]. There are four generations of PV cells, and nanostructured 
PV devices belong to the third generation. Third-generation PV shave a conducting 
layer made of oxide and a catalytic layer made of platinum that converts sunlight 
into electricity. PV technology provides only 0.04% of the total primary energy sup-
ply of the world. If solar energy accomplishes a 1% requirement of electricity in the 
world, 40 million tons of CO2 emission may be eliminated per annum [8]. The nano-
coatings used in solar cells modify the energy band gap, resulting in an amplification 
of the absorption path by multiple reflections and thus reducing recombination loss 
by decreasing absorption layer width. Another important aspect of nano-coatings is 
its self-cleaning feature [9]. Complex nanostructured lenses and mirrors are used for 
the large collection of solar energy.

The promising solution to sustainable energy and environment is the hydrogen 
fuel cell technologies. In a fuel cell, hydrogen and oxygen molecules combine to 
generate water, releasing heat and electricity as byproducts. Presently, nanomaterials 
are incorporated into fuel cells and electrode membranes. Nanoblades, nanofibers, 
and CNTs are used to hold huge volumes of hydrogen fuel [10]. For the conversion of 

FIGURE 4.1  Nanotechnology application domains in renewable energy.
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CO2 to hydrocarbon fuels, such as methanol, technology based on nanocomposites 
is used [11]. Nanotechnology employing photocatalysis is used as an economic tool 
for hydrogen gas production from solar energy in an environmentally friendly man-
ner [12].

Recently, nanotechnology is used for the production of biofuel from agricultural 
waste. Metal NPs are used as catalysts in the production of biofuel. Metal NPs are 
environmentally unfriendly; therefore, technology based on an amalgamation of 
nanocatalysts with biomass is used for biofuel production. A nanocatalyst is an eco-
friendly technology as it provides high surface area that results in enhancing the 
reaction rate, increasing the efficiency of bioenergy generation. An iron nanocatalyst 
is utilized to produce biodiesel using Pongamia pinnata oil with methanol [13].

Efficient wind energy conversion can be achieved using nanotechnology. 
Nanoscience is used to develop coating, lubrication, and durable lightweight materi-
als for wind energy conversion. To monitor stability or possible damage, sensing 
materials based on nanomaterials can be used. To check stiffness and bear weight-
to-load proportions, efficient, longer, and stronger blades made up of nanocomposite 
materials are useful. To enhance wind turbine efficiency, nanolubricants and less 
frictional surface coatings are used. This will overcome the energy loss due to scuff-
ing, micro-pitting, gearbox spalling, and wear. Nano-colloidal lubricant based on 
boron nitride additives is created for wear protection. CNTs are used to make light-
weight wind turbine rotor blades to increase their conductivity and strength [14].

Another sustainable and clean renewable source of energy is ocean tidal energy. 
The power output that can be retrieved from ocean tidal energy is highest in India, 
7000 MW, compared to the developed nations of the world [15]. Nanotechnology has 
made an exceptional advancement in ocean tidal energy. The TENG transforms rota-
tional motion into electricity and is an exclusive way for large-scale power genera-
tion. The electromagnetic hybrid nanogenerator, due to its unique structure design, 
generates electricity from ocean tides and waves either by a rotation mode or a fluc-
tuation mode. In this design, S-TENG is isolated from the environment by means 
of packaging and driven indirectly by the pairs of magnets, and then a wraparound 
electromagnetic generator can be easily alloyed. Finally, a nanotechnology-based 
single hybrid nanogenerator unit is used to run LEDs under distinct imitated condi-
tions of water waves [16].

The characteristic properties of nanomaterials desired for various renewable har-
vesting is discussed in Section 4.3.

4.3 � CHARACTERISTIC PROPERTIES OF NANOMATERIALS 
DESIRED FOR RENEWABLE ENERGY HARVESTING

The nanostructures that can be synthesized in order to utilize renewable energy 
sources are shown in Figure 4.2. Owing to their large surface area, faster diffusion 
rates, and short diffusion lengths, nanomaterials have enhanced device performance, 
particularly in solar cells, fuel cells, rechargeable LIBs, and more. The motion of 
the charge species is confined at the nano level, which enhances their mechanical, 
electrical, and optical properties [17, 18]. To improve devices’ electrochemical per-
formance, quantum dot, nanotubes, and nanosheets have been utilized.
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FIGURE 4.2  Nanostructures for energy storage devices.
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PV solar cells using perovskite nanomaterials are promising substitutes for tra-
ditional sources of energy based on fossil fuel. Perovskite solar cells (PSCs) using 
nanomaterials in comparison show promising features like enhanced light conver-
sion efficiency, improved absorption coefficient, high stability, and better transporta-
tion of charge carriers [19].

NPs of ZnO find applications in sensors [20], transistors [21], PV cells [22], 
hydrogen production [23], and dye degradation by photocatalysis [24]. These physi-
cochemical, optical, piezoelectric, and catalytic properties [25, 26] are due to the 
crystallite size and various shapes of the NPs [27].

In hole-conduction-free PSC, carbon nanomaterials are preferred owing to their 
high conductivity, better stability, and lower cost. Recently, Wei et al. [28] reported 
an efficiency up to 12.03% of hole-conductor-free perovskite solar cells fabricated 
by hot pressing techniques.

In SOFCs, nanomaterials’ properties, such as cost, catalytic activity, durability, 
chemical and thermal stability, and others, are employed for cathode, anode, and electro-
lyte fabrication [29]. To increase catalytic activity at the cathode, nanotubes, nanorods, 
nanowires, and others showed enhanced electrochemical properties are used [30, 31]. 
The porous structure and the fine particle size of nanomaterials are utilized for high 
conductivity and thermal stability, and, hence, increase the performance of the anode. 
From an application point of view, nanostructured materials are prepared and designed.

In LIBs, inorganic nanostructured materials have the following characteristics 
and advantages: (1) Nanostructured materials increase lithium insertion/removal rate 
and decrease intercalation time, (2) the large surface area of nanostructure increases 
lithium-ion flux cross-section coefficient, (3) tuning a material’s size at the nanoscale 
modified the electrode potentials for ions and electrons, and (4) to prevent pulveriza-
tion of electrode, nanostructured materials offer facile stain relaxation, large volume 
change tolerance during lithiation and delithiation.

The nanostructure materials show superiority in comparison to bulk materials 
because of improved kinetics and electrochemical activity.

4.4 � NANOMATERIALS BASED ON METAL OXIDES USED 
FOR ENVIRONMENT POLLUTION MONITORING

Presently, environmental pollution is one of the top priorities in human and eco-
logical systems owing to the high-speed development of scientific technologies and 
rapid industrialization. It is estimated that the consequence of death (i.e., 100 million 
people, 1 million seabirds, and 100,000 sea mammals) is highly probable to envi-
ronmental pollution.

In this section, nanomaterials based on a variety of transient metal oxides such 
as Fe2O3, CuO, TiO2, ZnO, and CeO2, among others, are discussed with a focus on 
environment pollution monitoring.

4.4.1 �M etal Oxide Nanomaterials Used in Water Purification

Water pollution implies the occurrence of newly identified chemicals (e.g., insecti-
cides, herbicides, and pesticides) and various well-identified hazardous pollutants 
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(volatile organic compounds (VOCs), heavy metal ions, and chemical wastes). Per a 
2003 report by the World Water Assessment Programme (WWAP), 2 million tons 
of sewage generated from industrial and agricultural wastewater is discharged every 
day into the world’s water  system. Nanomaterials based on metal oxides such as 
Fe2O3, CuO, TiO2, ZnO, CeO2, MgO, and others are utilized as economical, efficient 
adsorbents for wastewater purification. Photocatalysis using abundant natural sun-
light is the potential technique for environmental remediation. The photocatalysis 
process in metal oxide semiconductors involves the production of photogenerated 
electrons and holes. An electron is shifted to an acceptor molecule, while holes are 
shifted to a donor molecule. Under ultraviolet (UV) illumination, both ZnO and TiO2 
show excellent photocatalytic activity since their band gap is about 3.2 eV. However, 
by defect engineering or doping, their photocatalytic activity can be achieved under 
visible illumination. Among various metal oxides, the magnetic NP shows excel-
lent results owing to their interesting magnetic properties [32]. Magnetite (Fe3O4) 
synthesized/modified by using zirconium (IV)-metalloporphyrin at pH 5.5 is used 
to extract 92.0% fluoride ions with a contact time of 20 min [33]. Magnetite (Fe3O4) 
prepared using amino-functionalized (1, 6-hexadiamine) shows a maximum absorp-
tion capacity of 25.770 mg/g for Cu(II) at pH 6 and 298 K [34]. Polymer-modified 
Fe3O4 has been used to remove 95% of heavy ions like Cd(II), Zn(II), Pb(II), and 
Cu(II) at about 30 min at pH 5.5 [35]. Aerosol-assisted Fe3O4 synthesized by chemi-
cal vapor deposition shows 100% efficiency for arsenic (As) removal before 1 min 
of contact [36]. Amine functionalized Fe3O4 has been used to remove over 98% of 
Pb(II), Cd(II), and Cu(II) within 120 min at pH 7.0 [32]. NPs of mixed maghemite-
magnetite (γ-Fe2O3-Fe3O4) shows about 40% Cd(II) removal within 5 min. [37]. 
A magnetic iron particle synthesized by tea water shows a high adsorption capacity 
of 188.690 mg g−1 for As(III) and As(V) [38]. Iron oxide-alumina (Fe2O3-Al2O3) 
shows maximum sorption capacity of 4.980 mg/g for Cu2+, 32.360 mg/g for Ni2+, 
23.750 mg/g for Pb2+ and 63.690 mg/g for Hg2+ ions. The order of removal percent-
age is Cu2+  <Pb2+  <Ni2+  <Hg2+[39]. The adsorption capacity of CeO2, Fe3O4 and 
TiO2NPs is 189.0 mg Pb/g, 83.0 mg Pb/g and 159.0 mg Pb/g [40]. MgO and ZnO 
show a maximum adsorption of Cu(II), and the adsorption capacity for MgO and 
ZnO for Cu(II) are, respectively, 593.0 mg/g and 226.0 mg/g at pH of 3–4. Thus, 
MgO has better adsorption for Cu(II) than ZnO [41]. Nano-ZnO synthesized by gel 
combustion shows almost complete Pb adsorption [42]. Amorphous zirconium oxide 
(am-ZrO2) shows adsorption for phosphate (99.01 mg/g at pH 6.2) [43] and for As 
(III) and As (V) at pH 7 [44].

Thus, MO-NPs exhibit extraordinary multifunctional treatment options for waste-
water that enhance pollution monitoring.

4.4.2 �M etal Oxide Nanomaterials Used in Air Pollution Remediation

For increasing the performance of air pollution monitoring sensors, metal oxide 
nanomaterials are synthesized in different structures such as nanosheets, nanocom-
posites, nanotubes, and nanowires, among others.

Hydrogen sulfide (H2S) can be removed from the air at increased temperatures 
by an adsorption mechanism using nanostructured ZnO [45]. Ultrasonic-assisted 
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precipitation of zinc oxide NPs (U-ZnO) showed improved adsorption of H2S (29.51 
mg/g) in comparison to ZnO NPs prepared with no ultrasonic treatment (3.66 mg/g) 
[46]. NPs of ZnO synthesized by wire explosion technique have been used for the 
adsorption of carbon dioxide (CO2) in air. ZnO synthesized by this technique showed 
enhanced CO2 adsorption by decreasing temperature and increasing pressure [47].

Surface-fluorinated TiO2 nanosheets synthesized by hydrothermal technique 
show 60% of ammonia gas separation from the air [48]. Nanorods of TiO2 supported 
by CrOx, FeOx, MnOx, and MnOx-FeOx-CrOx catalysts show better efficiency for 
mercury (Hg0) removal (80–83%) [49]. TiO2 nanostructures, such as disks and rods, 
show a strong interaction with CO2 [50]. TiO2NPs are employed for manufacturing 
self-cleaning coatings that remove VOCs and nitrogen oxides into less poisonous 
species [51]. Different contaminants such as SO2 and CO are degraded by ZnO and 
Al2O3 nanocatalysts. TiO2/rGO film shows excellent selectivity to 1 ppm SO2 gas 
at environmental temperatures [52]. For the detection of H2S gas, sensors based on 
rGO/ferric oxide, rGO/zinc oxide, rGO/cupric oxide have been employed, and these 
sensors show good sensing ability.

4.4.3 �C hallenges and Future Perspectives of MO-NPs

The excessive use and production of MO-NPs pose a serious threat to the environ-
ment and human health as it increases the toxicity of soil. The nanofertilizers and 
pesticides available in the market do not mention the used concentration and types 
of NPs. Thus, before making them commercially available, these MO-NPs should be 
mentioned in safety evaluations and assessment standards.

Due to their specific physical and chemical properties and large surface–volume 
ratio, MO-NPs find applications in consumer products, cosmetics, electronics, envi-
ronment remediation, fuel additives, paints, energy, and others. However, MO-NPs 
ending up in the soil disturb the soil’s microbial functionality, plant growth, and, 
hence, human health through the food chain. Therefore, knowledge regarding the 
toxicological risks of MO-NPs in soil is emerging although with major gaps. Thus, 
it is important to develop a methodology for testing NPs toxicity in the natural envi-
ronment. Future research must be conducted regarding MO-NPs, their use, their 
distribution, and their release in the environment with risk management.

4.5 � NANOMATERIALS USED IN DIFFERENT RENEWABLE 
ENERGY PRODUCTION AND STORAGE DEVICES

In this section, the nanomaterials used for developing solar cells, LIBs, supercapaci-
tors, fuel cells, and hydrogen storage are discussed.

4.5.1 � Nanomaterials Used in Solar Cells

Solar cells based on sensitized dyes and quantum dots derived from nanomateri-
als have sufficient surface area for the adsorption of dye molecules and quantum 
dots as a monolayer to capture the maximum number of photons and minimize the 
interface charge recombination. They have a role in optical absorption antennas. The 
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inorganic electrode materials must have exceptional charge mobility and a stable, 
long lifetime with light-scattering/photon-trapping properties. From a structural 
point of view, the inorganic nanomaterial has a perfect crystalline structure with 
minimum defects (surface and bulk) and low grain boundaries joining between indi-
vidual nanostructures. Nanomaterials in solar cells should have the following char-
acteristic properties; namely, quantum dot–based solar cells should have multiple 
exciton effects, DSCs should have a large internal surface area, one-dimensional 
nanostructure solar cells should have optical effects due to antireflection, metal NP–
based solar cell should have surface plasmon resonance with NP agglomeration, and 
three-dimensional solar cell should have H-P-G core–shell spherical structures.

The semiconductors are available with Bohr radius of exciton in the 1–10-nm and 
20–70-nm ranges. Silicon, CdS, CdSe, and ZnO have Bohr exciton radii of 4.2 nm, 
3.1 nm, 6.1 nm, and 2.2 nm, respectively, while, PbS, PbSe, and InSb are examples 
of large Bohr radii semiconductors having values of 20.4 nm, 46, nm and 67.5 nm, 
respectively [53–55], and the characteristics of such semiconductor quantum dots are 
that their dimensions are proportionate to their excitonic Bohr radius, which devel-
ops a strong quantum confinement effect and is NP size–dependent. By optimizing 
the porous structure of the oxide film and the adsorption status of the quantum dots, 
the efficiency of the solar cell can be increased. The following synthesis methods 
have been used: (1) SILAR, (2) CBD, (3) ECD, (4) EP, and (5) linker-assisted bind-
ing or by combining two or more of these methods. Solar cells having an efficiency 
of about 4.92% are achieved in CdS and CdSe quantum dot–sensitized TiO2 nano-
crystalline film passivated by ZnS [56]. An increased efficiency of approximately 
5.06% is achieved in an Sb2S3-sensitized TiO2 nanocrystalline film [57]. In DSCs, 
nanowires/nanorods and nanotubes of ZnO have been used with reported values of 
efficiencies in the range of 1.0–2.5% [58–62], and its value is improved by modify-
ing the ZnO nanowires’ surface with a thin layer of TiO2 [63, 64]. TiO2 nanotubes 
are an example of a one-dimensional nanostructure in DSCs that have a maximum 
efficiency of 6.9%, which can be enhanced to about 7.4% with modified nanotubes. 
Although one-dimensional nanostructures have an advantage in electron conduction 
compared to their NPs, but the solar efficiencies of such DSCs are much less than 
that of TiO2NPs, that is, about 11–12%.

In polymer solar cells (PSCs), particularly inverted structured polymer solar cells, 
one-dimensional nanostructures are useful. Normal PSCs consist of an indium-doped 
tin oxide (ITO) glass substrate, anode buffer layer (ABL) of poly(3,4-ethylenedioxy-
thiophene) (PEDOT), a poly(styrenesulfonate) (PSS) as the hole transport layer, the 
active layer of conducting P3HT and PCBM, and a CBL of thin film made of oxide 
that acts as the layer of electron transport, and a conducting electrode consisting of 
a metal electrode. The excitons produced in the P3HT- and PCBM-conducting layer 
breaks into free electrons and holes. The holes move to PEDOT—the PSS and ITO 
sides—and electrons go toward the oxide and metal electrode sides. Conventional 
PSCs suffer from a severe stability problem due to the corrosion effect of PEDOT 
in contact with the ITO film and the top metal electrode (aluminum: Al), which 
drastically reduces cell performance, while in inverted structure PSCs, both these 
problems are solved. In inverted structure PSCs, the ITO glass substrate has been 
coated with a thin film made of oxide. On the oxide film, a blend of P3HT and 
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(6,6)–-(phenyl-C61 butyric acid methyl ester) [PCBM], a layer of PEDOT, PSS, and 
a metal electrode are sequentially deposited. The PSCs’ geometry restricts direct 
contact of the ITO with the PEDOT: PSS, and hence solves the tedious corrosion 
problem. Another demerit of PSCs, that is, the oxidation of the top metal electrode 
with air, is overcome in inverted structure PSCs by using a top electrode of metal 
that has a high work function, which transports the holes toward the metal electrode 
direction and the electrons to the oxide and ITO. These two modifications and the 
chemical stability of inverted PSCs have markedly improved their performance. The 
CBL’s structure and material are important features that severely affect the perfor-
mance of PSCs [65, 66]. It means the performance of solar cell is sensitive to the 
basic design and optimization of the CBL. In the inverted PSCs, ZnO and other 
oxides have been explored as CBLs. Nanocrystalline ZnO thin films exhibit a variety 
of morphologies, for example, nanowires/nanororods/spindles/needle/floral, among 
others, and have had a momentous impact on the performance of solar cells [67]. As 
a buffer layer in the inverted PSCs, it improves the electron transport and collection.

Three-dimensional structures, that is, an H-P-G schematic, have been used to 
investigate materials having high-electron mobility to improve the efficiency of 
DSCs. Instead of TiO2, ZnO is used for DSCs due to its large electron mobility. 
However, ZnO treated with ruthenium-based dyes, such as N3, N719, and black dye, 
forms a Zn2+–dye complex [68, 69], which is not active to injections of electrons 
and degrades the performance of DSCs compared to TiO2. High-electron-mobility 
SnO2 electrodes are also used in DSCs. But they suffer from problems of (1) lacking 
the availability of suitable surface bonds for adsorption of the ruthenium dye mol-
ecules and (2) a fast charge recombination rate, that is, 2–3 times faster, than TiO2. 
The concept of a three-dimensional H-P-G structure has been proposed in which 
a high-electron-mobility material is used for DSCs [70]. SnO2 or aluminum-doped 
ZnO (Al: ZnO) acts as a host (H) to form photoelectrode film for electron transport. 
To improve dye adsorption, a TiO2 layer is deposited on the host (H); a TiO2 coating 
shell forms the passivation (P) layer, which restricts the charge carrier recombina-
tion. The dye adsorption of the photoelectrode film is enhanced by filling TiO2NPs 
within the gaps among the core–shell spheres. TiO2NPs in the interstitial behave as 
guest (G) in the H–P–G structure. In the last, a TiCl4 treatment further improves the 
photoelectrode film by improving its internal surface area and connectivity amid the 
core–shell spheres as well as with the NPs. The template method was employed to 
fabricate SnO2 as a host using PSMSs of about 2.2 mm in diameter [70]. PSMSs were 
burned out to form hollow SnO2 spheres having a thickness of about 90 nm. The 
atomic layer deposition technique was used to coat SnO2 spheres by a TiO2 passiv-
ation layer about 25 nm thick. The space between SnO2–TiO2 core–shell structured 
is filled with TiO2NPs about 17nm in size. The studies were also made on Al: ZnO 
and TiO2 as host materials to form H-P-G structured photoelectrodes. This setup 
does not require final TiCl4 treatment because it dissolves the Al: ZnO. Using SnO2 
and Al: ZnO as hosts with photoelectrode films in DSCs have high efficiency com-
pared to using a TiO2 photoelectrode film as a host due to its higher electron mobility 
over the latter. SnO2-host DSCs exhibit higher efficiency than Al: ZnO hosts. The 
open-circuit voltage of the photoelectrode with SnO2 host was 842 mV significantly, 
and for TiO2, the host was 791 mV. The higher open-circuit voltage value throws light 
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on the effective decrease in charge recombination rate with the H-P-G structure. 
Such micro-core–shell spheres cause light scattering, which further improves the 
optical absorption of the photoelectrode.

4.5.2 �LIB s

LIBs are made of an anode, a cathode, and an electrolyte and work on the principle 
of conversion of a chemical potential into electrical energy through a Faradaic reac-
tion. While in its charging process, the electrical energy is reversed to chemical 
potential. The Faradaic reactions involve the transfer of mass and charge within the 
electrodes and dimension variations. In these batteries, the electrode’s surface area 
and distance of migration of charges are prime factors that determine battery perfor-
mance. The reaction rate and the transfer process are controlled by the composition, 
crystal structure, and morphology of the electrode material. By selecting appropriate 
materials for the electrode and the electrolyte, one can optimize the overall elec-
trochemical performance of the battery [71]. The cathode and anode materials in 
commercially available LIBs are LiCoO2 and graphite, respectively [72, 73]. The 
reported values for higher nominal voltage, specific energy/energy density, and cycle 
life values of commercial LIBs are 3.6 V, 125 Watt-hours kg−1 lit−1, and more than 
1000 cycles, respectively.

Economical rechargeable batteries based on lithium, which have the highest 
energy density, are widely employed in portable electronic devices, electric vehicles, 
and grid-scale energy storage. There has been fast growth in the field of nanotech-
nology over the last two decades; researchers have exhaustively explored many new 
and alternative materials for future-generation batteries. The advantages of nano-
technology application as compared to the earlier conventional methods in batteries 
are summarized as (1) a reduction in the dimensions of materials used in electrodes, 
(2) used in producing surface-coatings and functionalized layers on electrode mate-
rials by various chemical/physical routes to restrict side reactions and (3) affability 
to designing various component of batteries, for example, separator, current collec-
tor and others, with better functioning of batteries. The use of nanostructured elec-
trode materials markedly improves the performance of LIBs, which enhances the 
intercalation capability [72]. The flow of Li ions between the electrode–electrolyte 
interface, in turn, improves the diffusion paths and modifies the reaction thermody-
namics to permit phase transitions. It means that nanotechnology plays a key role in 
advanced LIBs setups.

Today, silicon nanowires/core–shell structured nanowires/nanospheres/mesopo-
rous [74–79], lithium metal, carbon-based analogues (CNTs, graphene, mesopo-
rous carbon) [80–84], intermetallics/nanocomposites [85–89], nano oxides [90–94] 
and thin films [95–99] have been tried as anode materials instead of earlier used 
lithium-insertion type anodes. A  reversible capacity of 600 mAh/g was obtained 
using SWCNTs [100] while a higher reversible capacity, over 1700 mAh/g at room 
temperature with improved cycling performance was obtained in nanocomposites 
of Si [101]. Some nanosized transition-metal oxides used as anodes can deliver a 
lithium storage capacity of about 700 mAh/g, with 100% capacity retention for up 
to 100 cycles.
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The cathode materials generally used in LIBs are layered LiMO2 (e.g., LiCoO2, 
LiNiO2, and LiMnO2) compounds, spinel-structured lithium manganese oxide 
(LiMn2O4), and other materials. In commercial LIBs, the LiCoO2 compound is 
extensively used as cathode material due to its excellent electrochemical properties 
and long cycle life, with an acceptable capacity of about 140 mAh/g. But its high cost 
and the presence of toxic Co that pollutes the surrounding atmosphere after disposal 
are the two main disadvantages that restrict their use in LIBs. This problem is over-
come by the substitution of Co with some other metal, for example, Ni, Cr, Al, and 
Mn, among others. LiNixCo1-xO2 compounds are found to be more suitable because 
their solid solution of any percentage does not disturb the inherent layered structure. 
Layered LiMnO2 compounds are also used as cathode material in LIBs. LiMnO2 
compounds have a specific capacity of 285 mAh/g based on the transition of Mn3+ to 
Mn4+ state, that is, about two times more than the LiMn2O4 spinel. The polar carbon-
based materials with a surface decorated with sulfur marginally enhance their elec-
tronic conductivity, cycle life, and system efficiency. The addition of nanomaterials 
in a solid polymer electrolyte matrix improves ionic conductivity due to the high 
aspect ratio and creates continuous ionic transport pathways.

The aim for improvement of future-generation lithium-based rechargeable batter-
ies is really a very challenging problem at present. In-depth studies are required for 
the fabrication of high Li-to-host compound ratio or alloy electrode to improve their 
capacity. Commercially LIBs are successful and have reached the maximum limits 
of performance using the current electrode and electrolyte materials.

4.5.3 � Nanomaterials for Fuel Cells

W. Grove developed the first fuel cell to generate electricity [102, 103]. Experiments 
were conducted with a hydrogen fuel cell by Ludwig Mond (1839–1909) and Carl 
Langer that were able to produce 6 Amp/ft2 at 0.73 V.F.W. Ostwald (1853–1932), pre-
sented different components of the fuel cells, such as electrodes, electrolytes and oxi-
dizing and reducing agents (anions and cations) and the relationship between them. 
Then F.T. Bacon worked on fabricating high-pressure fuel cells with a maximum 
pressure of up to 3000 psi during the 1904–1992 period. In the early 1960s, the IFC 
established a power plant based on fuel cells for the Apollo spacecraft in Windsor, 
Connecticut, USA. In the 1970s, IFC developed a powerful alkaline-based fuel cell 
unit for NASA’s space shuttle Orbiter [104, 105].

Fuel cells utilize hydrogen or other fuels to generate clean and efficient electric-
ity. When hydrogen is the fuel, the final products are electricity, water, and heat. 
Fuel cells have many potential applications in transportation, industrial, commercial 
centers, residential buildings, and long-term energy storage for the grid in reversible 
setups for providing power to large power stations and small systems like laptop 
computers and others. The eco-friendly fuel cells have many advantages compared 
to coal/gas-based fuel combustion technologies due to their better efficiencies, that 
is, with a more than 60% transformation of fuel chemical energy into electrical 
energy with negligible or zero toxic emissions or air pollutants, and their being quite 
silent during operation. As is well known, air pollutants are involved in smog genera-
tion and raise many health issues in human beings.
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Fuel cells work on the principle of batteries which do not drain or require 
recharging because their electricity and heat production rely on the supply of fuel. 
The fuel cell has an anode, a cathode, and a dense electrolyte between them. The 
following nanomaterials are used in anodes: Sc0.1Y0.1Zr0.6Ti0.2O1.9, La0.8Sr0.2Fe0.8 
Cr0.2O3, (La0.7Sr0.3)1−xCexCr1-xNixO3, La0.8Sr0.2Cr0.95Ru0.05O3, Sr0.88Y0.08TiO3, CrTi2O5, 
Ti0.34Nb0.66O2, Ni-YSZ, Ni-SDC, Ni-GDC, LaSrTiO2, Cu-GDCCrTi2O5 [106]. 
The cathode materials should have a high degree of porosity, be stable in an oxy-
gen atmosphere, and have a good thermo-mechanical matching with electrolyte. 
Lanthanum manganite doped with rare earth elements [107, 108], Co, Ce, or Sr 
[109, 110] have been used as cathode materials. The following are some examples 
of cathode materials: La1−xSrxMnO3 (x =0.2, 0.3, 0.4), Pr0.6Sr0.4MnO3, La1−xSrxCoO3 
(x =0.2, 0.4), La1−xSrxFeO3 (x =0.2, 0.4, 0.5), Pr1−xSrxFeO3 (x =0.2, 0.5), La0.7Sr0.3 
Fe0.8Ni0.2O3, La1−xSrxCo0.2Fe0.8O3 (x = 0.2, 0.4, 0.6), La0.8Sr0.2Co0.2Ni0.8O3, La0.8Sr0.2 
Co0.2Mn0.2O3, La0.6Sr0.4Co0.8Fe0.2O3, and others. Zirconia, ceria, and lanthanum-
based compounds, for example, YSZ/SSZ/CaSZ or GDC/SDC/YDC, are normally 
used as electrolytes in fuel cells. These pure and mixed nanomaterials involve in 
mixed ionic and electrical conduction. Hydrogen is used as a fuel and air is supplied 
to the anode and cathode, respectively. In such fuel cells, hydrogen molecules are 
broken into protons and electrons at the anode by a catalyst. They follow separate 
ways to reach the cathode. The flow of electron produces electricity in external 
circuit, while the protons transit through the electrolyte to pursue the cathode and 
react with oxygen and the electrons to generate heat and water. Several types of fuel 
cells are available in the market, and their categorization depends on the nature of 
the electrolyte. As per application demand, the fuel cell needs particular materials 
and fuels. The various types of fuel cells reported so far are proton exchange mem-
brane fuel cell (PEMFC), DMFCs, PAFCs, AFCs, MCFCs, and SOFCs. Today, 
work is ongoing with SOFCs due to their better electrical efficiency, and the use of 
natural gas, biogas, or CH4 as a fuel means fuel flexibility with high performance 
while being environmentally friendly [111, 112]. Such advantages encouraged their 
usage in many practical applications.

Nanoscale materials help in reducing the operating temperature of fuel cells. 
For instance, an Ni/YSZ/Pt [113] fuel cell at 600°C with dry H2 and air as fuel for 
10 hours showed a power density of 23.3 mW/cm2, while a Pt/YSZ/Pt [114] fuel cell 
at 550°C with humidified H2:N2 (1:4) as fuel has reported 150 mW/cm2 output power. 
Today, to achieve the highest performance, research is ongoing regarding the explo-
ration of new nanomaterials for the latest smart technological applications.

In the following section, the key components of fuel cells are discussed.

4.5.3.1 � Key Components of a Fuel Cell

4.5.3.1.1 � PEM
The PEM is also known as a proton exchange membrane having a thickness of 
less than 20 µm. It allows the conduction of positively charged ions between the 
anode and cathode only and inhibits the electrons’ movement. The PEM permits 
only selective ions to pass amid the anode and cathode, which is the key to fuel cell 
technology.
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4.5.3.1.2 � Catalyst Layers
The catalyst layer is placed on both sides of the membrane, that is, on one side on 
the anode and the other layer on the cathode. Nanosized Au, Ag, and Pt noble metals 
have been used as catalyst layers in fuel cells. Pt NPs have a dendrite morphology, 
and their different compositions show more electrocatalytic activities for small mol-
ecules oxidation and oxygen reduction reactions compared to commercially avail-
able catalysts [115–117]. The catalyst layers consist of nanosized platinum particles 
decorated on a carbon support. At the anode surface, the Pt catalyst splits hydrogen 
molecules into protons and electrons. The Pt catalyst reacts with the proton to pro-
duce water at the cathode by the process of reduction.

4.5.3.1.3 � GDLs
AGDL sheet consists of carbon paper in which carbon fibers are partially coated 
with microporous PTFE. Gases pass through GDL pores. The PTFE helps keep the 
pores open and restricts excessive water buildup to maintain conductivity and the 
diffusion of hydrogen and oxygen into the electrodes.

4.5.3.1.4 � Hardware
Hardware is required for the effective functioning of an MEA of a fuel cell where 
power is produced.

4.5.3.1.5 � Bipolar Plates
Each MEA produces <1 V under normal operation, but higher voltages are required 
for desired applications. For that, a number of MEAs are stacked on each other to 
achieve required output voltage for the device/gadget. The stacked cell is placed 
amid two bipolar plates to isolate it from adjacent cells. These plates consist of metal, 
carbon, or composites, and their purpose is to add physical support to the stacked 
structure and permit electrical conduction between cells. The surfaces of the plates 
have a set of channels on their surface for gases flow on the MEA. The extra channels 
inside each plate have been used for liquid coolant circulation.

4.5.3.1.6 � Gaskets
An MEA in a fuel cell stack is placed amid two bipolar plates. The polymer rub-
ber gaskets are used all over the MEA boundaries for a gas-tight seal. Fuel cell 
technologies [118] are well commercialized for portable power source distribution 
and electrical energy generation in remote areas. To produce low-temperature fuel 
cells (T < 200°C), nanomaterials are used, the dispersion of nanosized precious and 
nonprecious metal/compound catalysts, reformation of fuel and storage of hydrogen, 
and the compilation of MEA. PEMFC has drawn much attention from research-
ers recently for applications as small portable power sources and in transportation. 
However, for stationary applications, PAFCS, SOFCs, and MCFCs are preferable. 
For low-temperature fuel cells using hydrogen, reformate, or methanol as fuel, plat-
inum-based catalysts are preferred. To cut production costs, the precious platinum 
consumption should be reduced by either alloying it with economic transition metal 
or decreasing its particle size to maintain or enhance the MEA’s performance by 
improving its electrocatalytic activity.
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4.5.4 �S upercapacitors

Supercapacitors are one of the recent energy storage solutions that bridge the gap 
between batteries and capacitors owing to their quick charging/discharging capacity, 
high specific power/energy, and good service life (cyclic stability) and have proved to 
be a very promising substitute for the present, as well as future, energy storage/redistri-
bution systems and hybrid electric vehicles. Becker [119] first patented the concept of 
an ES in 1957.But this was not able to draw attention due to low energy storage and high 
cost in comparison to batteries. However, the evolution of new advanced nanomaterials 
and the progress in nanotechnology for ES electrode design have again emerged at the 
forefront of this field. Based on the charge storage mechanism and the active materials 
employed in fabrication, ESs are classified into three types: (1) EDLCs, (2) pseudo-
capacitors or redox capacitors, and (3) hybrid electrochemical capacitors [120–122].

4.5.4.1 � EDLCs
EDLCs are electrochemical capacitors, also known as Helmholtz layers, that store 
electric energy in a double layer. The double-layer concept is further extended in 
Gouy-Chapman model and Stem model [120]. The charge separation takes place on 
polarization at the interfaces amid solid electrode materials and the liquid electrolyte 
solution in the fine pores of the electrode.

EDLC capacitance is comparable to a normal electrolytic parallel plate capacitor 
and double-layer capacitance is given as

C = µ µ
A

dT o r ,

where ε0 is the permittivity of free space, εr is the relative dielectric constant in the 
double layer, d is the effective thickness and Ais the surface area. The thickness for 
an EDLC is in the 5–10 Å range, that is, much smaller than the distance between the 
electrolytic or dielectric capacitor plates.

Because the charge storage is mainly electrostatic in nature, the electric field in 
an EDLC is about 106 V cm−1. Due to the non-transfer of charge across the interface 
(non-Faradaic), fast charging/discharging and a very long cycle life are achieved in 
EDLCs. For further enhancing the capacitance, the surface area of the electrode can be 
enhanced by employing porous materials, namely, carbon, with large internal effective 
surfaces, that is, more than 1000 m2 g−1. It means the combination of a highly acces-
sible, large specific surface area and charge separation at the atomic scale results in a 
very high capacitance of the order of Farad (F) and increased electric energy in EDLCs.

In EDLCs, the complete cell setup consists of two capacitors connected in series. 
The cell capacitance (CCell) can be written as [121]

1

C
=

cell

1 1

1 2C C
+ ,

where C1, and C2 are the capacitance of two similar electrodes.
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4.5.4.2 � Polymer Solar Cells (PSCs)
PSCs store Faradaic electrical energy  by electron charge transfer between  elec-
trode and electrolyte through fast redox reaction and intercalation process. Pseudo-
capacitance (Cϕ) is produced via the passage of charge ‘q’ originated from Faradaic 
charge transfer at solid electrode material surface and is a function of potential V. 
The derivative dq/dV is a Faradaic capacitance (pseudo-capacitance, PC) [123] given 
by the following equation:

Cϕ = dq/dV.

Three types of charge transfer processes take place during pseudo-capacitance 
[124, 125]: (1) ions adsorption from the electrolyte, (2) redox reactions, and  
(3) doping/de-doping of active conducting polymers. The first two processes 
are very sensitive to the electrode material’s surface area while the last process 
pertains to the bulk process [126]. The second redox reaction exhibits revers-
ible charge/discharge behavior in cyclic voltammetry with 10–100 times higher 
capacitance than those for carbon double-layer systems [127]. These two different 
storage mechanisms coexist in the supercapacitors system. Generally, one of the 
storage mechanisms dominates in comparison to the other one (e.g., 2% to 5% 
less). To distinguish between these two systems, a comparison of EDLCs and PCs 
is listed in Table 4.1 [128].

4.5.4.3 � HSs
The use of EDL capacitance and pseudo capacitance materials for different elec-
trodes in asymmetrical configuration form hybrid-type electrochemical capaci-
tors. HSs have gained attention in recent years [129]. HSs have high specific energy 

TABLE 4.1
Comparison of Double-Layer Capacitance vs. Pseudo-Capacitance

S. No. Double-Layer Capacitance Pseudo-Capacitance

1. Involves non-Faradaic process Involves Faradaic process

2. 20.0–50.0 µF cm−2 2000 µF cm−2 for single-state process; 200–500 µF 
cm−2for multistate, overlapping processes

3. Capacitance ‘C’ fairly constant with 
potential, except through the point 
of zero charge

Capacitance ‘C’ fairly constant with potential for 
RuO2; for 3 single-state process, exhibits marked 
maximum

4. Highly reversible charging/
discharging

Can exhibit several maxima for overlapping, 
multistate processes, as for H at Pt

5. Has restricted voltage range (contrast 
nonelectrochemical electrostatic 
capacitor)

Quite reversible but has intrinsic electrode-kinetic 
rate limitation determined by Rf

6. Exhibits mirror-image 
voltammogram

Has restricted voltage range; exhibits mirror-image 
voltammogram
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compared to electrochemical capacitors having two similar electrodes. The prin-
ciple of the HS design is to use a double-layer capacitance electrode combined with 
a PC electrode. There are different modes by which two electrodes are charged: 
One is electrostatically charged-discharged, while the other is pseudo-capacitive; 
it goes through a Faradaic process, starting at defined electrode potentials results 
in PC. In HS, the increase in both the working voltage and the specific energy was 
achieved. The highest operating voltage and the lower ESR were additional benefi-
cial factors, which allowed momentous enhancement in the overall performance of 
the supercapacitors for the HEV applications. Recently, a lot the work is going on the 
HSs, which are categorized on the basis of their electrode configurations: composite, 
asymmetric, and battery types [130].

4.5.4.4 � Energy Storage Parameters
The nature of energy storage devices is defined by two important parameters:  
(1) energy density and (2) power density. Energy stored per unit mass is the energy 
density and is proportional to voltage squared. It is computed by the following 
expression:

E =
1

2
C V 2,

where C is the specific capacitance and V is the voltage.
The amount of energy delivered per unit mass is power density. It can be evalu-

ated from the equation given as

P = iV,

where i is the current. The maximum power delivery is derived from the simple 
series circuit [131]:

P =
1

4Rmax
s

Vi
2,

where Rs is the ESR and Vi is the initial voltage.

4.5.4.5 � Characteristic Properties of Capacitive Storage Materials
The new multifunctional capacitive storage materials are now in demand because 
they can perform more than one function, for example, chemical as well as surface 
charge storage, and electrolytes can provide the fast removal of ions. It should also 
take care of the solvation of charging ions. The main challenge in any energy storage 
device is that the electrons insertion or removal should be fast. This can be achieved 
by obtaining a continuous electronic conductive pathway in the electrode. This is 
very important for high-power PCs. The nanosized porous materials have the inher-
ent property of very large surface areas and potentially enhanced chemical redox 
behavior [132].
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4.5.4.6 � Electrode Materials for Supercapacitors
In supercapacitors, the electrode materials used are carbon-based materials AC 
[132, 133], CNTs [134–138], graphene [139–144], conducting polymers, and metal 
oxides/hydroxides. The material based on carbon are utilized in EDLCs as active 
electrode materials, while metal oxides such as NiO, MnO2, IrO2, and RuO2, 
among others [145–152], and conducting polymers, for example, PANI, polypyr-
role, and polythiophene [152–156], are used in PCs as active electrode materials. 
In EDLCs, the carbon-based material’s surface area stores charge and shows a high 
power output, less energy density, and better cycling ability. In PSCs, charges are 
stored on the surface of the redox active material and within the subsurface layer. 
The electrode materials used in supercapacitors have various merits and demerits; 
for example, electrode materials based on carbon have high power density and 
longer life cycle but small specific capacitance in EDLCs. Metal oxide–based elec-
trodes possess a wide range of charge/discharge potential but suffer from a small 
surface area and poor cycle life. Conducting polymer–based electrodes possess 
high capacitance, good conductivity, low cost, and ease of fabrication, but their low 
mechanical strength and cycle life are major disadvantages. By utilizing different 
nanoscale capacitive materials, electroactive nanocomposites are produced, which 
is a better approach to enhance supercapacitors’ performance. Nanocomposite 
electrode properties depend on their respective materials, morphology, and inter-
facial characteristics. A lot of progress has been made on the development of elec-
troactive nanocomposite materials for supercapacitors, but still the challenges are 
there to overcome.

4.5.4.7 � Synthesis of Nanomaterials and Nanocomposite Active 
Electrode Materials for Supercapacitors Synthesis Methods

4.5.4.7.1 � AC
AC is produced by a two-step reaction: (1) carbonization and (2) the chemical or 
physical activation of precursors [157]. In the first carbonization step, the precur-
sor is treated with CO2, steam, and air in the 700–1200°C temperature range to 
produce amorphous carbon in an inert atmosphere. The second chemical activation 
step is conducted in a low temperature range, that is, between 400 and 700°C, in the 
presence of NaOH, KOH, ZnCl2, and H3PO4 as activating agents to have a porous 
network in the carbon particle bulk [10]. Activation improves the surface area, the 
porous structure, and the pore size distribution of charcoal. The maximum specific 
surface area of AC after activation obtained is about 3000 m2/g with a pore size 
distribution such as microspores (less than 2 nm), mesopores (2–50 nm), and macro-
pores (more than 50 nm).

4.5.4.7.2 � CNTs
CNTs are available in SWCNTs or MWCNTs form and exhibit good electrical con-
ductivity. CNTs are synthesized through the catalytic decomposition of some hydro-
carbons by the chemical vapor deposition technique. The synthesis parameters are 
optimized to obtain good-quality nanostructures in various conformations with con-
trolled crystalline structures [132]. CNTs can be functionalized by refluxing them in 
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H2SO4 and HNO3 acid solutions or activated in KOH solution. They have intercon-
nected mesopores that permit a continuous charge distribution over the accessible 
surface area.

4.5.4.7.3 � Graphene
Owing to its many fascinating properties like high electrical conductivity, a large sur-
face area of about 2630 m2/g, and chemical stability. The various methods reported 
for the preparation of graphene are chemical vapor deposition, micromechanical 
exfoliation, arch discharge method, unzipping of CNTs, epitaxial growth, electro-
chemical, chemical methods, intercalation methods in graphite, and so on [155, 158].

4.5.4.7.4 � Metal Oxides/Hydroxides
Metal oxides/hydroxides, generally transition metal oxides/hydroxides, are used as 
electrode material as well as mild electrolytes in pseudo-capacitors. In nanoform, these 
oxides are easily produced by chemical coprecipitation, sol-gel, hydrothermal, green 
chemistry, and other methods under optimized conditions to produce the desired struc-
ture, size, and morphology of NPs. Their mixed oxide nanocomposites are synthesized 
by solid-state reactions, chemical coprecipitation, and anodic ECD methods [159–163]. 
Magnetite (Fe3O4) is used as an inexpensive electrode material. The capacitive behav-
ior of Fe3O4 was investigated in sodium sulfite and sodium sulfate electrolytes.

4.5.4.7.5 � Conducting Polymers
Conducting polymers like PANI, polypyrrole, polythiophene and poly [3,4- 
ethylenedioxythiophene] had been studied extensively due their low cost of produc-
tion, environmental stability, and high electrical conductivity. They can be used as 
pseudo-material in supercapacitors to interact with electrolyte. These polymers are 
synthesized easily by chemical/electrochemical routes. Due to a lack of mechanical 
strength, nanocomposites are recommended.

4.5.4.7.6 � Nanocomposite of a Conducting Polymer with 
Metal Oxides and CNTs with Metal Oxides

Nanocomposites of CNTs with metal oxides were synthesized either by mechanical 
mixing or by MOCVD or ECD or wet chemical precipitation. For instance, IrO2-
CNTs nanocomposites were prepared by the MOCVD process, MnO2-CNTs nano-
composites were synthesized by ECD and RuO2-CNTs were formed by wet chemical 
precipitation.

Nanocomposites of conducting polymer with metal oxide were synthesized by 
in situ polymerization. For instance, CNTs-PANI nanocomposites were synthesized 
using CNTs and an aniline monomer on adding (NH4)2S2O8as an oxidizing agent. 
Graphene-PEDOT was prepared by oxidative polymerization of EDOT on adding 
ammonium peroxydisulfate [(NH4)2S2O8)] and FeCl3 as oxidizing agents.

4.5.4.7.7 � Carbon Aerogels
Carbon aerogels (CAGs) are prepared by sol-gel process with subsequent pyrolysis 
of the gel-based organic precursor (e.g. resorcinol-formaldehyde or phenol-furfural 
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resinous gel, etc.) to replace the liquid component of the gel with a gas. With an ultra-
low density, high porosity, good electrical properties, and controllable pore structure, 
CAGs are a potential alternative for supercapacitor electrode material. The domi-
nance of mesopores (>2 nm) is responsible for their low capacitance, and an addi-
tional activation process is to be needed to enhance the accessible specific surface 
area (SSA) by the introduction of microporosity.

4.6 � STRUCTURE, ELECTRICAL AND CHEMICAL COMPOSITION, 
AND SURFACE AREA CHARACTERIZATIONS

The crystalline structure, crystallite size, lattice parameters, morphology analy-
sis of nanocomposites, stoichiometry, and surface area of pure and nanocompos-
ite materials are inferred by powder XRD/XRF (X-ray fluorescence spectroscopy), 
SEM, energy dispersive analysis (EDX), HRTEM and Brunauer–Emmett–Teller. IR, 
Fourier transform infrared, and Raman spectra are powerful tools for identifying the 
vibrational peaks pertaining to different molecules present in the nanocomposites. 
Four probe technique is employed to obtain the electrical conducting of nanocom-
posites. TGA and DTA were used to study the weight loss and thermal decomposi-
tion of nanocomposite materials.

4.7 � DRAWBACK OF PRESENT MATERIALS AND 
HOW TO OVERCOME THEM

The cost of some components, catalysts, electrodes, and electrolytes are very expen-
sive materials and some pollute the environment. These are the main limitations 
for large-scale production and new alternative advanced materials are required. 
Researchers are now developing new coated electrode materials, electrolytes with 
membranes, and metal-electrolyte interfaces [164–167] to control undesired parasitic 
reactions. Recently, a fluoroethylene carbonate additive has been tried to improve the 
cycle life of Li-ion batteries with 60-nm Si NPs and restrict the formation of meta-
stable c-Li15Si4 phase. The use of existing and new nanomaterials quantum confine-
ment effects for the preparation of new electrolytes compatible with other materials 
of energy storage devices.

4.8 � SUMMARY

The efficiency of perovskite-based solar cells, fuel cells, and Li-ion batteries is 
improved by employing nanostructured materials. Materials in nano-dimensional 
regime provide stability and enhanced performance of energy storage and conversion 
devices. The nanostructure materials show superiority in comparison to bulk mate-
rials because of improved kinetics and electrochemical activity. Thermodynamic 
stability, side reaction, and handling of “nano” materials are the few challenges that 
can be addressed by collective efforts to ensure clean, sustaining energy storage, and 
conversion devices for the future.
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LIST OF ABBREVIATIONS IN THIS CHAPTER

AC	 activated carbon
AFCs	 alkaline fuel cells
CaSZ	 calcium stabilized zirconia
CBD	 chemical bath deposition
CBL	 cathode buffer layer
CNTs	 carbon nanotubes
DMFCs	 direct methanol fuel cells
DSCs	 dye-sensitized solar cells
DTA	 differential thermal analysis
ECD	 electrochemical deposition
EDLCs	 electrochemical double layer supercapacitors
EDOT	 ethylene dioxythiophene
EDX	 energy dispersive analysis
ES	 electrochemical supercapacitors
ESR	 equivalent series resistance
GDC	 gadolium-doped ceria
GDLs	 gas diffusion layers
GHG	 greenhouse gas
HEV	 hybrid electrical vehicle
H-P-G	 host–passivation–guest
HRTEM	 high-resolution transmission electron microscopy
HS	 hybrid supercapacitors
IFC	 International Fuel Cells
IR	 infrared spectra
LIBs	 lithium-ionbatteries
MCFCs	 molten carbonate fuel cells
MEA	 membrane electrode assembly
MOCVD	 metal–organic chemical vapor deposition
MO-NPs	 metaloxide nanoparticles
MTOE	 million tons of oil equivalent
MWCNTs	 multiwalled carbon nanotubes
NPs	 nanoparticles
P3HT	 poly(3-hexylthiophene)
PAFCs	 phosphoric acid fuel cells
PANI	 polyaniline
PCBM	 [6,6]–-(phenyl-C61 butyric acid methyl ester)
PEDOT	 poly 3,4-ethylenedioxythiophene
PEM	 polymer electrolyte membrane
PEMFC	 polymer electrolyte membrane fuel cell
PEMFC	 proton exchange membrane fuel cell
PSC	 pseudo-supercapacitor
PSCs	 polymer solar cells
PSMS	 polystyrene macrospheres
PTFE	 polytetrafluoroethylene
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PV	 photovoltaic
SDC	 strontium-doped ceria
SEM	 scanning electron microscopy
SILAR	 successive ionic layer adsorption and reaction
SOFCs	 solid oxide fuel cells
SSZ	 strontium-stabilized zirconia
S-TENG	 spiral triboelectrification–based nanogenerator
SWCNTs	 single-walled carbon nanotubes
TENG	 triboelectrification-based nanogenerator
TGA	 thermogravimetric analysis
TW	 terawatt
XRD	 X-ray diffraction
YDC	 yttrium-doped ceria
YSZ	 yttria-stabilized zirconia
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5.1 � INTRODUCTION

Over the last several years, nanotechnology has been effectively introduced into our 
day-to-day life. An American physicist, Richard Feynman, commenced the idea 
or concept of nanoscience and nanotechnology with a famous talk titled “There’s 
Plenty of Room at the Bottom”. He revolutionizes a new era in which it is possible to 
change the properties of devices at the atomic, molecular or macromolecular level. 
Since numerous scientific researchers have significantly improved this technology 
[1]. However, the word nano is derived from the Greek language denoting dwarf or 
extremely small particles having a size of less than 100 nm. They exhibit novel or 
enhanced size-dependent characteristics containing a large portion of the surface of 
any atoms or molecules considered to have high surface activity. Therefore, nanosci-
ence and nanotechnology cover the study of extremely small things. Moreover, they 
can be used in a variety of science disciples including chemistry, physics, material 
science and biology. Therefore, nanotechnology is a multidisciplinary field encom-
passing science, engineering and technology with many applications and nanopar-
ticles are the mandatory component of nanotechnology. All the abbreviations used 
in the present research work are tabulated in Table 5.1, and numerous terms related 
to NMs are given in Table 5.2.
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TABLE 5.1
Abbreviations

Sr. No. Abbreviated form Full Form

1 NPs Nanoparticles

2 NMs Nanomaterials

3 CNTS Carbon nanotubes

4 SWCNTs Single-walled carbon nanotubes

5 MWCNTs Multiwalled carbon nanotubes

6 GO Graphene oxide

7 rGO Reduced graphene oxide

8 nZVI Nano-zero-valent iron

9 GRA Graphene

10 DWNTs Double-walled carbon nanotubes

11 CNT-CS Carbon nanotube–chitosan

12 ZnO Zinc oxide

13 Fe2O3 Ferric oxide

14 SiO2 Silicon dioxide

15 TiO2 Titanium dioxide

16 TX-100 Triton X-100

17 TX Triton X

18 Cr6+ Chromium (VI) ion

19 Pb2+ Lead (II) ion

20 Cd2+ Cadmium (II) ion

21 EB Ethidium bromide

22 EOB Eosin bluish

23 OG Orange G

24 AR18 Acid red 18

25 AO Acridine orange

26 ACF Activated carbon fiber

27 MB Methylene blue

28 CV Crystal violet

29 RhB Rhodamine B

30 ARS Alizarin red S

31 SWCNT-COOH Single-walled nanotube–carboxylic acid

32 SWCNT-OH Single-walled carbon nanotube–hydroxide

33 SWCNT-NH2 Single-walled carbon nanotube–azanide

34 MWCNT-FeSO4 Multiwalled carbon nanotube–ferrous sulfate

35 MWCNT-ZrO2 Multiwalled carbon nanotube–zirconium oxide

36 MWCNT-MnO2 Multiwalled carbon nanotubes–manganese dioxide

37 MWCNT-TiO2 Multiwalled carbon nanotubes–titanium dioxide

38 Fe3O4 Magnetic oxide

39 DR23 Direct red 23

40 HC Hydrocarbon

(Continued )
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Sr. No. Abbreviated form Full Form

41 PM Particulate matter

42 TEM Transmission electron microscopy

43 TNF Tumor necrosis factor

44 GALT Gut-associate dlymphoid tissue

45 LDH Lactate dehydrogenase

46 ROS Reactive oxygen species

47 RNS Reactive nitrogen species

TABLE 5.1  (Continued)
Abbreviations

TABLE 5.2
Summary of Numerous Terms Related to NMs

Term Description

Nanotechnology Nanotechnology is the study of extremely small things in multidisciplinary fields at 
the nanoscale range.

Nanoscale A scale consisting between 1–100 nm.

NPs NPs are those ultrafine particles that have a size of less than 100 nm and consist of 
one or more external dimensions.

Nanotubes Hollow nanofibers are called nanotubes.

Engineered NMs Those nanoscale materials that are produced purposely are called engineered NMs.

NMs An NM, as any material that has unique properties, has at least one external 
dimension at nanoscale assembling in the size range of 1–100 nm.

NPs are a subclassification of natural or anthropogenic ultrafine particles that 
can be produced naturally or accidentally. They are generally less toxic, biodegrad-
able and more biocompatible. Natural NPs are those smaller particles originating in 
the natural environment, including abiotic components like soil, air, water or biotic 
component. In soils, NPs occur as NMs having a high density of surface functional 
groups and high reactivity, which directly control various soil processes such as 
sorption capacity, mobility and diffusion mass transfer. Examples of NPs are cer-
tain clay minerals (kaolinite, smectite, and vermiculite), Fe oxides (allophan, imo-
golite) and Mn oxyhydroxides or carbon-containing NPs. Abiotic NPs include sea 
salt aerosols, forest fires, fine dust storms (lunar dust), volcanic ash (allophane) and 
others, and biological NPs consist of living organisms like bacteria and fungi and 
semi-living organisms such as viruses. Natural NPs are of basic importance in the 
Earth’s system, metal-binding biogeochemical cycle, ecotoxicity, weathering and 
bioavailability. In addition, NPs may also be produced unintentionally as products 
of mechanical or industrial processes through combustion and vaporization [2, 1].

Nano-based materials perhaps show distinct novel properties belonging to their 
non-nano configurations; in addition, these dissimilarities in their characteristics 
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have raised queries regarding possible human robustness and environmental threat. 
According to the International Organization for Standardization (ISO) “nanoparti-
cles” as nanosized entities accompanied by three exterior dimensions in the nanoscale 
range, where nanoscale is explained as the size dimensions being about 1–100 nm 
[3] and “nanomaterials” as having some exterior dimensions in the nanoscale or an 
inner or external conformation in the nanoscale [4]. Therefore, NMs can be defined 
as any material that has novel or unique properties due to the nanoscale assembling, 
having at least one exterior dimension in the size range of 1–100 nm. NMNs are 
formed by the compaction or structuring of NPs.

NMs demonstrate novel physical or chemical properties, and they grant advance-
ment to engineered materials, through increased optical properties, greater magnetic 
features and upgraded electrical actions, as well as enhanced better integrity. NMs 
are present everywhere, and they can be generated naturally or anthropogenically. 
Scientists can engineer NMs from common materials to improve their utility. In the 
natural world, NMs are found in coral and marine plankton skeletons, the feathers 
and beaks of birds, spider webs, the hair and bone matrices of animals and humans 
and so on. In the engineered world, through micro-fabrication techniques, NMs are 
purposefully designed and synthesized for various applications such as specific opti-
cal, mechanical, electronic, medical, photocatalytic and enzymatic applications. 
Presently, nano-assembling materials are extensively utilized in a diversity of com-
modities including foodstuffs, medicine, personal care products or cosmetics, cloth-
ing, electronic devices and more.

5.2 � CLASSIFICATION OF NMS

Nanoscientists are working around the clock to explore or develop new kinds of 
nanomaterials with distinct structural designs that can be utilized in new productive 
applications. Therefore, various schemes are considered to classify NMs. In this 
chapter, nanomaterials are classified on the basis of their origin (Figure 5.1), dimen-
sions (Figure 5.2), chemical composition (Figure 5.3) and shape (Figure 5.4).

FIGURE 5.1  Classification of NMs based on origin.
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FIGURE 5.2  Classification of NMs based on dimension.

FIGURE 5.3  Classification based on chemical composition.

5.2.1 �C lassification of NMs Based on Dimensions

NMs’ sizes can be affected by various parameters, such as pressure, synthesis 
method, time, temperature, pH and concentration.

They are categorized based on the foundation of dimensions, such as (1) zero-
dimensional NMs having all the three dimensions less than 100  nm (e.g., rings, 
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atomic clusters and quantum dots), (2) one-dimensional NMs having an individual 
dimension greater than 100 nm (e.g., CNTs, nanorods or wires), (3) two-dimensional 
having any two dimensions greater than 100 nm (e.g., nano walls and nanosheets). 
Those NMs with all three dimensions greater than 100 nm are known as three-
dimensional materials (e.g., graphite and composites).

5.2.2 �C lassification of NMs Based on Chemical Composition

Classification of NMs based on chemical composition into further classes such as 
dendrimers, metal-based NMs and composites as well as carbon-based NMs [5].

The dendrimers are nanosized, radially symmetric, highly ordered and branched 
polymeric molecules. The synonymous terms used for dendrimers are arborols and 
cascade. They have effectively been described as analogous and are characterized 
by particles of uniform size in a dispersed phase. Dendrimers have a generally sym-
metric core, an external shell and an internal shell.

Metal-based NMs, such as gold and silver NPs, and other oxides, such as tita-
nium oxides and platinum oxides, reveal a significant diversity of functioning 

FIGURE 5.4  Different dimensions of carbon NMs adopted from Reference 13.
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characteristics, firmly determining their crystalline shape, morphological structure, 
constitution, intrinsic deficiency, doping and so on, which regulate their ocular, vol-
taic, catalytical and chemical properties.

A nanocomposite is a multiphase solid material, and it is found in nature (e.g., aba-
lone shell and bone). The concept beyond nanocomposites is to use building blocks 
with dimensions in the nanoscale range to pattern, produce novel materials with 
extraordinary versatility and advance their morphological properties. Corresponding 
to their matrix substance, they are classified into three distinct classifications, for 
instance ceramic matrix, metal matrix and polymer matrix nanocomposites.

Carbon NMs are composed with carbon elements, and there is a minimum of one 
dimension in the nanoscale range of the latest nanosized materials, mostly GRA, 
fullerene (C60) and CNTs.

The folding of graphene sheets around the fullerene gives rise to three distinct 
forms of CNTs, such as chiral, armchair and zigzag [6].

GRA is one member of the carbon NM family; it has come to light as a magic 
material, and it has also obtained tremendous prominence within only just a few 
years after its isolation from graphite. GRA contains sp2 interbreed carbon atom 
planar sheets (two-dimensional), that is, firmly filled within honeycomb, for 
instance lattices [7]. The uppermost layer of GRA is about 2630 m2 g−1, is much 
higher than the fullerenes, graphite and CNTs. They are known as particular the 
finest substances, and they exhibit outstanding mechanical power. In the vari-
ous literature, ample studies have mentioned graphene-based substances, like GO 
or graphenoids and rGO. Between graphenoids, GO is greatly investigated and 
described.

Fullerenes were discovered in 1985 and are an astonishing carbon allotrope. They 
are extremely uniform and confine sp2 hybridization C atoms. Fullerenes are present 
in nature and interstellar space. Corresponding to the sum total of C atoms, fuller-
enes appear at different sizes, for example, C60, C70, C72, C76, C84 and C100. Among all, 
the most superabundant and well-known example is C60 fullerene [6].

In the 21stcentury, it is identified as a pioneer of materials and the third car-
bon isomorphism, and its shape is analogous to a ball-shaped structure. As its tiny, 
globular and isotropous behavior, it is taken into consideration as an absolute zero-
dimensional material.

CNTs circularly folded graphene layers covered with fullerene. The single-layer 
rolled sheets are sp2 hybridization carbon atoms that are ordered in hexagons [6]. 
CNTs can be synthesized through various processes such as the chemical process of 
vapor deposition, laser ablation, the arc-discharge method and so on [8]. CNTs show 
captivating optical or electronic properties due to owing their novel one-dimensional 
nanostructures, which are, comparatively, differ from both other carbon NMs as well 
as NPs. In addition, CNTs have several characteristics such as small-scale configura-
tions, suitable bio-affinities or surface operations, and they show higher reactivity. 
Depending on the graphitic ring’s helicity and diameter, CNTs also display metal-
lic or semiconducting behavior. The width and length depend on various synthesis 
routes, and many other factors so that they are not well defined in case of the CNTs. 
CNTs can persist stably at temperatures greater than 600° Celsius in air; these prop-
erties recommend that the CNTs have apparent, favorable features over graphite.
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According to the folded graphene layers, CNTs can be further categorized into 
SWNTs, DWNTs and MWNTs.

5.3 � APPLICATION OF NMS

5.3.1 � NMs in Environmental Remediation

Upgrading the quality of soil, water and air is a vast obstacle in the present era. 
Recognition and remediation of environmental contaminants and their prevention 
are vital steps in the conservation of the environment.

SWCTNs and fullerene may be applied as a water purification membrane to rec-
tify water quality by converting the wastewater into potable water (such as nano-
sponge filtration) and adsorbents of polar and nonpolar organic chemicals and to 
remove other toxic contaminants from water.

Photocatalyst-based SWCNT-titanium dioxide (SWCNT-TiO2) is significantly 
applied for purifying water from oil [9, 10]. CNTs can not only adsorb contami-
nants solitary, but they also integrate with further materials to fabricate complexes 
along with powerful adsorption capability [11, 12]. CNT-chitosan composite elec-
trodes have a great electro-adsorption capability as well as a speedy electrosorp-
tion concentration, and their suitable mesoporosity enhances capacitative water 
desalination functions. Because of its high-quality electro adsorption performance, 
CNT-chitosan composite electrodes have been appropriately utilized in sanitization 
as well as treating sewage. CNTs refined by acid solution are productively used as 

FIGURE 5.5  Various applications of NMs.
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adsorption of carcinogenic tri-halomethanes from the water. CNTs have broad sur-
face area highly used to manufacture composites to adsorb contaminants, which are 
eventually degenerated by electrochemical oxidation.

5.3.1.1 � Adsorption of Numerous Dyes
Today, dyes play major roles in the paint industry and textile-and color pigment– 
fabricating industries. The effluents of organic dyes plus nitroarenes are acknowl-
edged as a new hazardous substance due to the fact that the unacceptable dyes and 
nitro compounds both are harmful to humans, flora and fauna. Embellished titania 
on aerogel of SWCNTs and fabricated MWCNTs-TiO2 are used for the elimination 
of MB from water [13].

MWCNTs are used for removing cationic dyes, namely, OG, EB, AO, EOB and 
others. MWCNTs are also used as adsorbents for eliminating AR18 from aqueous 
solutions [14]. It is effectively capable of eradicating both cationic and anionic dyes 
from aqueous solutions.

CNT-based composites such as CNT-chitosan, CNT-ACF, CNT-Fe3O4, CNT-
dolomite, CNT-cellulose and CNT-GRA are widely used in dye adsorption [15–17]. 
Nanosized ZnO is used as nanocomposites together with chitosan (CS) for the dis-
sociation of direct blue 78 plus acid black 26. Nanosized particles of ZnO have the 
capacity to lessen the unsafe dye MB by nearly 97% [18]. GRA-based nanosized 
adsorbent is one of the outstanding latest materials for the elimination of organic 
pollutants from the water. GO showed much better adsorption of MB and malachite 
green as ordinary organic dyes. It is applied for eradicating both cationic dyes, such 
as MB, RhB and CV, and anionic dyes, namely, DR23 and AO8, from aqueous solu-
tions. The designed rGO-titanium dioxide, a photocatalyst, is effectively used for 
refractory dyes such as alizarin red S [13].

5.3.1.2 � Adsorption of Various Heavy Metals
Several heavy metals such as lead, mercury, zinc, copper and others are immensely 
harmful and carcinogenic, and they may be a threat to human health as they per-
haps biologically amassed in the food chain. CNTs, graphene and fullerene may 
adsorb numerous heavy metals from water [19]. NMs such as SWCNT-COOH, 
SWCNT-OH, SWCNT-NH2, MWCNT-FeO4, MWCNT-ZrO2, MWCNT-MnO2, 
MWCNT-Fe3O4 and others have heavy metal adsorption capacities, and they all 
are capable for the remediation of heavy metal from polluted water. SWCNTs and 
MWCNTs are also capable for adsorption of polycyclic aromatic HC, such as naph-
thalene and phenanthrene, plus pyrene. Oxidized MWCNTs have extreme adsorp-
tion capacity as well as removal capability for the Cr6+, Pb2+ and Cd2+ ions from 
aqueous solutions [13].

GRA, widely used in photocatalysis, may decrease the heavy metals and may 
also be used in disinfecting wastewater as the absolute deterioration and mineraliza-
tion of biological pollutants. The photocatalytic estimation of harmful heavy metal 
ions has a lower energy consumption, modest reactions and high-level proficiency 
conditions. It may remove chromium (VI) contamination from water. Moreover, 
GRA also exhibits excellent application possibilities in atmospheric remediation. 
It may ascertain the characteristics of an individual molecule or atom that can be 
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applied to produce an extremely susceptible gas sensor. Superparamagnetic iron 
oxide NPs are effective sorbent materials for soft toxic arsenic, lead and cadmium 
materials.

5.3.1.3 � Adsorption of the Surfactant
Following the surface activity characteristic, the surfactants considered as acute 
communal environmental problems due to surfactant could evenly disperse in the 
aqueous environment [20]. Various forms of graphene, namely, GO as well as rGO, 
have been utilized in the adsorption of nonionic surfactants such as TX-100 [21]. 
GO with phenyl tetraethyleneglycol is used to eliminate cationic and nonionic sur-
factants (DTAB & TX-100, respectively) from polluted water [22]. Through CNTs, 
aromatic cationic surfactants are also effortlessly eliminated.

Titanium oxide is the most popular NM that is utilized as a significant adsorbent 
for eliminating surfactants from polluted water. nZVI particles are powerful adsor-
bents for cationic surfactants together with anionic surfactants (such as hexadecyl 
pyridinium chloride and sodium dodecyl benzene sulfonate) from the dilute solu-
tions [23].

5.3.1.4 � Adsorption of Atmospheric Pollutants
GRA-based NMs can capture CO2 and H2 [13] from the atmosphere; it can also 
adsorb a few greenhouse gases along with other gases, namely, ammonia. After 
modification, GRA sheets have a profound adsorption capacity for gas, such as GRA 
altered by polyaniline, which has excessive adsorption of carbon dioxide. The C60 
type of fullerene may react with additional materials during the adsorption of atmo-
spheric contaminants, such as volatile organic compounds.

5.3.2 �O ther Applications

Dendritic polymers have advantages in biomedical applications and anticancer drugs. 
Dendrimers are used in gene and drug delivery (e.g., in treating leishmaniasis).

Metal-based NMs are used for food packaging, electronics, textile engineering, 
biotechnology, sensors, imaging, cosmetics, environmental remediation, agricultural 
and biomedical applications.

Nanocomposites are used in finer film condensers for computer chips, food 
packaging and solidified synthetic polymer electrolyze for array and in auto-driven 
machine sections plus fuel tankers.

GRA is translucent and highly used in manufacturing light panels as well as touch 
screens. GRA-coated substances are considered excellent electrode commodities, 
used in power depository tools (supercapacitors).

GRA-coated electrodes enhance the functions of existing batteries, such as lithium- 
ion arrays, are supposedly convenient for evolving future-generation batteries such 
as sodium ion and lithium sulfur or lithium O2 batteries. The salient characteristics 
of GRA have the guarantee to achieve innovation in the numerous sectors of cataly-
sis, supercapacitors, field-effect transistors and solar cells, stretchable and flexible 
sensors, biosensors and membrane technology. Altogether, GRA is a tremendous 
material for advancing transparent and flexible devices.
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Fullerenes are used in drug delivery and biomedicinal applications, electrochemi-
cal activities, the development of efficient solar cells and advanced lubricants, super-
conductors and so on [6].

Therefore, CNTs can be broadly utilized in the energy sector, biomedicine, elec-
tronics (rectifying diodes and field-effect transistors) and photoelectricity, analysis 
and catalysis.

5.4 � EFFECT OF NMS ON THE ENVIRONMENT

Presently, concern regarding the lethal effects of NMs lies first and foremost 
in the fabrication and commercialization of such a wide range of utilizations of 
NMs. Consequently, the threat of increased production and usefulness of NM 
compounds will lead to an increase in different environmental exposure and 
becoming bioavailable at a very large scale. The hydrological ecosystem is the 
major pathway of exposure to NMs, as this kind of ecosystem is generally the last 
stop for nanocomposites. As routes of exposure, following the hydrological eco-
system, the atmosphere (troposphere), soil and sediment act in accordance with 
the sequence of priority. Certain organic and metallic NMs perhaps modified 
under anaerobic condition, likely in aquatic (benthic) sediments, may respond 
to natural organic substances and colloidal suspensions, suspended PMs, devel-
oping accumulation and probably sedimentation from solution. Sedimentation, 

FIGURE 5.6  Major sources, way of exposure, and potential interactivity between NPs with 
the environment and organisms modified from Reference 26.
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together with accumulation, may indicate a channel for the transmission of NPs 
from the water column to benthic sediments.

If nano-based materials are present in hydrological environments, they may 
be absorbed by cells, mainly through filtration by aquatic organisms, which may 
result in direct interference with their physiology, especially their ability to breathe 
and feed.

The NPs of ZnO, silver oxide (AgO) and copper oxide (CuO) are capable of gen-
erating lethal effects to algae bioindicators in a homogeneous route to particular 
solubilized metallic compounds. It was found that the metals assembled at different 
sites within the cells and that NPs mainly remained in the cell wall, while metals 
appeared predominantly in organelles, such as the endoplasmic reticulum.

NMs are released into the environment either intentionally or unintention-
ally. Intentional engineered NMs are disseminated either from a point source, for 
example, manufacturing with nanotechnology capabilities, landfills and wastewa-
ter treatment plants, or some from a nonpoint source, through wear from materi-
als that contain NMs. During manufacture and transportation, NMs may become 
accidentally free through seepage from improper sealing or perhaps purposely 
released, as in the use of zero-valent iron NPs to remediate contaminated soil. 
Additionally, NMs may be getting into the environment either as individual fine 
particles or as embedded in a matrix, from where dissemination of nanosized 
materials will take place via the deterioration of matrix materials. Today, the 
major cause of unintentional NM release is the partial oxidation of manmade com-
pounds through human actions, the burning of wood and fuel in cars with defec-
tive catalytic converters.

5.4.1 � Fate and Behavior in Air

Atmospheric nano-based material has three chief emission sources: (1) primary 
emission, or the first type of emission, which refers to exhaust gases emitted instantly 
from roadside traffic and industrial incineration; (2) secondary emission, or the sec-
ond type, which is produced in the atmosphere during the condensation of small vol-
atile vapors formed from the oxidation of atmospheric gases; and (3) the third type 
is created during diesel exhaust dilution. Fine and ultrafine NMs may go through 
various routes in the atmosphere. Few NMs can either be expanded by compression 
of less volatile compounds or reduced in size by evaporation of adsorbed water and 
further volatiles, resulting in the dissimilarity in particle size dispersion but not the 
altogether concentration number [24]. Additionally, atmospheric NMs can accumu-
late, giving rise to enlarged element size while reducing the concentration quantity.

5.4.2 � Fate and Behavior in Water

NMs are introduced into the hydrological environment by various sources like as 
direct discharge of polluted water having NMs into the surface water, runoff or 
atmospheric deposition in soil and sediments. Moreover, colloidal transmit in porous 
media, recommend to facilitate the portability of ultrafine particles in soils based 
on several factors, such as (1) the physical or chemical characteristics of NPs that is 
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configuration, range, outer coatings and steadiness;(2) the traits of soil or environ-
ment, is clay, sand, colloids, natural organic matter, irrigate chemistry or flow rates; 
and (3) interactivity of NPs with natural colloidal substance to facilitate surface coat-
ings, accumulation or disintegration and adsorption to bigger particles.

According to Laux et al. [25], the introduction of nano-based materials into nature 
takes place by the discharge of their constituents at the time of use and in due course 
of their ultimate discard. So it is significant to chase and find out the kinetics and 
modification of the NMs in the surrounding world.

5.5 � NMS’ IMPACT ON HUMAN HEALTH

The potential for negative health consequences from exposure to engineered NMs 
may results from either unintentional production of the substances through fabri-
cating, applying, discarding or recovering throughout environmental functions or 
through the intentional induction of these materials for personal care products, 
health applications or additional objectives. Basically, there are various pathways 
by which NMs come into contact with humans and incorporate into their bodies. 
According to Paschoalino et al. [26], additional pathways for the entry of NMs into 
receptor organisms take place via a respiratory tract (inhalation), skin (dermal) and 
the digestive system (ingestion).

FIGURE 5.7  Impacts of NMs on human health.
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5.5.1 �E xposure through Inhalation

As breathable air carries a distinct diversity of substances, namely bacteria, dust, or 
further pollutants, the lung has a specific clearance system to control such types of 
pollutants. Fine elements accumulate in the distinct segments of the lung wherever 
particles are swallowed up by macrophages in the alveolar section, further passing 
up to the bronchioles altogether with bronchi. Wide particles are straightly conveyed 
upward through the mucociliary clearance, also known as the mucociliary escalator. 
Subsequently, this mucus, carrying the alien substances, is eliminated from the lung 
by coughing, swallowing or spitting.

Furthermore, ultrafine particles are classified in the same range as tiny PM; they 
must be capable of passing through the air-blood barrier. The greater number of uti-
lized dosages will be recognized by macrophages as a step out of the lungs. A small 
amount of the entirely inhaled dose passes with blood flow and ends up in second-
ary organelles, for example, the liver, heart, kidneys, bone marrow, spleen or heart. 
These finer NPs may cause respiratory, inflammatory and cardiovascular diseases.

5.5.2 �E xposure through Skin

The exposure of human skin to NMs may take place either intentionally, like the 
application of cosmetics or other personal care products (creams, sunscreens, 
lotions) carrying silica, titanium oxides and ZnO-coated NPs, or unintentionally, via 
the clearly produced NPs during combustion, welding fume emissions, waxing of 
the skin, emissions from coal- and oil-fired power plants, natural gas manufacturing, 
transportation or the disposal of used NM-based products.

5.5.3 �E xposure through Ingestion

NM exposure may exist by way of direct or indirect ingestion of contaminated water, 
edibles, cosmetics and drugs, including food and others, from which NPs enter lym-
phatic cell tissues.

The absorption of NPs in the gastrointestinal pathways is influenced by a num-
ber of factors, including particle size, geometry, leg type and the surface charge of 
NPs, among others. NPs cleared from the respiratory tract through coughing and 
swallowing can now enter the intestinal tract for that reason. It is a vital target for 
NP exposure. Through an oxidative stress mechanism, the ingested titanium dioxide 
NMs can damage the cell membrane of the digestive gland.

5.6 � NM DETECTION IN HUMAN BODY

Certain NMs are neither hazardous nor safe because certain NMs are in tune with 
bulk density and certain NPs similarly to smaller configuration and size, reactivity 
or retention time, along with spreading after conquering the biological barrier, sub-
cellular as well as molecular interactions in the body may take part in a vast function 
to dictate the impact of  toxicity. For toxicity evaluation, NM characterization is a 
beneficiary component [27–29]. The three key screening strategies for the toxicity 
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potential of nano-based materials and ultrafine particles for humans and the environ-
ment are physicochemical characteristics, in vitro (cellular or noncellular) assays and 
in vivo assays.

5.6.1 �P hysicochemical Characterization

The extraordinary physicochemical characteristics of NMs are determined by their 
shape and size, particle distribution and high dispersion, crystalline conformation, 
chemical constitution, porosity and surface charge, which, along with their chem-
istry, may affect  their toxicity and make it difficult to detect their destination and 
impact on living beings. NMs are found in various shapes and sizes, such as needles, 
spherical, hexagonal, polyhedral and tube-like structures. However, the configura-
tion of NMs could have a potency on the kinetics of accumulation in addition to 
subsuming them in the body. Chemical constitution is one more principal variable 
that encompasses almost all material groups, namely, metals or metal-based oxides, 
among others.

The NPs’ distribution and dispersion depend on the medium utilized to suspend 
them, perhaps acting on their biological function. In an aqueous medium, the toxic-
ity screening of NMs requires stable scattering carrying precise particle configura-
tion as well as particle distribution. Undergoing ambient surroundings, a few NPs 
may produce clustering and form dendrimers into chains or spherical structures. 
Surface modification can prevent agglomeration and fall into a distinct category with 
the concentration of surfactants through the coating of NPs. This prevention also 
switches their body dissemination, particularly in biological systems.

5.6.2 �I n Vitro Assays

In vitro testing methods can be carried out in a short time, it is cost-efficient and it 
gives an extremely thorough output of toxicologic testing and depiction [30]. It is a 
simpler assay and was first used for to evaluate cytotoxicity. In vitro assays comprise 
portal-entry toxicity or target-organ toxicity. The in vitro assay process is suitable for 
detecting NPs in a few affected human organs, as listed in Table 5.3.

These tests recommend a route of potential entry for cellular assessment through 
the routes discussed in the following subsections.

TABLE 5.3
List of Affected Organs Available for In Vitro Assays Modified from 
Reference 31

Affected Organ Target Area Endpoint Probable Impact

Lung Alveolar epithelial 
cell, endothelium 
cells, mucus or 
epithelium lining 
fluid.

Oxidative stress, 
genotoxicity, adhesive 
molecules

Toxicity, inflammation, 
carcinogenesis, 
cytotoxicity 
inflammation.
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Affected Organ Target Area Endpoint Probable Impact
Skin Avascular 

epidermis
Cell viability, glucose 
utilization etc.

Cytotoxicity, 
inflammation, denature 
the protein or disclose 
the epitopes and alter the 
gene expression.

Liver Hepatocytes, 
Kupffer cells

Signal transduction 
pathway, cytokine 
profile, oxidative stress

Particle interactions 
toxicity, inflammation.

Heart Heart muscle Oxidative stress, 
apoptosis, signal 
transduction pathway

Alter the cardiac function.

Kidney Epithelial tubules, 
vasculature, renal 
tissue

LDH apoptosis, oxidative 
stress etc.

Function toxicity, 
inflammation.

Spleen Lymphoid cells Marker of lymphoid cell 
differentiation, 
functional and immune, 
responsivity

Consequence of immune 
response and 
immunopathology

Central and peripheral 
nervous system

Neuron cells Apoptosis, metabolic 
level and efficacy on the 
nervous impulse or an 
ion balance

Toxicity, inflammation

Mucosa Intestinal 
epithelium, oral 
cavity, nasal 
cavity, vagina

Cytokine profile, 
oxidative stress, signal 
transduction pathway

Cytotoxicity, 
inflammation

Blood Platelets, 
megakaryocytes

Platelet activation, 
cytokine or chemokine 
release from leukocytes

Inflammation, immune 
response

5.6.2.1 � Lung
It identifies a potential target for some aerial ultrafine particles together with in vitro 
models. The finer, airborne particles are deposited on the alveolar epithelial cells and 
encounter mucus or epithelium lining fluid. In continuity, they interface with macro-
phages and then go into the interstitium, where they assemble with fibroblasts along 
with endothelium cells or interface with the immune system. The endpoint concludes 
oxidative stress, genotoxicity, adhesive molecules and cell toxicity, inflammation, 
carcinogenesis, cytotoxicity and inflammation in the body.

5.6.2.2 � Skin
Skin is the primary route of potential exposure to nanotoxicants. NPs could be trans-
ferred via a stratum sheet to be well sequestered within the epidermis to enhance 
the exposure time of NPs to feasible epidermal corneocytes. A variety of endpoints 
conclude cell viability, glucose utilization and others. In vitro tests are the best for 
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conducting toxicity testing because they provide preliminary data as well as a rel-
evant assessment of any risk.

5.6.2.3 � Macrophages
Through numerous in vitro assays, it is possible to determine the effects of NPs on 
macrophages. During the release of LDH, cellular cytotoxicity may be estimated via 
a conventional method. When phagocytes, a lot of pathogenic particles, induce the 
liberation of cytokines such as TNF-alpha (interleukin-6) and nuclear transcription 
factors (nuclear factor kappa B), activation of macrophages along with an oxidative 
burst could be investigated [32]. In response to particles, nitric oxide and superox-
ide peroxynitrite, which is a tremendously harmful species, are also generated [33]. 
However, since the cytoskeleton is a central key to cell functions, it could be easily 
investigated when targeted by NPs.

5.6.2.4 � Epithelium
It is the primary obstacle that confronts particles. In In Vitro studies, bronchial and 
alveolar epithelial cells are considered target cells. The NPs’ translocation across 
epithelial cells may be a principal indication of toxicity. Moreover, for detecting 
NPs, the endpoints include toxicity measurements (e.g., LDH release and initiation of 
inflammation regarding transcription factors), oxidative and nitrosative stress, which 
are for cell destruction induced by pathogenic finer particles [34, 35]. Both can be 
measured during the regulation of superoxide mutase and glutathione peroxidase 
[36]. If we take cancer as an endpoint, the direct measurement of gene toxicity could 
be measured by the COMET assay (single-cell gel electrophoresis) and 8-hydroxy-
deoxyguanosine estimation.

5.6.2.5 � Endothelial Cells
An ultrafine Perhaps has a huge effect on the endothelium cells. Cultured endothelium 
cells are completely applicable for the determination of NPs. Fibroblasts are liable to 
be affected by any particles in the NP–fibroblast interactions consist of two methods of 
reaction that can be initiated, such as pro-inflammatory effects or fibrogenic responses. 
If finer particles interconnect along with lymphocytes or modulating dendritic cells via 
an interstitial space, the immunopathological effects can be investigated. In in vitro 
assays, the endpoints and appropriate tests can be structured when macrophages or 
dendritic cells present NP effects via antigen presentation. In vivo, co-cultured epithe-
lial cells and macrophages, or epithelial cells and endothelial cells, demonstrate an in 
vivo situation. The same configurations as in vivo are available in vitro, such as whole 
lung tissue slices (multiple pulmonary cell types) for methodology and culturing.

5.6.2.6 � Mucosa
Mucosa lines certain organs and cavities all over the body. It is a moist tissue. It 
includes the nasal cavity, lungs, vagina and gastrointestinal tract or oral cavity. It 
is a prime way for the entrance of NPs. Intestinal epithelium cells may be exam-
ined using various procedures, such as immortalized cell lines as well as tissue con-
structs. Smith et al. [37] and Urayama et al. [38] used intestinal epithelial lining cells 
to evaluate the stimulation of several signal tracks, ROS/RNS release and cytokine.
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5.6.2.7 � Blood
In vitro tests using blood fractionalized by-products are used to evaluate the effect on 
blood circulation. The endpoints for evaluation of NPs are the initiation of platelets, 
the interactivity of red blood cells and leukocyte release of ROS/RNS, cytokine or 
chemokine [39, 40].

5.6.2.8 � Spleen
The spleen is the wider site of lymphoid development as well as immune process-
ing. The accumulation of NPs in the spleen could have major consequences for the 
immune response along with immune pathology. In an in vitro assay, the spleen can 
be isolated and studied for the effect of NPs on it. The exposure endpoints could con-
clude markers of lymphoid cell differentiation, functional and immune responsivity 
aspects.

5.6.2.9 � Liver
Due to NMs, liver injury is characterized on the basis of histologic lesions (inflam-
mation and necrosis) or at the molecular level. Endpoints include the signal trans-
duction pathway, cytokine profile, oxidative stress and the potential impact of NMs 
on particle interactions, toxicity and inflammation. The most common mechanism 
is through the cytochrome P450 metabolic pathways. The isolated perfused liver is 
a complicated model system, and precision slicing of the liver is another modern 
model system; both are preferable for the investigation of fine nano-based materials.

5.6.2.10 � Nervous System

5.6.2.10.1 � Central Nervous System
It entails investigating the consequences of NPs on neurons and their functions. 
Apoptosis, metabolic level, and efficacy on nervous impulse or ion balance are the 
endpoints. There are various cells that could be studied for the effects of NPs, such 
as  microglial cells, glial cells and astroctyes. For the  peripheral nervous system, 
both sympathetic and parasympathetic neurons can be cultured and used to study 
the effects of NPs on the neuronal metabolism mechanism, electrical activity, viabil-
ity and ionic homeostasis.

5.6.2.10.2 � Heart
NMs can enter the heart muscle via microcirculation and alter cardiac function. 
The endpoint is oxidative stress, apoptosis and the signal transduction pathway. 
Cardiomyocytes can be cultured, and it is possible to examine the mechanism effects.

5.6.2.10.3 � Kidney
The adverse effects of NPs could be assessed through in vitro assays. Permeability 
assays are used in the measurement of transmigration and perforation via the neph-
ron tubules. In the existing cells, culture techniques NPs’ effects can be evaluated on 
epithelial tubules and vasculature. There are various models available that are use-
ful for endpoint investigation of NP–kidney interactions such as renal tissue slices 
used to evaluation of oxidation stress, translocation, toxicity and signal transduction 
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responses [41, 42]. A  low-cost substitute to kidney slice replica, immobilized cell 
lines perhaps facilitate mechanical statistics regarding the cellular toxicity effects 
of NMs.

5.6.2.11 � Noncellular Assays

5.6.2.11.1 � Production of Free Radicals
Most probably, in a cell-free system, all pathogens have the capacity for the genera-
tion of particles’ free radicals. And this capability can cause oxidative stress, result-
ing in the contribution to the initiation of inflammation, cell injury and genotoxicity 
[35, 43, 44]. It can be assayed in vitro through plasmid DNA scission, electron para-
magnetic spin resonance and others.

5.6.2.11.2 � Adsorptive Properties
Different types of proteins require different NPs because NPs have a large surface 
area to adsorb proteins [45, 46], and this might alter how they can be handled by 
other cells or macrophages; it will become a central part of the study.

5.6.3 �I n Vivo Assays

In vivo assays included pulmonary exposures (deposition, translocation and biop-
ersistence studies, various alternative animal models) injection, dermal and oral 
exposure.

5.6.3.1 � Pulmonary Exposure
NPs can enter the respiratory tract through distinct pathways to further organs or tis-
sues. These reactions can be started via NPs interacting with subcellular structures 
(endocytosis) through discrete target cells. It is necessary to be stated special atten-
tion to acknowledging such effects because vigorous life forms are very fine initially, 
but after sometime, severe effects are reflected in affected organs or organisms, such 
as the effects of ultrafine particles in asthmatic patients.

5.6.3.2 � Deposition, Translocation and Biopersistence Studies
Through the inhalation process, exposure to airborne NPs leads to the deposition of 
numerous chambers of the respiratory tract. Corresponding to the probability that 
the airborne NPs may accumulate in the various compartment of the respiratory 
tract through breathing depends on three categories: aerodynamic or thermody-
namic characteristics of nanoparticles, inhalation pattern or the three-dimensional 
configurations, as well as the anatomy of the respiratory tract [47].

Once NPs are deposited, the insoluble part of the NPs undergoes a clearance 
mechanism specific to the domain of the respiratory airway. Above the epithelium 
cells of the conducting air tract, mucociliary clearance gives quick transportation 
to the larynx for forwarding carry into the gastrointestinal tract and excretion. In 
the alveolar epithelium area, there is no speedy transportation occurring; in such 
an order, phagocytic activity may take place following a moderate clearance to the 
larynx. Due to their finite capacity, they become prominent along with paracellular 
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transfer mechanism over compact coupling, undergoing inflamed circumstances; 
these mechanisms result in NPs’ transmigration toward the interstitium and lym-
phatic drainage; all together, feasible transmigration could take place in endothe-
lial cells into capillaries [47, 48]. Both direct effects on secondary organs through 
translocated NPs and indirect effects may also occur at respiratory tract retention 
sites along with adjoining biological systems such as cell, fluid, polypeptides and 
extracellular matrices.

Because of the high diversity of NPs and the underlying mechanism of transloca-
tion, accumulation or mediator-response studies of biopersistence in the secondary 
target organs and the NP’s kinetics should be a high priority.

5.6.3.3 � Animal Models
Due to enhancing susceptibility, the normal animal models do not apply because 
of the absence of NP effects. And that vulnerability may be from various elements 
such as age, modified organ operation, disease or genetic diversification and so on. 
Adaptive animal models consist of exposure of senescent, knockout or transgenic 
animals and animals exposed along with endangered organ complexes such as 
hypertension, diabetic models, virulent models and others. It is most important that 
the models are using should be relevant to the human disease states.

5.6.3.4 � Oral Exposure
It is possible that during their life cycle, NMs may arrive in water reservoirs or be 
inadequately consumed. Single gavages at the dose of NP exposures represent the 
worst case of human vulnerability. For an oral divulgence assessment of morphologi-
cal and chemical characteristics of the trial, materials should be should be screened 
regarding their transport in trial animals. The most common animals, rats or mice, 
are recommended for the animal model system, with no preference of gender for 
such studies; after four days of post-exposure, the feces are collected. The number 
of NMs are abolished versus those preserved must be examined. Moreover, GALT, 
mesenteric lymph nodes and the liver are used when inspecting for nanoscale par-
ticles. Whether subsuming is zero, then no need for evaluation of the systemic effects 
of oral exposure. However, if the absorption of NMs is evident, histology and func-
tional assays can evaluate the assessment of systemic toxicity.

5.6.3.5 � Injection
Certain nano-based materials are used for drug delivery in such instances, after the 
injection potential toxic effects of those NMs could be analyzed. Both rats and mice 
are suggested without gender preference. Whether viable labeled NPs must be intro-
duced, its dissemination to a number of organs (such as liver, spleen, respiratory 
system, kidney, etc.) and eradication in the excreta must be observed for a period of 
time (week) and post-exposure assessment can be done with histology and functional 
assays.

5.6.3.6 � Dermal Exposure
In addition to rats, pigs (often guinea pigs) and rabbits are employed to evaluate 
toxic effects and irritation. Rats are more common as they are small entities and 
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most probably have existing datasets in the particular discipline of toxic kinetics. 
However, domestic pigs are utilized due to the skin is physical, biochemical, or ana-
tomical like humans’ skin.

After the exposure to NMs, the skin biopsies were taken for TEM and light 
microscopy to identify cellular changes and morphological alterations, respectively. 
There are various tests that can be performed for evaluating the toxic effects of NMs, 
such as analytic chemistry, hematology, and assessment of regional lymph glands’ 
immune toxicity batteries [49, 50].

5.7 � ADVANCED TECHNOLOGY

5.7.1 �C omputational Toxicology

Computational toxicology is a computer model that utilizes statistical as well as 
molecular biology applications along with a combination of various new screening 
technologies. It improves the prioritization of required data and attempts to evaluate 
the integrated hazards along with intentionally manufactured NMs for the safety of 
nature. This computational toxicology consists of four areas such as computational 
chemistry (molecular modeling, force fields, quantum chemistry etc.), molecular 
biology (genomics, proteomics, and metabonomics), computational biology or bioin-
formatics and system biology. It is formulated to enhance the capability to prioritize, 
screen and evaluate materials by increasing the potential of toxicity predictions.

5.8 � CONCLUSION AND RECOMMENDATIONS

Nanoscale assembling materials are economically accessible and widely applied in 
the modern world as cleaning products, personal care or cosmetics, drugs, equipment 
and more. There are many reasons that anthropogenic nanoscale particles intention-
ally or unintentionally enter in the environment (air, water, or soil) or human body 
(inhalation, ingestion, penetration via skin), and they may alter the dispersion or tox-
icity of the environmental system and human health. Yet still no well-founded inter-
pretation may presently be drawn out regarding the exposure together with release 
from products of NPs because there is basic insufficiency in knowledge regarding 
the refining and preparation of NM-based products. Scientists still have to know how 
they can correctly forecast chronic responses in animals and humans. Therefore, to 
attain well-founded answers regarding the healthiness of nano-based materials, some 
recommendations are as follows: (1) Standardized assays should be used to compare 
the properties and bioactivity of the NPs; (2) criteria should be established for safe 
and responsible uses of NMs; (3) standard assay test methods for biologically relevant 
nanoscale analysis should be developed; (4) the most relevant standard substance for 
in vitro assay methods should be formulated and specified; (5) reference materials 
as a source should be available to the researchers; and (6) validated predictive mod-
els are needed to develop guidelines for risk management. No doubt about the fact 
that all the suggestions are in need of great research, either using new, along with 
developed, standardized assay test methods or utilizing an existing one in the area to 
differentiate the properties and bioactivities of new NPs with benchmark particles.
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6.1 � INTRODUCTION

According to data from the World Water Reserve, water covers 70% of the total globe, 
but only 3% is fresh water, and out of this 3%, only 0.4% is accessible to human beings 
in the form of groundwater, present in rivers and other reservoirs, among others. This 
0.4% of water serves billions of people every day. Each day the consumption of sur-
face water is about 321 billion gallons per day, and that of groundwater is 77 billion 
gallons per day. As the population is growing simultaneously with new inventions 
and industrialization, there has been a significant threat to freshwater as it is being 
polluted every day with the excessive discharge of chemicals and household polluted 
waters into the water bodies and soil, which is contaminating these freshwater sources. 
Millions of people have scarce access to clean fresh water. These issues have raised 
the demand for reusability of the freshwater is growing every day, as there has been 
a shortage of water in every corner of the globe. Hence, several private firms and 
researchers from around the globe have been trying to get a solution for cleaning these 
freshwaters and making them as fresh as drinking water. Many have achieved success 
but not at the level required [Weblink 1]. Wastewater treatment contains three major 
components: the detection of organic and inorganic components and the detoxification 
of impure water. Here we explain the use of nanomaterials for all three components in 
detail with the latest example from the research being conducted all over the world. We 
explain zero dimensional (0D), one dimensional (1D), two dimensional (2D) and three 
dimensional (3D) nanostructures for the same. We explain the various pathways and 
mechanisms for detecting pollutants in the environment. We also explain the removal 
of pollutants using various nanomaterials based on the adsorption method. Thereafter, 
we explain the degradation of pollutants using the photocatalytic process.

There are various conventional methods that have been widely used until now for 
getting clean drinking water, such as filtration (bio-sand and ceramic filters, charcoal 
and activated-carbon bed), adsorption, distillation, ion exchange, electrochemical 
technology, chemical treatment, Ultraviolet (UV) radiation, precipitation and others 
[Weblink 2]. The effectiveness of these filters in removing organic contaminants is 
low. The turbidity and the growth of fungus and bacteria on the filter media require 
regular washing. With advancement, several plants started using reverse osmosis (RO) 
[Weblink 3] and multistage flash distillation (MSF) technology, which uses a thin film 
of polyamide composites. These purifiers are less economical, and the overall process 
involved in the system needs a huge amount of energy to function. Moreover, the films 
also get depleted over time as they are unable to handle a large amount of pressure and 
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the volume purified by these purifiers is also not significant. With the development in 
nanotechnology, the hope of getting a brighter future in this area has increased; due 
to the outstanding and versatile characteristics of nanostructured materials, these are 
being tested for their widespread use in the water purification domain. With their in-
depth potential, many fields in nanoscience and technology are still to be discovered. 
This chapter provides succinct insight into the areas of such diverse aspects of nano-
technology, which gives potential applications of nanostructured materials in the field 
of water purification. It could be in the form of individual nanoparticles or could be 
used as the membranes to filter out the pollutants from the water (1).

We have already learned that the nanomaterials are the elemental or the com-
posite materials at the nanoscale, that is, 10–9 meters, which also covers the study 
of atoms and molecules and their modification using several chemical and physical 
synthesis processes for achieving the purpose of desired chemical and physical prop-
erties in them at the nanoscale. These materials existed and have been synthesized 
from ancient times for different unique purposes. However, the properties that these 
materials exhibit because of their unique and specific size and the structures that 
they develop at that particular size range were not known to humans. This particular 
nano range provides an increased surface-to-volume ratio to the typical material and, 
hence, increases its basic chemical and physical properties and provides it a different 
character than the bulk element or the composite. To date, carbonaceous materials are 
being used successfully to purify the polluted water to make it consumable, but there 
are certain limitations to their application as not all of the pollutants are successfully 
removable from water. Polluted water today contains more significant amounts of 
organic, inorganic and toxic pollutants from industrial production and household dis-
charges. Apart from the naturally occurring pollutants, the excessive industrialization 
and urbanization have led to the causes of the different disease. This also causes dam-
age to the natural reservoir, leading to environmental depletion and damage to the 
aquatic environment. Recent advancements in the research have shown the impor-
tance of nanostructured materials in the purification of water successfully at lab-scale 
experiments and have suggested many nano-absorbent, nanocatalysts and nanostruc-
tured membranes for an environment-friendly and economical way of wastewater 
treatment. The purpose that the nanomaterials need to serve in this application are

	 1.	 to selectively remove pollutants without affecting other essential minerals, 
permeability, concentration polarization and fouling;

	 2.	being chemically and physically stable toward harmful chemicals; and
	 3.	being economically and environmentally productive.

Other different nanoparticles such as the core–shell nanostructure of chitosan and 
gum arabic are being studied for removing heavy metal ions that are present in water. 
Gum arabic is a natural polysaccharide known for its properties of the absorption of 
metals, and chitosan possesses several carboxyl groups that act as the binding agents 
for the gum arabic, which may lead to better adsorption that has the potential in 
photocatalysis application (2).

Nanomaterials are smart materials and have extraordinary potential uses in the 
water purification field, but apart from their bright side, they also have darker aspects. 
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The smaller size of the nanoparticles makes them able to penetrable any living cell, 
which could be led to the change in the system of the cells; it could also bring changes 
in the DNA of the living body. These can pollute the environment as well, as they 
are extractable once they enter the soil or the water bodies and can harm flora and 
fauna, which could be very dangerous for life on earth. Therefore, they need to be 
used judiciously, and such nanostructures that could be extracted thoroughly after the 
purification is completed from the water bodies without harming the natural habi-
tat or the living beings should be brought to light. Nanomaterials are being studied 
extensively due to their extraordinary unique properties that are not present in their 
bulk counterparts, like surface and size effect, quantum effect and macro-quantum 
tunneling effects. These properties lead to exceptional adsorption and reactivity of 
these nanoparticles and their subsequent composites, both of which help remove pol-
lutants and/or reduce them into less harmful components of inorganic pollutants. 
Nanomaterials have been used to form different composites that can work as filtra-
tion units. These filtration units can filter out larger accumulated particles and/or 
bind with ions and eventually remove them from the sample solution (3).

6.2 � VARIOUS TYPES OF NANOSTRUCTURES 
BASED ON THE DIMENSION

Nanoparticles have large surfaces area because of their small sizes and increased 
surface-to-volume ratio. The large surface area–to–volume ratio leads to more active 
sites and low intraparticle resistances. Apart from this, at such small-scale proper-
ties, such as a large number of nanopores, higher selectivity, high permeability and 
excellent mechanical and thermal stability, also exist (4). The size of the pore also 
affects the adsorption as the surface area is related to the surface area inversely (5). 
Along with the nanoscale properties of the material, the adsorption phenomenon 
gets enhanced by the hydrophobicity, working temperature and the working time of 
the filtration system. Almost every nanomembrane filter uses the same principle. In 
some systems, nanomaterials with a high adsorption capability, such as silver nano-
materials, are also used in the filter layer to adsorb the different specific pollutants 
before the membrane filtration process to speed up the process and obtain better 
results from the nanomembrane (6).

6.2.1 � 0D Nanostructures

Materials wherein all the dimensions are confined within the nanoscale fall in the 
category of 0D nanostructured materials. 0D nanostructures, such as homogeneous 
quantum dots (QDs), core–shell QDs and onion-shaped and hollow-shaped spheres. 
QDs are colloidal semiconductor nanocrystals with all three dimensions confined 
between in nanometerspace (7). QDs are unique in a sense that they display prop-
erties that lie between those of the bulk materials and the atoms/molecules. This 
results in unusually high surface-to-volume ratios. QDs are semiconductors in the 
nano range with significantly different electronic properties that correspond to their 
bulk substance. A QD is 0D relative to the bulk material. This confines the electrons 
in a QD to a minimal space. According to Pauli’s exclusion principle, quantization 
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of the energy levels take place; wherever the radius of nanomaterials is smaller than 
that of the Bohr exciton radius, the quantized and discrete energy levels of QDs 
make them closer to atoms rather than bulk materials in their properties (8;9). QDs 
are significantly used for optical applications because they exhibit bright and pure 
colors in addition to their ability to emit a rainbow of colors, along with their high 
efficiency, long lifetime and high extinction coefficient (10;11). Since QDs are 0D, 
they have a sharper density of states (DOSs) than bulk materials. Their small size 
also helps in less traveling of an electron within the particle. Thus, electronic devices 
can operate faster (12;13).

6.2.2 � 1D Nanostructures

One-dimensional nanostructure has at least one of its dimensions in a nanoscale. 
These can be characterized by having either their length, breadth or height be less 
than 100 nm in size. The intense interest in 1D nanostructures has arisen due to 
their wide range of potential applications. One-dimensional nanostructures are fac-
ile nanostructures for exploring their optical, electronic and magnetic properties, 
among others. They include nanorods, nanotubes, nanowires, nanobelts, nanorib-
bons and hierarchical nanostructures. Metal oxides are those that have the mOx 
formulae (M = any metal element). Various metal oxides can be synthesized with 
TiO2, CeO2 and other metal oxide nanomaterials that are used as catalysts. These 
are used to optimize materials for fast and 100% degradation of pollutants, mainly 
organic pollutants present in the water that comes under the ozonation process (14). 
A photocatalyst, like TiO2 nanoparticles, has been effectively studied for treating 
contaminated water that is polluted with organic pollutants such as chlorinated 
alkanes, benzenes and PCBs. The study shows that there was a complete degrada-
tion of organic carbon in contaminated water just by including TiO2 nanoparticles 
as a photocatalyst (15). The mechanism for degrading organic dye involves the fol-
lowing steps:

TiO2 +  hve–CB + h+
VB

e– + O2 O2●–

Initially, the formation of e– and h+ takes place, which act as a reductant and an oxi-
dant, respectively. Oxidation involves the following process:

h+ + Organic pollutant®) Intermediates CO2 + H2O

h+ + H2O ●OH + H+

Reduction involves the following process:

●OH + Org®c(R) Intermediates  CO2 + H2O
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TiO2 nanoparticles were also successfully used for the purification of microcystins 
in water in a “falling film” reactor (16). TiO2 shows such an effective degradation 
of the organic compounds because of the regular production of enhanced hydroxyl 
radical production (17;18). Research into the TiO2 nanoparticle is not limited just to 
a single compound, but its catalytic effects have also been studied by modifying and 
doping various noble metal TiO2 nanoparticles. For example, doping Si onto TiO2 
was studied, and it was found that it was very effective in improving its efficiency, 
which was because there was an increase in the surface area and the crystallinity of 
the nanoparticles (19). Nobel metal–modified TiO2 nanocrystals are used to degrade 
various organic dyes in the lab, like methylene blue, using the photocatalysis process 
under visible light, whereas nitrogen-doped and Fe(III-)-doped TiO2 nanoparticles 
have shown good degradation results for degrading azo dyes and phenols. Apart 
from modification by doping, TiO2 nanoparticles are also enhanced by deposition 
on porous Al2O3, which are used as catalysts to effectively remove total organic 
content (TOC) in water. Nanocomposites of other oxides such as mesoporous silica 
with TiO2 are also used to successfully treat of aromatic pollutants present in water. 
Another study shows the degradation of 4-nitrophenol by using the nanocomposite 
of nanosized SO4

2−/TiO2. At the nanoscale, the structure of the nanoparticle also 
enhances its properties, and therefore, the nanotubes of TiO2 have also been used in 
the water purification process, which, according to the study, was effective in degrad-
ing toluene better and were found very efficient than TiO2 nanoparticles for the deg-
radation of organic compounds in water. This material has not only been studied in 
the labs, but a few companies, such as Purifics Photo-Cat system, have developed a 
TiO2-based commercial product that has shown high efficiency in removing organic 
compounds (20).

6.2.3 � 2D Nanostructures

Two-dimension nanostructured materials have two dimensions in the nanometer 
range. Two-dimensional nanostructures again have different characteristics from 
their bulk counterparts. They include junctions (continuous islands), branched 
structures, nanoplates, nanosheets, nanowalls and nanodisk-shaped nanostruc-
tures. Also, 2D nanostructures are of particular interest, not only for nanostructure 
synthesis but also for investigating and developing newer applications. These can 
also be used as templates for 2D structures of other materials. Among many types 
of nanostructures carbon nanotubes (CNTs) and graphene are the most studied 
nanostructures.

6.2.3.1 � CNTs
CNTs are rolled sheets of graphene that are 2D in their structure. They have multiple 
unique properties, like high electrical conductivity and high tensile and mechanical 
strength. These properties of CNTs make them ideal candidates for research on 2D 
nanostructures. These can be found in two forms. Single-walled carbon nanotubes 
(SWNTs) and multiwalled carbon nanotubes (MWCNTs). Both forms can be synthe-
sized via arc discharge method.
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6.2.3.2 � Graphene and Its Oxides
Graphene is the 2D hexagonal structure of a single layer of graphite. Graphene can 
also react with oxygen to form graphene oxide (GO) and reduced graphene oxide 
(RGO). Graphene can be synthesized via a wide variety of routes such as the arc 
discharge method, chemical vapor deposition (CVD) and microwave-assisted oxida-
tion, among others.

6.2.4 � 3D Nanostructures

Three-dimensional nanostructures have a comparatively large surface area and 
better properties when compared to bulk nanomaterials. These materials are char-
acterized by having three arbitrary dimensions, nearly 100 nm in more than two 
dimensions. They possess a nanocrystalline structure, which means long-range 
crystalline order. It has been well studied and researched that the characteristics of 
nanostructured materials fully depend on its size, shape, dimension and morphology. 
Three-dimensional nanostructures have got worldwide attention for research due to 
their high surface area and large absorption sites for the adsorption of multiple mol-
ecules in a small space. Also, when these materials are synthesized with porosity, 
they could conduct better transport of atoms and molecules (21). Nanoflowers are one 
of the types of 3D nanomaterials that have a morphology like that of a flower at the 
nanoscale. They are a newly developed class of nanoparticles showing a very high 
surface area–to–volume ratio. These can be prepared by simple method of synthe-
sis like wet chemical methods. Nanoflowers size ranges between 100–500 nm (22).  
There are several advantages of these nanoflowers:

	 1.	Due to their high surface-to-volume ratio, the surface adsorption is 
enhanced, accelerating the reaction kinetics.

	 2.	Nanoflowers have demonstrated better carrier immobility and charge trans-
fer because of higher surface area.

	 3.	Due to the large surface area, their efficiency of reaction on the surface is 
increased.

The following are some of nanostructured materials being used for this application 
and some being studied in the labs for better results at commercial scale:

	 1.	Materials based on carbon are mostly composed of carbon and are pres-
ent in different forms such as graphene, fullerenes and CNTs, which are 
capable of removing water pollutants from industrial discharge. They have 
the ability to initiate π–π electrostatic interactions which facilitate them 
for the degradation (23). The CNTs poses large specific surface areas; they 
have small hollow and are layered in structure. This physical morphology 
makes them an excellent candidate as an adsorbent for a large number of 
organic pollutants and heavy metal removal. The modification of CNTs is 
easy, which can be done by chemical treatments and hence can increase 
adsorption capacity (24). These nanotubes enhance the flow rates through 
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their pores, which are small due to the presence of a smooth interior. Using 
nanotubes helps save energy because they promote flow rates that ulti-
mately reduces required pressure to push water through the tubes. This can 
further be cleaned using autoclave or ultrasonication technique at 121°C for 
30 minutes and can be reused with same filtering efficiency (25).

	 2.	Example of metal-based nanomaterials are nanogold, nanosilver and QDs, 
among others, and metal oxides include zinc oxide, titanium dioxide, alu-
minum oxide and others.

	 3.	Dendrimers are the polymers in the nanorange and are constructed from a 
large number of small units in a branched manner. Its surface has a number 
of chain ends that are capable of adapting or performing specific chemical 
functionalities, which makes them one of the catalytic candidates.

	 4.	Nanoparticles and composites combine to other nanoparticles pres-
ent in a solution. Other nanoparticles like nanoclays are incorporated to 
increase thermal and mechanical barriers and to enhance fire-retardant 
characteristics.

Based on this principle, nanomembranes are used in filtration. The different sizes 
of the molecules lead to the different principle of filtration and differentiate micro-
filtration (MF) and ultrafiltration (UF). The nanofiltration (NF) and RO display the 
effects of ionic charge of molecules and the surface of the membrane, hydrophobic-
ity, and electrical polarity/ion-exchange membranes. The membranes such as MF, 
UF, NF and RO act on the hydraulic pressure.

6.3 � VARIOUS PATHWAYS AND THE MECHANISM 
FOR THE DETECTION OF POLLUTANTS

The exponential growth of the chemical and agrochemical industries over many 
decades has resulted in the release of various new chemical compounds in the envi-
ronment. According to an organisation for economic co-operation and development 
(OECD) report, the daily use of chemicals related to 70,000 to 1,00,000 mainly 
organic synthetic chemicals, and this number is also increasing continually (26). 
Organic pollutants comprise harmful herbicides and insecticides that are used for 
agricultural purposes and to control pests. Mostly, harmful organic chemicals are 
classified as persistent organic pollutants (POPs). These are the organic materials 
that have the ability to withstand a long duration of time in the environment because 
they resist all kinds of degradation, such as chemical, photolytic and biological deg-
radation, among others (27;28). POPs are distinguished with high and low solubility 
in water, which lead to their bioaccumulation in the fatty tissue. They are highly toxic 
even at lower concentration. These are known to be semi-volatile in nature, which 
permits them to occur in vapor form or be adsorbed on the particles suspended in 
the atmosphere, hence facilitating long-range transport via the atmosphere. Table 6.1 

shows the various POPs and their adverse effects.
There are various detection and removal mechanisms used to detect and remove 

all types of organic and inorganic pollutants, such as electrochemical, optical and 
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TABLE 6.1
Various POPs and Their Adverse Effects

S.N. Name of POPs Uses Type of 
Substance

Adverse Effect Banned 
Year

1 Aldrin To kill termites, 
grasshoppers, 
Western corn 
rootworm

Insecticides Exposure of 
Aldrin leads to 
headaches, 
nausea and 
vomiting, 
anorexia, 
muscle 
twitching, and 
myoclonic 
jerking

1990

2 Chlordane termite-treatment Pesticides affect the human 
immune system 
and cancer 
disease

1988

3 Dieldrin to control 
termites, textile 
pests, 
insect-borne 
diseases

Pesticides Parkinson’s 
disease, breast 
cancer

1974

4 Endrin to control 
rodents

Insecticides central nervous 
system

1991

5 Heptachlor to kill soil insects 
and termites

Pesticides Exposure of 
newborn 
animals to high 
doses of 
heptachlor 
causes a 
decrease in 
their body 
weight

1987

6 Hexachlorobenzene as a seed 
treatment

Fungicide metabolic 
disorder

1981

7 Mirex to control fire ant Insecticides Lead to changes 
in liver caused 
by fat, causes 
convulsion and 
hyperexcitabilit

1976

8 Toxaphene on cotton, cereal, 
grain, fruits, 
nuts, and 
vegetables

Insecticides Exposure of 
toxaphene 
causes change 
in thyroid, liver, 
and kidneys’ 
morphology

1990

(Continued )
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S.N. Name of POPs Uses Type of 
Substance

Adverse Effect Banned 
Year

9 Polychlorinated 
biphenyls (PCBs)

dielectric fluid, 
coolant fluids of 
electrical 
appliances, and 
carbonless copy 
paper

Organic Chlorine 
compound

It produces toxic 
effects leading 
to neurotoxicity 
and endocrine 
disruption

1978

10 DDT Used to restrict 
malaria and 
typhus disease 
and in 
agricultural use

Organochlorine 
and insecticides

It causes cancer 
and its 
agricultural use 
threat to 
wildlife (birds)

1972

11 Dioxins by-products of 
high-
temperature 
processes

Organochlorine It causes in 
human immune 
and enzyme 
disorders

1979

TABLE 6.1  (Continued)
Various POPs and Their Adverse Effects

capacitive, among others (29;30;31;32;33). Most of these mechanisms involve some 
form of a mediator that impedes their real-world application. Thus, an optical mea-
surement-based method, such as photoluminescence, offers a much better choice for 
studying the detection and identification of chemicals for a clean and safe environ-
ment (34;35). Among these, photoluminescence spectroscopy is one of the important 
tools used for detecting and determining several pollutants (36;37). This technique 
is simple compared to the other techniques and can be used as portable detection 
system. This can be explained in various pathways such as fluorescence resonance 
energy transfer (FRET), photo-induced electron transfer (PET) or inner filter effect, 
among others (38). Here we have explained the first two techniques in details.

6.3.1 � FRET

FRET involves the phenomenon of energy transfer that takes place from an excited 
donor to ground-state acceptor. It is a technique to measure the distance between two 
chromophores, namely, a donor and acceptor pair. FRET is a distance-dependent phe-
nomenon in which the distance between the donor and the acceptor must lie between 
more than 20 and below 80 Ǻ. This technique is considered essential to understanding 
the biological system and application in optoelectronics and thin film device.

In the process of FRET (Figure 6.1), an electron is excited from its donor mol-
ecule to its electronically higher state so that it can transfer its energy to a nearby 
acceptor molecule through the nonradiative process. Moreover, there should be a 
long-range dipole–dipole interaction between donor and acceptor. Energy trans-
fer leads to a decrease or quenching of the fluorescence intensity of the donor 
and is responsible for a decrease of the lifetime and increase the intensity of the 
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fluorescence of the acceptor molecule (39) [Weblink 4]. The following is the rela-
tionship for the Forster radius (Ro):

Ro = 9.78 × 103 (k2. n-4. QD. J)1/6 A0

k2—Dipole angular orientation of each molecule
n—Solution’s refractive index
QD—Fluorescence quantum yield of the donor in the absence of acceptor
J—Spectral overlap integral of the donor–acceptor pair

6.3.2 �PET

PET is a technique in which excited-state electron transfer takes place from its 
excited donor to ground-state acceptor molecule. Here, two methods are discussed 
regarding the electron transfer prss:

	 1.	 In the first scheme as shown in Figure 6.2, when the neutral electron-rich 
donor (such as olefin compounds and amines) molecule undergoes excita-
tion caused by photon energy absorption, and it goes to the higher state, 
confronts another electron acceptor molecule and is electron-deficient; 
then electron transfer takes place within these entities. When an electron 
is transferred from the donor to the acceptor, a radical is produced. In the 
donor’s case, a cationic radical is produced, and in an acceptor’s case, anion 
is produced by accepting an electron from the excited donor molecule.

		    Generally, in the initial stage, an ionic pair of a donor–acceptor radical is 
produced and then diffuses into the free ions that are in the solution, which 
partially depends on the solvent’s polarity. Solvent polarity will favor the 

FIGURE 6.1  FRET process.



152 Metal Oxide–Based Carbon Nanocomposites

transfer of an electron rather than favor the transfer of energy due to the high 
polarity of solvents (such as dimethyl sulfoxide [DMSO], acetonitrile, etc.) 
and produce ionic radicals’ electronic transfer initiated by photons. Once 
the ionic radicals are formed, they undergo the following two reactions:

	 a.	 They can go through chemical reaction and go-to formation of product, 
under which several chemical reactions are possible.

	 b.	 In another case, back electron transfer (BET) takes place in which the 
acceptor anion radical donates its electron to the donor cation radical and 
produces a donor and an acceptor in the process by wasting the energy of 
the photon. BET is always an energy-wasting process because it repro-
duces the starting point from the donor and the acceptor is reproduced.

	 2.	 In the second scheme as shown in Figure  6.3, the acceptor undergoes 
excitation by absorption of a photon instead of the donor and forms the 

FIGURE 6.3  Oxidative photo-induced electron transfer process.

FIGURE 6.2  PET process.
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excited-state acceptor molecule. This excited acceptor molecule encounters 
an electron from the donor molecule, and in the process of donating an elec-
tron, the donor becomes the cation radical and by the process of absorbing, 
the electron acceptor becomes the anion radical. The donor–acceptor anion 
radical and cation radicals produced can go to the product by chemical 
reaction, or it can merely undergo the BET reaction.

6.4 � REMOVAL OF POLLUTANTS USING VARIOUS 
NANOMATERIALS BASED ON ADSORPTION

Chemical pollutants are present in water sources naturally or through human activi-
ties (industrial wastes, mining by-products, excess fertilizers, etc.; (40). These pol-
lutants are nonbiodegradable and harmful, even in a minute amount. Natural water 
sources have most of these pollutants in trace amounts or can have higher amounts 
depending on the external contamination sources. These pollutants include inorganic 
salts, heavy metal ions, metalloid ions, complexes of metals and metalloids and min-
eral acids. Pollution due to inorganic contaminants is because of the following:

	 1.	The generated chemicals (anthropogenic pollutants) or their by-products 
not being able to decompose in the environment

	 2.	 Improper disposal of chemicals in the environment

The introduction of the high level of heavy metal in the environment started with the 
start of a global industrial revolution. Due to industrialization and improper use of 
agrochemicals (like fertilizers), the amount of heavy metal pollutants and inorganic 
pollutants has increased on the surface of the earth beyond the amount from the 
deposition from natural sources. Heavy metals accumulation may disrupt aquatic 
life and may contaminate the organisms that are later consumed as food. Direct con-
tact with different inorganic contaminants through food or water may cause adverse 
effects to the liver, kidneys, the blood, the cardiovascular system, the gastrointesti-
nal system, the integumentary system, bones or the nervous system depending on 
the type of inorganic contaminant, targeted host, concentration of accumulation and 
level of exposure. A different inorganic pollutant may enter or stay over the surface 
of the soil system due to deficient or excess management of agriculture practices, 
untreated discharge of industrial emission, leakage of landfills, wastes from house-
holds, wet depositions, dry deposition, industrial waste disposal and volcanic erup-
tion. Nitrogen and phosphorous compounds can cause algal growth.

As we studied earlier, carbonaceous materials use the adsorption process to 
extract impurities. Similarly, there are several nanomaterials that use this process 
with the help of the functional groups attached to their surface sites and with the 
help of pores and its size. There are many factors that influence the adsorption rate 
and the spectrum of pollutants to be filtered. Some factors that have been studied are 
discussed (41;42).

The chemical adsorption between the adsorbent and adsorbate occurs due to the 
ionic bonds and the forces are similar to the covalent bond and follow Coulomb’s 
law during the chemisorption. Moreover, during physisorption, the physical forces 
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such, as Van der Waals forces, act between the adsorbate and adsorbent. However, 
these forces are weaker than the chemisorption. The various nano-adsorbents sug-
gested are the nanomesh, nanoporous ceramics, nanotubes, nano-membranes, mag-
netic nanoparticles, nanofibrous alumina filters, nanoporous clays, polymers such as 
polypyrrole–CNT composites, cyclodextrin nanoporous polymers and others (43).

The materials based on carbon exhibit extraordinary physical as well as chemical 
properties due to their sp2 hybridized carbon bonds, which makes them feasible for 
the use in the electrical, thermal and mechanical applications (44). There are many 
allotropes of carbon that are highly useful in different areas. Therefore, it is being 
studied in the field of water detoxification. Nanoporous activated carbon (NAC) is 
widely being used for this purpose.

6.4.1 � Graphene and Graphene-Based Nanostructures

Graphene constitutes of the carbon atoms bond in a hexagonal structure whereas GO 
is an oxidized form of graphene. Graphene is hydrophobic, but GO also its produc-
tion is effortless; hence, graphene oxide is used centrally for desalination. Graphene 
and GO, which are 1–2 atomic layers thick, are widely used as the membranes in 
several water purifiers, which serve the purpose of desalination and the separation 
of other organic compounds or the impurities in the water. Primarily, membranes 
based on graphene can be produced by inducing pores of nanoscale in a graphene 
sheet. Furthermore, the graphene sheet could be produced using the CVD over the 
copper substrate as a membrane and then etched by oxygen plasma to create the 
nanopores. The hydrophilic nature of the GO make it highly selective, and it has 
the potential for 100% desalination (45;46). These also cause antifouling and anti-
microbial effects in purification; are tolerant of chlorine, acids and bases; and are 
more comfortable to clean at high temperature. The potential of graphene lies in fur-
ther progress to develop low-cost membrane synthesis. GO, having strong hydrogen 
bonds and hydrophilicity, is being mainly used in the membrane filtration processes. 
RGO is also another structure reduced from GO that contains fewer bonding groups 
and a smaller number of sp2 aromatic domains. Both GO and RGO have 2D laminar 
carbons that have like structures, due to which they possess attributes such as surface 
defects, specific edges and structural wrinkles. These specifications make GO and 
RGO much more desirable than graphene alone (44;47;48).

Different nanomaterials like CNTs, zeolites and dendrimers show exceptional 
adsorption. These have found application in the removal of organic waste materi-
als from wastewater (49). CNTs are of particular interest due to excellent results in 
water treatment. Also, CNTs can show very high adsorption of organic waste (50). 
NAC fibers, which are prepared with CNTs using the electrospinning technique, 
have shown large adsorption of organic waste than the activated carbon, which is 
in a granular form (51). When compared with activated carbon, both SCNTs and 
MWCNTs display higher adsorption capacities (52). For treating sorbents such as 
chlorophenols, herbicides, dichloro-diphenyl-trichloroethane (DDTs) and more, 
MWCNTs have been used and studied (53). Finally, the polymers that are function-
alized with CNTs show effective results in removing organic pollutants present in 
the water (54).
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GO is efficient in removing organic pollutants and metal ions from wastewater. 
Graphene-based nanocomposites have presented an outstanding ability in adsorb-
ing various organic compounds and dyes (55), antibiotics (56), polycyclic aromatic 
hydrocarbons (PAHs) (57), phenolic compounds (58), pesticides (47) and more. The 
aqueous phase enhances the adsorption phenomenon. The strong adsorption of these 
materials is attributed due to the abundance of the pore size distribution, incredibly 
high specific surface area and different other surface properties, which make them 
interactable to a large number of molecules at less time with the organic compounds 
with the help of hydrophobic effects and ethylenediamine (EDA) interactions, hydro-
gen bonding interactions and others.

Carbon nanotubes (CNTs) are the tubular form of graphene sheets that can single 
layer, double layer or multilayer. They exhibit a large number of physical and chemi-
cal properties due to which they are being studied in the field of water purification 
too. They can form a strong π–πelectrostatic interaction. The adsorption energy and 
the charge transfer of hydrogen atoms (H2) of the tubular structures at interstitial 
and grooved sites also enhance the surface activity of CNTs. There are several ways 
in which CNTs’ activities could be harnessed for good results; for example, they 
could be aggregated into the aqueous phase to create a lot of interstitial spaces and 
grooves, ultimately leading to high energy adsorption, which could help in removing 
organic contaminants. They are also being developed as a nanomesh by developing 
nanotubes that are grown on the flexible porous medium that are capable of attaching 
at least onto the functional group. Moreover, these nanotubes are attached with dif-
ferent functional groups to make them effective in removing different contaminants. 
A study has reported MWCNTs coated with alumina to be efficient adsorbents for 
removing Pb(II) from industrial effluent. The absorption increases in pH between 3 
and 7 and depends on the contact time, dosage of adsorbent and agitation speed (1). 
Among various pollutants, there are many heavy metal ions and metalloids that need 
attention due to their toxic nature and potential carcinogenicity. Some of them have 
been studied in Section 6.4.1.

6.4.2 �H eavy Metals and Metalloids

Heavy metals exist naturally in the earth’s crust and can easily be found in rocks, 
soils, sediments, water sources and more. They can also be found in microorgan-
isms at certain standard concentrations. The standard concentration is increased due 
to anthropogenic release (59). These heavy metals fall under the group of metals 
and metalloids with a density equal to or higher than 4 ± 1g/cm3. They cannot be 
destroyed or degraded and so stay and accumulate in the environment (60). Burning 
fossil fuels causes an increase in heavy metals in the environment. Many industries, 
like mines, thermal power plants, smelters, fertilizers, electronics, metallurgical and 
more, also contribute to the increase in heavy metal concentrations. These heavy 
metals in small amounts can be transported from a source location to different areas 
even out of country or continent (61). The presence of heavy metals at low con-
centrations is not harmful, but their persistence and accumulation can cause higher 
concentrations in that targeted location that can exhibit toxicity to plant, soil micro-
organisms and the food chain. Nickel, cobalt, chromium and copper show relatively 
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high toxicity toward plants, whereas arsenic, cadmium, lead and mercury are more 
toxic to humans and animals.

6.4.2.1 � Chromium
Chromium is present in two oxidation states. In its hexavalent state (Cr(VI)), it is 
toxic to humans, has high mobility and is soluble in water but not in the trivalent 
state, that is, Cr(III), form. Oxidizing compounds present in the soil reduce from 
Cr(VI) to Cr(III); this reduces its carcinogenicity. Some part of Cr(III) could be oxi-
dized to form Cr(VI) when at a high pH; this oxidation is prompted by manganese 
oxides. Chromium is used in the chemical, metallurgical, leather, textile and refrac-
tory industries because of its aesthetics and durability (62). In humans, intake of Cr 
compounds causes skin irritation and ulcers inside the nose, and prolonged exposure 
can cause harmful effects to different body organs, like in kidneys, the nervous 
system and the cardiovascular system, which could also lead to cancer. It can affect 
seed emergence in plants, reduce their growth and decrease the production of dry 
matter. Many different types of nanoparticles and their composites have been used 
for removing or reducing hexavalent chromium in water sources (63).

6.4.2.2 � Lead
Lead is a natural constituent in the earth’s crust and is very toxic and carcinogenic. 
Lead is common in the mining industry, the smelting industry and electroplating 
(64). Lead has different effects on adults and children. In adults, the fingers become 
frail, blood pressure rises and there are abnormalities in the nervous system. In chil-
dren, a reduction in body and mind growth can be seen. At high concentrations, lead 
can cause multiple organ failure, which leads to death. It can also cause a reduc-
tion in fertility level in men and abnormal child growth during pregnancy or may 
cause miscarriage. In plants, it causes a darkening of leaves, stunted foliage and an 
increase in the number of shoots. Many different types of nanoparticles and their 
composite have been used for removing or reducing lead in water sources.

6.4.2.3 � Arsenic
Arsenic is inorganic and a highly toxic metalloid. Arsenic interferes with the 
Adenosine Triphosphate (ATP) generation pathway. At low exposure levels, it can 
cause nausea and vomiting; impair blood cell functioning, that is, red and white; and 
cause abnormalities in heartbeat. Long-term exposure leads to a darkening of the 
skin and soles, kidney and liver failure and can cause cancer of the bladder, lungs, 
skin and liver. In plants, it causes necrotic spots on old leaves of red-brown color, 
with the roots becoming yellow-brown, and a reduction in the growth of the plant. 
Many different types of nanoparticles and their composite have been used to remove 
or reduce arsenic from water sources.

6.4.2.4 � Copper
Copper is an important nutrient for human beings; however, in large concentrations, 
it can lead to diseases such as anemia, liver cirrhosis and damage to the liver and kid-
neys (65;66). Intaking water with high concentrations of copper can cause anemia, 
kidney and liver damage, diarrhea, pain in abdomen, vomiting, headache and nausea 
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in children (67). It causes chlorosis in plants, which creates chlorotic patches in old 
leaves, and can cause severe chlorosis in younger leaves as well at a high concentra-
tion; a yellow color in the leaves and stem; a purple coloration on the lower side of the 
midrib; and less branching and inhibited growth of the roots. Many different types of 
nanoparticles and their composite have been used for removing or reducing copper 
in water sources (68).

6.4.2.5 � Mercury
Mercury is considered the most toxic heavy metal for humans when consumed. 
Minamata disease is caused by mercury poisoning, which causes a loss of physi-
cal control over bodily movements, muscle weakness, hearing and speech damage, 
hand and foot numbness and a loss of peripheral vision. At extreme poisoning, it 
can cause insanity, paralysis, coma and lead to death. Short-term time exposure can 
cause skin irritation, diarrhea, abnormal blood pressure, vomiting and damage to the 
lungs. Longtime exposure may cause organ failure and death. In plants, it can lead 
to extreme stunting of roots and seedlings, chlorosis, brown leaf tips, a reduction 
of growth and tumor-like emergences in deformed carrots. Many different types of 
nanoparticles and their composite have been used for removing or reducing mercury 
in water sources.

6.4.2.6 � Nickel
Nickel pollutants are added to the environment through use in different industrial 
processes such as through the connectors, lead frames and tableware; in electro-
plating processes; plastics manufacturing processes; finishing processes for met-
als; nickel-cadmium batteries; in fertilizers; in mining industries; and metallurgical 
operations. It can cause different problems, such as damage to the kidneys and lungs 
and can cause nausea, vomiting, diarrhea, renal edema, pulmonary fibrosis and skin 
dermatitis. In plants, it causes chlorosis similar to iron deficiency, necrosis, growth 
inhibition and decreased area of the leaves. Many different types of nanoparticles 
and their composite have been used for removing or reducing nickel in water sources.

6.4.2.7 � Cadmium
The chemical properties of cadmium are similar to zinc, and so it mimics the behav-
ior of zinc’s uptake and metabolic functions. Cadmium shows high toxicity even at 
low concentrations, it can quickly move through plants and its transport speed is 
also very high. Its mobility is higher than zinc and lead. Low-concentration expo-
sure for a long time can damage kidney and lungs; also it can weaken bones. High-
concentration exposure for a long time can lead to abnormalities in the biocycles of 
the body and can cause irritation of stomach, vomiting and diarrhea. It can cause 
renal tubular dysfunction that is associated with atrophic kidney and osteomalacia 
(Itai-Itai disease). It also shows carcinogenic properties. In plants, it causes moder-
ate growth, leaves with brown margins, chlorosis and necrosis, leaf curving, reddish 
veins and petioles, as well as short brown roots, a reduction of growth and a purple 
coloring. Many different types of nanoparticles and their composite have been used 
for removing or reducing cadmium in water sources.
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6.4.2.8 � Zinc
Zinc is used in many areas due to its different properties. It possesses excellent antioxi-
dant properties which can protect the body from premature aging of muscle and skin. 
However, its rising concentration in the environment, along with its nonbiodegradable 
property, is causing toxicity to the environment. Zinc is hugely used in industries such 
as galvanization, batteries, paint, smelting, fertilizers and pesticides, the burning of fos-
sil fuels, polymer stabilizers and more. Zinc causes illnesses similar to those that lead 
causes and can be diagnosed as lead poisoning by mistake (69). Zinc metal is relatively 
nontoxic compared to other heavy metals. However, in excess quantities, it can cause 
problems with growth and reproduction (70). It can cause vomiting, diarrhea, blood in 
the urine, icterus, liver and kidney failure and anemia. Many different types of nanopar-
ticles and their composite have been used for removing or reducing zinc in water sources.

6.4.2.9 � Selenium
Selenium shows chemical properties similar to sulfur and can be found in sulfide ores 
where it can replace sulfide. It is a necessary element in cell function in organisms, as 
well as animals. It is a contaminant that is distributed through the oil refining, mining 
and power generation industries. At an appropriate amount, it helps with the proper 
functioning of thyroid glands. At high concentrations, it causes toxicity and imparts 
abnormality in organs. Short-term high-concentration exposure causes abnormali-
ties in the respiratory system. High-concentration exposure causes hair loss, stomach 
pain and nail weakness. It can also cause neurological abnormalities. In plants, it 
causes chlorosis of veins, spotting of black color, bleaching and yellow color of young 
leaves and roots with spots of pink color. Many different types of nanoparticles and 
their composite have been used for removing or reducing selenium in water sources.

6.4.2.10 � Antimony
Antimony is a chalcophilic, naturally available element. Sb(III) is highly toxic to 
humans with carcinogenic properties. They are consumed through contaminated 
water and food. Antimony is primarily introduced into the water sources through 
the mining of antimony. Due to its flexibility, it is mixed into alloys for many appli-
cations like lead storage batteries manufacturing, bearings, castings and more. It is 
also used in textiles, paper, and paints and in the production of explosives, antimony 
salts, ruby glass and medicines. It shows high mobility and a complex reaction with 
water that causes it to persist in the environment and cause adverse effects. It causes 
respiratory problems, pneumoconiosis, increased blood pressure, abdominal pain, 
diarrhea, vomiting, ulcers, antimony spots over the skin and more (71)

Similar to heavy metal and metalloids, there are other polluting compounds that 
also pollute the environment and are explained in Section 6.4.2.

6.4.3 �O ther Polluting Compounds

6.4.3.1 � Ammonia
Ammonium is usually present in low concentrations in water bodies. Primary 
sources of ammonium accumulation are due to agricultural runoff, atmospheric 
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deposition, domestic and industrial effluents and runoff from waste sites, construc-
tion sites and animal feedlots, among others. It also contributes to polluting surface 
and groundwater (72). Ammonium ion and unionized ammonia are interchanged 
upon changing pH and temperature. Ammonia is much more toxic than ammonium 
ions. Ammonium ions are still more than ammonia in water sources due to a close-
to-neutral pH, which favors ammonium ions. Ammonia is a neutral molecule that 
can freely move in the epithelial membranes of different organisms. It damages gills; 
causes asphyxiation; stimulates glycolysis; hinders the Krebs cycle, which leads to 
progressive acidosis that causes a reduction in the oxygen-carrying capacity of the 
blood and a disruption in blood vessels; and affect functions of liver and kidney.

6.4.3.2 � Hydrogen Sulfide
Hydrogen sulfide (H2S) is present in decaying wastewater (sewage) as bacteria pro-
duce it from decaying plant and animal protein or from the direct reduction of sul-
fate (73). Hydrogen sulfide is a harmful compound; it can cause pulmonary edema, 
unconsciousness or even death in high concentrations. Long-term exposure can 
cause chronic respiratory system problems and central nervous system problems like 
fatigue, headache, poor memory and dizziness. In aquatic life, it can cause extreme 
growth of algae and the consumption of oxygen in the water through sedimentation, 
thereby killing bottom aquatic life (74).

6.4.3.3 � Phosphorus Compounds
Phosphorus is present in the environment in the form of phosphates, mineral depos-
its and soil. Phosphorus is taken up in plants for the food chain and so is used in 
fertilizers to enhance their properties. It is also present in wastewater, due to human 
consumption, and so it can be taken up and used in fertilizers. Excess quantities 
of phosphorus can also speed up the eutrophication of rivers and lakes, which is 
caused by a reduction in dissolved oxygen from sources of water. This occurs due to 
an increase in minerals and organic nutrients. This excess of minerals and organic 
nutrients causes excess growth of algae in lakes. It causes problems with water qual-
ity, including raising the cost of purification; it also lowers the recreational and con-
servation values of impoundments, leading to a loss of livestock, and has a possible 
harmful effect of toxins of algal on the drinking water (75).

6.5 � DEGRADATION OF THE POLLUTANTS 
USING PHOTOCATALYSIS PROCESS

Photocatalysis deals with reactions based on the interaction of nanoparticles with 
light energy. In the water purification field, it is generally used with metallic nanopar-
ticles or oxides such as the TiO2, ZnO2, SiO2 and others as they have broad and high 
photocatalytic activity for various pollutants (76;77;78). This mechanism is the most 
suitable for mass water purification. The principle of the photocatalysis process is 
initiated by the light energy absorbed by the nanoparticles, and the rest of the process 
is controlled by the nanoparticles themselves. This requires a meager consumption 
of energy and is economical for mass application (79;29). The photocatalysis process 
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generally is used to degrade organic pollutants, toxic chemicals and others. In this 
process, the nanoparticles release the free O−/OH-ions at its surface by absorbing the 
light energy that interacts with organic pollutants to break them down into smaller 
molecules without leaving any harmful effects in the water (80;81). This method 
is effective, and it could be helpful in mass cleaning as it possesses the potential 
an extraction and reusability possibility due to its magnetic properties. However, it 
needs to be further studied for its mass application and effects on the environment.

6.5.1 �P hotocatalysis Mechanism

Photon/light energy greater than the bandgap of the nanoparticle excites this nano-
catalyst and helps generate the electron and hole pair due to which the pollut-
ants get adsorbed on the surface of the nanostructure by lattice oxygen process. 
The mentioned reactions take place at the surface of the structure as shown in 
Figure 6.4.5 (42;82).

hν → e¯+h+
h+ + H2 O → H+ + OH∙

h+ + OH¯→ OH∙
e¯+O2 → O2¯

2e¯+O2 + 2H+ → H2O2

e¯+ H2O2 → OH∙+OH¯

Finally, the organic pollutants break down to •OH +O2 =CO2 +H2O +other reduced 
compounds. For the most part, there are two prospects: The electrons and holes 
generated by photon incident could recombine via radiative or nonradiative actions 
that go through a rapid vibrational process. Second, trapping of these e− and h+ could 
take place in the defect states which are created by impurities, which later either 
recombine or are transferred to the surface of the nanostructure for the surface reac-
tions to take place such as photocatalysis (83). Here, these entities could react with 
adsorbed species that are bonded covalently or adsorbed physically over the nano-
structure’s surface. In the valence band (VB), the holes interact to chemisorbed or 
covalently absorbed H2O molecules and form highly reactive free radicals like OH•. 
However, in the conduction band (CB), electrons interact with O2 to form OH• radi-
cals that eventually react with organic dyes to completely remove them from water. 
The efficiency of the photo-catalyst depends on sufficient bandgap, the material’s 
morphology, the large and exposed surface area, the stability of the material and 
reusability (84).

Photocatalysis mainly refers to the reaction that involves oxidation reaction and 
reduction reaction simultaneously over the catalyst’s surfaces, which are arbitrated 
by the presence of h+ entities or holes on VB and the presence of e‑ entities or elec-
trons on the CB that are generated when UV-Visible spectroscopy (UV-Vis) light 
radiation is absorbed by the catalyst. These are called the photo-generated pairs 
of electrons and holes that induce the formation of highly aggressive and reactive 
hydroxyl (OH−) or superoxide radical species. These types of reactive entities are 
hefty enough that can oxidize and decompose the organic compounds or stinky 
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gases and can also kill bacteria (85). The photocatalysis process has been considered 
a very efficient technique that can be used for the mineralization of harmful organic 
pollutants and perilous inorganic materials and can also act as a disinfectant against 
microbes. This result is possible because of the OH− ions that form during reaction 
processes behave as strong oxidizing agents (86;48).

Nanocomposites such as ferrites are used for the process, which uses a different 
path of photocatalysis known as Fenton catalysis as shown in Figure 6.5 (87). The 
Fenton process is an advanced oxidation process mostly used for the treatment of 
acidic wastewater, which was reported by Fenton in 1894. The advantage of this 
method is the use of iron that is found in abundance; also, it is nontoxic material used 
in the presence of hydrogen peroxide, which again is a nontoxic and environmentally 
friendly agent (2). Apart from the several advantages of the Fenton process, it also 
has a few disadvantages, such as it cannot completely mineralize organic compounds 
because generally less than half of organic carbons can be reduced to CO2. Also, this 
method generates sludge because of the iron and flocculation of molecules.

This process involves H2O2 and ferrous salts in the reaction, which leads to the 
generation of hydroxyl radicals. This method is also called as photo-Fenton pro-
cess. It starts with the oxidation of iron (II) to iron (III) present in the nanostruc-
ture due to the presence of hydrogen peroxide, which forms hydroxyl radicals and 
hydroxide. Later, iron molecules undergo reduction process to from iron (II) by the 
interaction of another hydrogen peroxide molecule, which helps in the formation 

FIGURE 6.4  Mechanism of photocatalysis using the nanoparticles.
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FIGURE 6.5  Mechanism of Fenton process for removal of water pollutants.

of hydroperoxyl and protons. Free radicals in this process then initiate the second-
ary reactions. The reactions involved in this process are swift and exothermic later, 
which reduces the pollutant compounds to water and carbon dioxide via oxidation. 
The pH of the Fenton reagent plays a vital role in the overall process. The reaction 
kinetics is enhanced by the maintained pH as the presence of both iron (II) and iron 
(III) is essential and their solubilities are directly related to it. For the reaction to take 
place rapidly, an acidic medium is needed (88;89).

6.6 � CONCLUSION

Nanotechnology paves the way for developing science and technology in this, as well 
as the coming, centuries that can enable us to synthesize novel functional materials. 
As explained, various dimensional nanomaterials can be synthesized using a wide 
variety of routes. Zero-dimensional, 1D, 2D and 3D nanomaterials can be prepared 
in various shape and sizes, such spherical, cylindrical, nanoflowers, nanotubes, nan-
ocubes and tetrapods, among others. Using these multidimensional nanomaterials, 
we can purify the raw wastewater containing inorganic and organic contaminants. 
Among the various inorganic contaminants, the toxicity of sodium, chromium, 
lead, arsenic copper, mercury, nickel, cadmium, zinc, selenium and antimony was 
explained in detail. Among other important toxic elements, the harmful effects of 
ammonia, phosphorous and hydrogen sulfide have also been explained. POPs, such 
as insecticides, pesticides and organochlorine-based compounds, are some of the 
most toxic compounds. Their detection and remediation using nanomaterials was 
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also explained. Among different nanomaterials, carbonaceous nanomaterials like 
CNTs, NAC and GO were explained for their exceptional adsorption properties and 
application in water purification. Inorganic nanomaterials like TiO2, ZnO, CeO2 and 
others, and their nanocomposites with other nanomaterials were explained for use in 
detoxifying wastewater. Among various nanomaterials and techniques used, nano-
adsorbents and photocatalysis are two of the most often used. The number of nano-
materials confirms the potential of nanotechnology-based materials for future water 
treatment applications. The future of nanomaterials as commercially suitable materi-
als for wastewater treatment depends on their large-scale production and application 
at commercial scale.

ABBREVIATIONS

Full Form Abbreviation

Adenosine triphosphate ATP

Back electron transfer BET

Carbon nanotubes CNTs

Chemical vapor deposition CVD

Conduction band CB

Dichloro-diphenyl-trichloroethane DDT

Dimethyl sulfoxide DMSO

Ethylenediamine EDA

Fluorescence resonance energy transfer FRET

Graphene oxide GO

Microfiltration MF

Multiwalled carbon nanotubes MWCNT

Nanofiltration NF

Nanoporousactivated carbon NAC

One-dimensional 1D

Organisation for Economic Co-operation and Development OECD

Persistent organic pollutants POPs

Photo-induced electron transfer PET

Polychlorinated biphenyls PCBs

Polycyclic aromatic hydrocarbons PAHs

Quantum dots QDs

Reduced graphene oxide RGO

Reverse osmosis RO

Single-walled carbon nanotubes SWNTs

Three-dimensional 3D

Two-dimensional 2D

Ultrafiltration UF

UV-Visible spectroscopy UV-Vis

Valence band VB

Zero-dimensional 0D
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7.1 � INTRODUCTION

Globally, water pollution and energy disaster are the main common challenges at 
present, which are mainly responsible for rapid industrial growth and the cause of 
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the human pollution race. Currently, researchers have been focusing on environ-
mentally friendly and sustainable technologies for the purification of water.[1–3] 
The consumption of fossil fuels enhances the emission of greenhouse gases and the 
pollution of soil and water in the environment from different sources like transpor-
tation, manufacturing, construction, industrial site, households, and deforestation. 
Hence, to minimize environmental pollution and create a clean environment for 
future generations, we need to aim at limiting the use of fossil fuels and industrial 
wastes and maximizing the use of environmentally friendly materials. Mainly, water 
pollution is created in the environment due to the presence of contaminants that are 
used in our daily routines, the burning of fossil fuels, bathing, and construction that 
are enhanced by human activities. Along with sustainable abundance, clean energy 
sources like wind, hydropower, and solar are the better option for minimizing water 
pollution than petroleum-based fuels. However, the use of these energy sources for 
wide applications is limited due to technological confinement. Solar energy acts as 
a pillar of renewable energy and a source of clean and sustainable energy, which 
has shown a high tendency toward eco-friendly photocatalyzed green fuel genera-
tion, that can satisfy future human energy needs. Herein, several physical factors 
such as daytime, season, geographical position, and intensity of sunlight are major 
limitations.[3] The transformation of solar energy into chemical energy is a conve-
nient way to minimize energy requirements at the world level and is responsible for 
the shift in environmental pollution. Photocatalysts play a pivotal role in this type 
of conversion.[4, 5] Photocatalysis has attracted great attention to minimizing haz-
ards of pollutants and the formation of sustainable green energy sources. Generally, 
photochemical materials are based on metal-free organic compounds; semiconduc-
tors, mainly semiconductor systems, have been focused on photocatalytic activity. 
Fujishima and Honda in 1972 discovered photoactive water oxidation by applying 
TiO2.[6] Several water purification methods, such as sedimentation, photocatalytic, 
membrane filtration, precipitation, ion exchange, adsorption, assimilation, and deg-
radation by microorganisms, have a pivotal role in converting wastewater into fresh 
and clean water that can be utilized by living organisms.

Wastewater treatment is highly desirable/essential for purifying contaminated 
water into clean water, which could be utilizable to living organisms and human 
beings. Meanwhile, the huge growth in the industrial sector, such as paper, pulp, 
pharmaceutical, dye, and metal refineries, directly contaminates the clean and safe 
water.[7] Apart from this, wastes generated in metal refineries are more toxic due to 
the presence of a maximum portion of heavy metals that are directly released into our 
environment and affect aquatic ecosystems and the health of biotic life. Unfortunately, 
the inflation of various heavy metals including of mercury, arsenic, cadmium, lead, 
copper, and nickel have shown a very toxic nature at negligible concentrations.[8, 9] 
Various photocatalytic cells such as photocatalytic reactors, immobilized TiO2, and 
mesoporous zinc oxide (ZnO) have been utilized for degrading organic pollutants 
along with pharmaceutical drug molecules.[9–11] Herein, different types of photo-
catalytic systems have been used for water treatment, air purification, and the decom-
position of polyaromatic based complex organic pollutants in wastewater.

Generally, hydroxyl radicals and radical anions play a crucial role in the oxidation of 
organic pollutants at the surface of MONs and AC nanocomposites. In addition, these 
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have broad applications at various industrial levels such as in the paper, pulp, pharma-
ceutical, pesticide, and dye industries. Several types of MONs/AC nanocomposites act 
as photocatalysts, in which hole generation takes place in the VB; the reducing spe-
cies accepts electrons in the CB to generate strong oxidizing agents such as hydroxyl 
radicals. Meanwhile, electrons in the CB are received by electron-accepting species to 
generate radical anions.[4, 12] However, a broad range of metal oxides have been con-
structed for water treatment with low catalytic efficiency. In this regard, researchers are 
searching for noble catalytic material with a large surface area and high efficiency.[13, 
14] The ongoing research is mainly making a hub point for the development of MONs/
AC nanocomposites for treating polluted water. This new modulation in the adsorbent 
could enhance its surface area along with the efficiency for pollutant removal manifold.

7.2 � METHODS OF POLLUTANT REMOVAL FROM WASTEWATER

For the past few decades, environmental pollution is the dominant issue in our atmo-
sphere, which is responsible for serious problems such as contamination of water and 
deterioration of air along with decreasing fertility of the earth. Among them, water pol-
lution is the one of most dominant environmental concerns for the whole world. Several 
water pollution factors, such as algal formation, eutrophication, and groundwater pol-
lution, have a direct negative impact on freshwater resources. The presence of various 
types of pollutants in the water body has a direct impact on our aquatic ecosystem and 
living organisms. So, it is mandatory to get rid of environmental pollutants by using 
eco-friendly methods. Herein, the following pollutant removal methods have been 
extensively used, including flocculation, precipitation, assimilation, adsorption, bio-
degradation, and complexation, and are playing a vital role in water purification.[8, 15]

7.2.1 �A ssimilation

Mainly, assimilation is related to the microbial aggregate layer. Nutrients, such as 
nitrogen, carbon, and phosphorous, are extracted by photosynthetic microorgan-
isms for their microbial growth. This type of microorganism tends to absorb nitrate, 
nitrite, and ammonium as the primary source of nitrogen.[16] However, nitrogen, 
carbon, and phosphorus are extracted by microorganisms in the two steps of the 
anaerobic and aerobic processes. Nitrogen and phosphorous absorption take place in 
the aeration period (first step). The weak absorption of phosphorous also takes place 
during agitation (second step). The organic materials that are adsorbed by microor-
ganisms act as the main nutrient sources for their growth. A maximum part of these 
adsorbed organic materials is utilized for maintaining the growth and formation of 
the active part of the cell.[17, 18]

7.2.2 �A dsorption

Generally, adsorption is one type of mechanism, in which heavy metal ions are 
adsorbed on the surface of adsorbents at a variable operating conditions such as 
temperature, adsorbent amount, adsorption time, and pH. Certain types of micro-
organisms also adsorb metal ions from low concentrations of thrash metal ions 
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in the wastewater body. Therefore, several examples of biomass have a great ten-
dency toward the adsorption of heavy metals at the crouched level. Interestingly, 
a few groups of aggregated microorganisms tend to adsorb a variety of pollut-
ants in the water body, which have been generally referred to as bio-adsorption. 
A few examples of microorganisms included in this category are such as bacte-
ria, algae, and fungi. All these microorganisms contain specific features, such as 
flocculation and adhesion, which make them able to adsorb heavy metals, toxic 
materials, and organic dyes from wastewater. This method has shown flagship 
properties such as high removal capacity, easy implementation, and low operat-
ing costs.[8, 19–22]

7.2.3 �B iodegradation

For the last few decades, microorganisms have been used in our environment to 
treat wastewater. Biodegradation is the natural process in which biological agents 
such as fungi, bacteria, and green plants have been applied to decomposed toxic 
stuff in wastewater.[23, 24] However, biological wastewater treatment plants play 
a pivotal role in transforming toxic compounds into neutral products and helping 
remove carbon-based materials. Along with this, microbial aggregation can be influ-
enced by environmental factors, operation conditions, process configuration, biotic 
interactions, stochastic process, and dispersal limitations.[25–27] Herein, the effi-
ciency of microbial communities shows a variable degree of pollutant degradation 
for industrial and municipal wastewater treatment plants because both contain dif-
ferent components of organic loading, which alter bacteria’s growth and metabolism. 
Generally, biodegradability is a parameter for determining the effective amount of 
nutrients along with the presence of toxic substances in the pollutant water. The 
biodegradability of any polluted water body can be measured by the ratio of BOD 
to COD. [28–32]

7.2.4 � Flocculation

Different types of impurities such as fine suspended solids, dissolved solids, and 
inorganic and organic small particles are major pollutants that are responsible for 
wastewater. These small solid suspended particles contain a surface charge that is 
not easier to separate from the water body. So the separation of this type of col-
loidal particle is very tactical and challenging for industries and water treatment 
plants. Flocculation is a very crucial step in industrial wastewater treatment. Various 
promising and advanced methodologies have been developed for separating small 
colloidal particles from a water body, in which flocculation/coagulation is one of 
the most suitable methods for the separation of suspended and colloidal small solid 
particles from wastewater.[33, 34] Coagulation/flocculation is a simple, cheap, and 
very efficient method for wastewater treatment such as textile, paper, pulp, refinery 
wastewater, and oil mill effluent. In this process, generally variable types of coag-
ulant/flocculants such as inorganic flocculants (salt of multivalent metal), organic 
polymeric flocculants, and biopolymer flocculants are playing a pivotal role because 
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of their tendency to flocculate effectively at low concentrations. Along with this, 
biopolymer-based coagulant utilization is increasing drastically due to its biodegrad-
ability and environmentally friendly nature. Based on the mechanism, the initially 
added coagulant/flocculant neutralizes the charged colloidal particles after that they 
aggregate or agglomerate into large particles (flocs) that settle and help in water 
purification.[35, 36]

7.2.5 �C omplexation

Complexation is one of the foremost processes for removing heavy metals in 
contaminated water. The simple principle behind metal ion separation is the 
coordination of heavy metal ions with macromolecular ligand species, which 
increases the aggregated molecular weight. As a result, this compound settles to 
the bottom, and then the water is purified. However, the complexation method 
has shown high separation efficiency due to the low energy requirement for 
selective binding of metal ions and water-soluble polymeric ligand species.[37, 
38] Herein, polymeric ligands with carboxylic acid and amine groups have been 
extensively used for this complexation method. Several examples of macro- 
polymeric ligands such as chitosan, carboxyl methylcellulose, polyvinylethylei-
mine, polyvinyl alcohol, and polyacrylic acid have been used to complex heavy 
metal ions.[39–41]

7.3 � SYNTHESIS OF MONS/AC NANOCOMPOSITES

Generally, synthesis methods for MONs/AC nanocomposites have been classified 
based on a different mode of application. Several types of synthesis methods have 
been explained for the formation of MONs adsorbed within AC.

7.3.1 �M icromechanical Exfoliation

First, this method has been utilized by Novoselov and Gaim for generating graphene 
with a few layers by using adhesive material. Also, it is helpful only for creating 
TMOs with a few layer. All physical properties, such as the stoichiometric ratio of 
atoms, along with an order of molecules have been unaltered after the formation of 
TMOs. However, it is only applicable to synthesizing layered nanomaterials.[42] It is 
used in variable operating conditions such as an electric field or by using epoxy resin.

7.3.2 �U ltrasonic Exfoliation

This process is more convenient and more effective for constructing single- to few-
layered nanomaterials than the micromechanical process. However, the selection of 
an apt solvent and appropriate time for sonication play a vital role in this method. The 
selection of good solvents is very essential to avoid reaggregation of exfoliate nano-
materials and used as a dispersing medium for delaminating Vander Waal solids. 
This method is highly desirable due to providing pure single-layer nanomaterials, 
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which are highly dictated to electronic gadgets. WO2 and MoS2 nanomaterials can 
be constructed by this process.[43–45]

7.3.3 �I on-Exchange Exfoliation

The previously discussed two synthetic methods are useful only for Van der Waal 
materials, in contrast, both methods are not appropriate for ionic solids due to reveal-
ing strong ionic attraction at the atomic level. This method is less applicable to the 
synthesis of TMOs. Seong Ju et al. have developed LiCoO2 nanomaterial by the ion-
exchange exfoliation method.[46]

7.3.4 �L ithium-Intercalated Exfoliation

This method has a huge attraction toward the synthesis of a single-layer nanomate-
rial. The lithium-intercalated exfoliation method can be used to construct single 
nanosheets containing nanomaterial that is not an easy task by another process. 
The amount of single-layer nanomaterials can be altered by lithium-based TMOs. 
In this method, the yield of a single-layer formation is controlled by the formation 
of lithium-incorporated TMOs. This synthesis method required a huge tempera-
ture, so it is necessary to perform reaction very carefully to avoid the formation of 
nanoparticles of a lithium precursor. Along with this, the generation of intercalated 
ions is mainly caused by lowering the interaction between layers in the plane by 
charge movements (Figure 7.1).[42] MoS2 nanoparticles have been developed by 
this method.

FIGURE 7.1  Lithium-intercalated method for construction of nanomaterials. [47]



177Metal Oxide with Activated Carbon for Wastewater Treatment

7.3.5 �C oprecipitation Method

The coprecipitation process is a very emerging method for the synthesis of nanoma-
terials. It is very effective in the formation of simple, cost-effective, uniform, and 
controllable particle sizes. Various examples of MONs, including ZnO/Cu, ZnO-
CuO and graphene oxide/Fe3O4, have been constructed by coprecipitation methods. 
Also, a few examples of binary nanocomposites TMOs, such as CuWO4, CuWO4/
NiO, NiO-ZnO, and CeO2.CuO.ZnO, have been synthesized by this method. These 
all examples are revealing that the coprecipitation method is a very efficient, simple, 
and easy method for deploying MONs.[19, 48–52]

7.3.6 �S ol-Gel Method

The sol-gel process is one type of wet-chemical method. In this process, gel for-
mation takes place after sol formation by drying the solvent. However, a variable 
number of applications, such as sensing, antibacterial, and catalysis, are mainly 
affected by the pore size, structure, constitution, and dimensions of nanomaterials. 
The formation of nanomaterials can be controlled by changes in the nature of the 
solvent, the pH of the reaction medium, and solvent viscosity. The sol-gel method has 
broad attention for the synthesis of nanomaterials because of their low temperatures 
required for reaction, high purity of products, and defined particle size. The sol-gel 
method is a very emerging technique for the synthesis of TMO nanocomposites such 
as NiO/TiO2, ZnO/CuO, WO3/TiO2, ZnO/reduced graphene oxide, CdO/ZnO, ZnO/
SnO2, and ZnO/SiO2.[14, 53–60]

7.3.7 �M icrowave-Assisted Method

This process has shown few advantages compared to other methods such as low 
reaction time (min), great energy efficiency, and desirable shape and size of TMOs. 
A  few examples of TMOs such as SnO2, α-Ni(OH)2, K0.17MnO2, and CuSe have 
been synthesized by this strategy. However, α-Ni(OH)2 can be constructed by 
applying Ni(NO3)2.6H2O, urea, deionized water, and ethylene glycol as precursors 
(Figure 7.2). [61, 62]

FIGURE 7.2  Microwave-assisted method for the development of TMO nanomaterials.[63]
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7.3.8 �CVD

This method loaded surface substrate within gas molecules in a quartz reactor, which 
operates at variable pressure, temperature, and gas flow rate.[64–66] Generally, 
atypical CVD setup is assembled by engaging a quartz reactor, a mass flow chamber, 
thermocouples for temperature adjustment, a gas delivery operator, a vacuum cham-
ber, and an energy device. We can use variable metal oxide substrates such as Ni, Cu, 
and Fe, along with CH4 and C2H2, are used as carbon sources in the CVD method. 
However, the CVD method has a good capability to develop excellent properties con-
taining TMOs with a huge surface area, uniform thickness, a scalable size, and high 
photocatalytic features. In the CVD process, the required material can be doped on 
the surface of the substrate by deploying optimum temperature. The CVD process 
is a vital method for the synthesis of desirable physical and chemical properties of 
high-purity TMOs/AC nanocomposites.[67, 68]

7.4 � APPLICATION OF MONS/AC NANOCOMPOSITES

Interestingly, the applications of TMOs/AC nanocomposites are increasing drasti-
cally in the area of nanotechnology because it contains distinctive physiochemical 
properties. TMOs/AC nanocomposites have auspicious applicability for photocataly-
sis, the oxidation of organic pollutants, water purification, and biomedicine.[69, 70] 
The AC or activated charcoal is one type of carbon source that has revealed large 
porosity along with huge surface area, making them highly fascinating regarding 
their catalytic properties and chemical reactions. Interestingly, a very low amount of 
AC (approximately 1 g) has shown a huge surface area (approximately 500 m2/g) due 
to its potency of large porosity. Commercial AC has shown broad-scale applicability 
for removing heavy metals, such as mercury, cadmium, nickel, and copper; clearing 
industrial polluted water; and oxidizing organic dyes and pesticides along with vari-
ous types of toxic and hazardous stuff. Also, AC provided a clue to researchers of its 
applicability to the separation, purification, and catalytic activities of gases.[71] The 
high cost and regeneration are the main drawbacks. Thus, there is a need to search 
for synthetic techniques for low-cost AC. However, carbon-based materials such as 
biochar, carbon aerogel, AC, graphene, CNTs, and carbon nanofibers have a wide 
attraction to researchers for their application as adsorbents.

The performance of AC depends on its chemical nature. The efficiency and activ-
ity of AC can be enhanced to many folds by altering variable physical and chemi-
cal parameters. Herein, lignocellulose biomass has been used as a precursor for the 
development of AC via the pyrolysis method. By the way, detaching moisture and 
volatile compounds from the bio-precursor should be necessary for the enhancement 
of AC’s porosity at an extended level.[73] The main motive for synthesis methods of 
AC is a huge surface area with large porosity and high pore volume. AC possesses 
a heterogeneous pore structure. Also, there has been a tremendous increase in the 
literature on the use of nanoparticles for pollutant degradation owing to their surface 
area. Nanosized metal oxides adsorbed with adsorption material have a huge surface 
area, fast kinetics, high capacity, and specific affinity for variable types of contami-
nants.[74, 75] In the quest to find a more affordable, efficient adsorbent researchers 
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FIGURE 7.3  Carbon-based adsorbent for wastewater treatment. Adapted with permission.[72]

have used a mix of both AC/nanocomposite for pollutant removal from wastewa-
ter. The composites of nanoparticles with AC induce the surface area of the adsor-
bent along with the firmness of the surface. With this modification, the adsorption 
capacity of the composite increases tremendously compared to traditional only AC 
or nanoparticles. Herein, MONs/AC nanocomposites can be synthesized by dispers-
ing inorganic oxides within the AC matrix. MONs/AC nanocomposites have been 
utilized for various types of chemical reactions, the decomposition of organic pol-
lutants, and use for catalysis. TMOs are predominantly useful for this purpose due 
to their low production cost, more selectivity, and effortless regeneration. As one 
example, iron-based Fe3O4/AC nanocomposites have been used highly effectively 
as a Fenton-like catalyst for oxidizing organic contaminants. In this case, AC pro-
vides a huge surface area and porosity; as a result, its catalytic efficiency has been 
enhanced.[76, 77] One form of Fe3O4, amorphous ferric oxide (FeOOH) is a highly 
porous oxide in nature, which has a huge affinity for removing arsenic from waste-
water.[76, 78] Fe3O4/AC has shown the highest affinity for arsenic removal compared 
to only AC. Also, several iron oxide/AC nanocomposites have been developed by 
surface functionalization on AC using FeSO4 and FeCl2.[71, 79]

Along with this, TiO2/AC nanocomposites have been reported purifying 
wastewater, whereby AC adsorbed the pollutant, which cooperated with the 
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FIGURE 7.4  SEM micrograph of TiO2/AC composites prepared for water purification. 
Adapted with permission of reference 68.[80]

photocatalytic activity of TiO2.[80, 81] Meanwhile, magnetically active TiO2/
AC nanocomposites also have been developed by impregnating of Fe3O4, mak-
ing them more suitable for the easy separation of suspended photocatalyst from 
the reaction medium that has been used for phenol degradation under UV light 
illumination.[4, 82] Herein, SnO2/AC nanocomposites have been synthesized 
by the wet impregnation method by heating of resulting product at 700–800°C. 
Interestingly, SnO2/AC nanocomposites have revealed high porosity and uniform 
pore size compared to parent AC or SnCl2.[83] Research has worked on enhanc-
ing the physical properties, such as the thermophysical, mechanical, and electri-
cal properties, of ceramic by incorporating AC in different ratios.[71] However, 
Al2O3/AC nanocomposites have excellent properties for protecting the wall 
ceramic monolith via the formation of a uniform layer of AC. Also, Al2O3/AC 
has shown catalytic applications such as catastrophic filtration and preserving 
nature. [84]

The catalytic activity of CeO2 has been enhanced by doping AC with CeO2, 
which provides a huge surface area along with electron movement between CeO2 
and AC. These CeO2/AC nanocomposites revealed excellent catalytic features for 
the ozonation of oxalic acid and aniline.[86, 87] In another study, also this has been 
found that CeO2/AC nanocomposite showed magnificent photocatalytic properties 
for adsorption and degradation of 4-chlorophenol in an aqueous medium compared 
to pure CeO2.[87] The efficiency of cerium-based nanocomposites can be altered 
by the amount of Ce3+ cations. Mainly, CeO2/AC nanocomposites can be prepared 
by the impregnation process by using cerium nitrate as a precursor.[88, 89] Herein, 
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Geneche et al. have developed Fe3O4/AC in the variable ratio of Fe3O4 and AC via 
coprecipitation methods and applied for Cr(VI) removal from wastewater. The ratio 
2:1 w/w ratio of AC and Fe3O4 nanoparticles has shown the highest Cr(VI) removal 
efficiency. However, AC and magnetic property of nanocomposites play a crucial 
role in magnetic separation and regeneration.[90] Interestingly, Sillanpaa et al. have 
constructed Fe3O4/AC nanocomposites by coprecipitation method for removing 
Cr(VI), Cu(II), and Cd(II) cations from wastewater (Table 7.1). The highest removal 
efficiency has been observed at pH-2 for Cr(VI) and pH-6 for Cu(II) and Cd(II) at 
room temperature.[91] Another study has been performed by Subramanian et at.in 
which they have developed Fe3O4/nanosphere for removal of As(III) and As(V) 
from water bodies. A carbon-based nanosphere consists of a high surface area, high 
pore volume, and large hierarchical mesopore/macropore structures. Based on the 
composition of nanocomposites, 37% weight of iron oxide has represented the high-
est adsorption efficiency for As(III) and As(V), which is very high than pure iron 
oxide–based adsorbents.[92] In one study, Fe3O4/AC has been deployed as an adsor-
bent for the removal of BB dye from polluted water. This study also revealed that 
synthesized nanocomposites have shown the best adsorbent efficiency of BB in an 
aqueous medium.[93–95]

FIGURE 7.5  Schematic representation for MON/AC nanocomposite formation and used for 
photocatalytic degradation of Congo red dyes. Adapted with permission of ref.[85]
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TABLE 7.1
MON/AC Nanocomposite with Specific Applications

MON/AC Nanocomposite Application References

Fe3O4/AC, TiO2/AC, ZnO/AC Decomposition of organic molecules, hydroxylation of 
benzene, and acylation of alcohols

94 and 95

WO3/AC Oxidation of methanol and ethanol, hydrogenation of 
ethylene, combustion of toluene

82

SnO2/AC Low temperature of CO 83

Fe3O4/AC Cr(VI), Cu(II) and Cd(II) removal from wastewater 91

Al2O3/AC Hydroprocessing methods 84

Fe3O4/AC As(III) and As(V) removal 92

Fe3O4/AC Removal of BB 93

7.5 � PHOTOCATALYTIC DEGRADATION

Nanotechnology is playing a pivotal role in the domain of photocatalytic chemis-
try. Nanomaterials have outstanding features including optimized light irradia-
tion, lighter weight, low recombination energy, and high surface area, which has 
attracted researchers’ attention for utilizing nanomaterials for photocatalytic appli-
cation. Along with this, nanomaterials are more promising than micromaterials due 
to containing high electromagnetic wave interaction, and low ionization potential. 
Nanomaterial-based photocatalysts have shown broad contributions toward environ-
mental clearance and energy application such as CO2 reduction into hydrocarbon 
fuels, hydrogen evolution by water oxidation, wastewater treatment, air purification, 
and organic pollutant degradation. Several methods, such as chemical, biological, and 
electrochemical methods, for degrading organic molecules have been reported, but 
they are less effective. However, photocatalysts have spotlight attraction compared 
to other methods such as advanced oxidation method, UV treatment, ozonation, UV 
with H2O2 treatment, and the Fenton process for organic molecules degradation due 
to the formation of less toxic intermediates and effective degradation.[15, 96–98]

7.6 � DYES DEGRADATION

Water pollution caused by industrial dye effluents rising environmental problems 
for human health and aquatic life. Today, dyes are widely used in the industries like 
textile, pharmaceuticals, leather, paper, and more, which are hazardous, toxic, and 
carcinogenic to our ecosystem and humankind. Mainly, dye effluent contains vari-
able aromatic and polyaromatic dyestuffs, and their substitutes have been shown 
resistant to several water treatment methods such as coagulation, bio-treatment, and 
AC adsorption. However, AOPs are showing characteristic dye degradation activity 
and efficiency in an aqueous medium at room temperature. However, researchers 
have explored variable AOPs methods such as ozonation, sonochemical oxidation, 
persulfate oxidation, Fenton oxidation method, UV/H2O2, zeolite, and its derivatives, 
BiOBr/graphene oxide nanocomposite, photocatalyst bismuth oxyhalides/reduced 
graphene oxide nanocomposite (Table 7.2).[51, 62–71]
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During the manufacturing of dye, many liters of freshwater have been used that 
need to be treated before discharge into the river and more.[99–102]

7.7 � PHARMACEUTICALS/PESTICIDES REMOVAL

Over the last few decades, the level of organic molecules such as pharmaceutical, 
dyes, and pesticide wastes has been increasing from nanograms to micrograms per 
liter of polluted water. Generally, wastewater generated from the hospital, municipal, 
wastewater, farmhouses, and veterinary wastes have been included in this category. 
Herein, the worldwide utilization of medication, fertilization, and pesticides has had 
a direct effect on human life and environmental pollution. Various types of residual 
drugs can be generated metabolism disruption and drug resistance in the human 
body and aquatic life.[103–105] However, a trace amount of drugs and pesticides 
has persisted in water resources after treatment by filtration, membrane distillation, 
and reverse osmosis, which is indicated the low efficiency of these methods. Apart 
from this, various drug molecules such as paraben, diazepam, carbamazepine, and 
diclofenac are biologically resisted. However, a broad range of techniques such as 
adsorption, air stripping, biological methods, and reverse osmosis have been applied 
for the deployment of pharmaceutical drug pollutants from water bodies. Based on 
the effectiveness, the adsorption method is more promising due to a lower treatment 
price, the simplicity of the process, low maintenance, and higher efficiency.[106–108]

Z. Fallah et al. reported metal oxide for the removal of organic pollutants such 
as drug molecules and pesticides.[109] Al-Jabari et  al. applied iron oxide for the 
absorption of levofloxacin (80% in 240 min). Abdelillah Ali Elhussein et al. pre-
pared a CeO2-based metal-organic framework that showed 95.78 mg g−1 absorption 
of 2,4-dichlorophenoxyacetic acid in the batch system. Yin et al. reported a core–
shell-based Fe-FeOOH structure has been used to remove ibuprofen (nearly 98% in 
30 min).[109] Roghaye Behnam et al. synthesized an aluminum oxide and magne-
sium oxide nanomaterial for the adsorption of diazinon (0.025 g/ul in less than 10 
min) and methyl parathion (0.05 g/ul in 10 min), respectively.[110]

7.8 � TOXIC METAL REMOVAL

Today, heavy metal pollution caused by metal refineries has been one of the most 
serious and toxic to our environment. Herein, detaching heavy metals from the 

TABLE 7.2
Percentage of Degradation of Dye by Metal Oxide with AC

Metal Oxide with AC Dye Optimal Condition % of Degradation/ (mg/g) Ref.

TiO2-AC Ruthenium N-3 dye 180 min 99% 59

ZCP-AC Methylene blue 20 min 98.12% 60

Fe-MAC Methylene blue 75 min 99% 61

CeO2-AC Methylene blue 60 min 98% 62

ZnO-Ac Methylene blue 60 min 98% 62
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surroundings is the primary issue for researchers. Even low exposures to heavy met-
als are hugely toxic to humans.[111, 112] The availability of heavy metals such as 
mercury, cadmium, copper, and nickel in the aqueous system has continuous effects 
on humans and aquatic life when present at more-than-acceptable levels. However, 
heavy metals cannot be destroyed or degraded; they can be only adsorbed from 
wastewater. Heavy metal toxicity can occur through sources such as drinking water 
contamination, increasing concentration of metal nanoparticles near the source of 
emission, or circulation via the food chain.[113, 114] Industries release the untreated 
wastewater into the river that contains carcinogenic and harmful toxic metals such 
as chromium, zinc, arsenic, and others. Continuously, the applications of heavy met-
als are increasing, which has increased its concentration in natural water sources. 
Various technologies, including adsorption, precipitation, and ion exchange, have 
been applied for detaching heavy metals from contaminated water. However, the 
adsorption method is playing a pivotal role in removing heavy metals.[8, 115] Few 
examples of adsorbents including silica, AC, and graphene have been utilized for 
heavy metals rid of wastewater.[116, 117] Hoang Thu Ha et al. reported about 32.57 
mg g−1 removal efficiency of arsenic by using Fe3O4-AC material.[118] In the other 
literature, Wang Weilong et al. synthesized Fe/Mn (1:15) mixed oxide for removing 
hexavalent chromium up to 26.6 mg g−1.[59]

7.9 � MECHANISM OF DYE DEGRADATION

The photocatalysis on the surface of the photocatalyst takes place because of the reac-
tion between organic pollutants and strong oxidizing agents, which are generated by 
the light illumination or the oxidizing species. Mainly, metal oxides (CuO, Fe2O3, WO4, 
ZnO, ZnO, TIO2, WO3, SnO2, Ta2O5, CeO2, CuO, ZrO2, Fe2O3) and SnO2 act as pho-
tocatalysts used for photocatalysis under light illumination for degradation of organic 
and inorganic contaminants. However, the selectivity of photocatalysts for the photo-
catalytic mechanism mainly stands on the reduction and oxidation step. For organic 
dye degradation, TMO nanomaterials are more efficient and reactive because TMOs 
possess good properties such as light absorption, indirect bandgap energy, the presence 
of highly active surface area, and the negligible recombination of charge carriers.[119]

Upon light illumination, absorption of photons takes place at the photocatalyst 
and generated charge carriers (hole and electron pairs) followed by transfer of photo-
generated carriers in the photocatalyst.[120, 121] Generally, a suitable hybrid pho-
tocatalyst would be induced photocatalytic activity by lowering the interactivity of 
electron–hole pairs.[122]

Yu et al. synthesized a WS2/WO3/H2O-hybrid photocatalyst that showed photo-
catalytic decomposition of methyl orange (approx. 90–95%) under a visible range 
of solar illumination. Peitao Liu et al. synthesized α-Fe2O3@N-doped MoS2-hybrid 
photocatalyst for detaching of Rhodamine B in the visible range of solar irradia-
tion and showed a 26.4 times higher decomposition tendency than MoS2 nanoma-
terials.[123] Similarly, Yang et  al. constructed MoS2/ZnO/P-hybrid photocatalysts 
that revealed a high oxidation tendency (95%) for methylene blue and Rhodamine 
B in presence of sunlight illumination.[124] Another strategy was also reported for 
enhancing the adsorption efficiency of TMO nanomaterials that can be incorporated 
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by supporting MONs on the surface of AC. Along with this, adsorbent materials 
should contain specific properties such as high surface areas with apt pore sizes and 
excellent conductivity for facile charge transfer. However, various types of TiO2/
AC nanocomposite have been reported for specifical properties, in which a group 
of researchers have utilized carbon-based nanosphere, CNTs, and MWCNTs as 
adsorbents.

7.10 � CONCLUSION

Recently, TMO/AC nanocomposites have been getting huge awareness because their 
distinctive features included low density, thermal stability, large reactive surface 
area, and high porosity. However, a different form of AC provided high conduc-
tivity, excellent mechanical strength, and thermal stability which are preferable for 
advanced composite applications. The presence of AC, along with nanoparticles, 
makes nanocomposites free from eco-toxic divalent ions. Mainly, this chapter 
explored the photocatalytic mechanisms of photocatalyst, classification, and syn-
thetic approach and improving the physical and chemical properties of TMOs, along 
with AC and its application.

ABBREVIATIONS

AC	 Activated carbon
AOPs	 Advanced oxidation processes
BB	 Bismarck brown dye
BOD	 Biological Oxygen Demand
CB	 Conduction band
CNTs	 Carbon nanotubes
COD	 Chemical Oxygen Demand
CVD	 Chemical vapor deposition

FIGURE 7.6  Photocatalysis mechanism of ZnO/MoS2 nanomaterial. Adopted with permis-
sion of reference 125 [125].
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MONs	 Metal oxide nanocomposites
MWCNTs	 Multiwalled carbon nanotubes
TMOs	 Transition metal oxides
UV	 Ultraviolet
VB	 Valence band
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8.1 � INTRODUCTION

The importance of soil in plant growth, which is a life-supporting system, cannot be 
overstated. Nature is more complex and dynamic. It is made up of both organic and 
inorganic components. Inorganic oxide, silicate, phosphate, carbonate, sulfate rock 
minerals, microorganisms, and organic waste biomaterials make up the majority of 
soil. There are four basic components of natural soil, like minerals, organic mat-
ter, water, and air. A typical soil contains approximately 45%minerals, 5%organic 
matter, 25%water, and 25%air, as well as microflora and fauna such as protozo-
ans, mites, nematodes, aerobic/anaerobic bacteria, algae, fungi, insects, and larvae, 
among others.

https://doi.org/10.1201/9781003323464-8
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It serves as the earth’s outer cover layer, or blanket, which aids in the sur-
vival and flourishing of life on the planet by providing a variety of agricultural 
products, fruits, vegetables, medicinal plants for humans, grass for herbivorous 
animals, and shelter for worms, insects, bees, microorganisms, protozoan, algae, 
fungi, and bacteria within or on its surface. It is extremely important in the food 
chain. India is known as an agricultural country because it has 45% agricultural 
land and agriculture is a major source of its gross domestic product. Crop yield 
per hectare in agriculture is determined by the type and quality of soil and seeds, 
as well as climatic and other natural factors. Climate, natural vegetation, and 
rocks all have an impact on the nature of soil. Similarly, chemical fertilizers and 
pesticides enter the soil ecosystem by way of runoff from agricultural ecosys-
tems. Contaminated soil is considered as a prominent source that affects human 
health, ecosystems, and agricultural crops and thus threatens the entire environ-
ment. Therefore, the remediation of these contaminated soils has become a major 
environmental concern [1, 2].

Nanoparticle research can be useful to a wide variety of fields, including auto-
mobiles, cosmetics, agriculture, food, textiles, space, defense, engineering, clinical 
fields, and the atmosphere. Nanotechnology is defined as “the understanding and 
control of matter in dimensions between 1 and 100 nanometers,” according to the 
US National Nanotechnology Initiative, nanotechnology encompasses nanoscale 
analysis, design, and innovation, as well as representation, estimation, replication, 
and control at this scale. This is due to its small particle size, high surface area–to–
volume ratio, simple infusion at the site of action, and flexibility for in situ and ex 
situ application nanotechnology is a well-known phenomenon for removing contam-
inants [3]. In last few years, the advent of nanotechnology has been the focus of com-
prehensive research, intersecting with a variety of other fields of science and having 
an impact on society [4]. Nanotechnology offers an infinite number of benefits to the 
environment in terms of conservation and remediation, which are divided into three 
categories: treatment and remediation, observations and detections, and contaminant 
avoidance. The basic nanotechnologies discussed here are focused onsite remedia-
tion and soil treatment for various pollutants. Smaller molecules allow for the place-
ment of smaller sensors that can be used successfully in remote locations. When the 
demand for food grows in response to the increasing human population, it increases 
the demand for and consumption of available land to meet those needs. However, 
contamination of the soil by heavy metals, pesticides, and persistent organic con-
taminants (POPs) is becoming a limiting factor that must be addressed, and nanosci-
ence appears to be a viable option. Manganese oxide nanoparticles (17B-estradiol 
MnO2) have been shown to remove 88% of estrogens from the soil. It is well known 
that decreasing the injection speed and increasing the concentration of nanoparticles 
accelerates estrogen degradation [5].

Nano-remediation of soils may provide a long-term solution for replenishing 
depleted soil resources. Nanotechnology has provided applications that are effi-
cient and cost-effective, as well easy to use, and thus, they propose increasingly 
successful treatment and remediation strategies that can significantly reduce soil 
contamination [6]. The combining of microorganisms with nanoparticles has 
become a rapidly growing field of research in green nanotechnology around the 



197Nano–Metal Oxide–Based Materials for Contaminated Soil Treatment

world, with various organic elements being investigated and used in the synthesis 
of nanoparticles, providing a reliable alternative to nanoparticles created using 
traditional compound and physical techniques [7–9]. In our economy, nanotech-
nologies are vectors of foundational applications. New techniques for assessing 
nanotechnology-based development should be developed in order to better under-
stand it. Recent advancements in this field have brought together a number of 
innovations into a single system. Nanotechnology has the potential to decontami-
nate a site in an environmentally friendly and timely manner [10–12]. The goal of 
sustainable remediation is to reduce the grouping of contaminants to the precise 
levels determined by the pollutant type and its hazard. Nano-bioremediation is a 
coordinated combination of nanotechnology and bioremediation to accomplish a 
more productive, less time-consuming, and environmentally friendly remediation 
than separate procedures, which is in contrast to conventional bioremediation. 
Palladium nanoparticles have been shown to decontaminate pentachlorobiphe-
nyl-polluted soil. At 200 atm pressure and all temperature ranges, palladium 
nanoparticles combined with supercritical liquid CO2 are capable of separating 
all polychlorinated biphenyls (PCBs) from the soil. Cheng et al. [13] demonstrated 
that graphene oxide silver nanoparticles (rGO-Ag) can degrade organic com-
pounds photocatalytically.

This chapter provides an overview of nanotechnology and decontamination of 
adulterated soils using nanoremediation. It also discusses how to remove pollutants 
from soil matrices using polymer-based nanomaterials, iron oxide nanomaterials, 
carbon-based nanomaterials, and other nanomaterials.

8.2 � ORIGIN OF HEAVY METALS IN CONTAMINATED SOILS

Since heavy metals are present in soil for millions of years and are mostly found 
in the soil profile as a result of pedogenic processes such as weathering of parent 
materials but are considered trace amounts (1000 mg/kg) and only rarely toxic [14]. 
Soils may accumulate one or more heavy metals in rural and urban areas above the 
defined background values that are high enough to sufficiently affect human health, 
flora and fauna, and different ecosystems, as a result of humans’ disruption and an 
acceleration of nature’s slowly occurring geochemical cycle of metals [15]. Heavy 
metals essentially become contaminants in soil environments because of the follow-
ing reasons (1) their different rates of generation via man-made cycles are faster than 
natural cycles, (2) they are transferred from mines to random environmental sites 
with higher potential for direct exposure, (3) usually the concentrations of the heavy 
metals in unwanted products are comparatively high to those in the receiving envi-
ronment, and (4) the chemical form (species) in discarded products is different from 
those in the receiving environment. Anthropogenic heavy metals in the soil are more 
mobile and thus bioavailable than pedogenic or lithogenic heavy metals [16]. Metal-
bearing solids at polluted locations come from many different man-made sources, 
like metal mine tailings, unsecured protected landfills, and leaded gasoline besides 
the sources such as use of lead-based paints, land application of fertilizers, animal 
manures, sewage sludge, compost, pesticides, coal combustion residues, petrochemi-
cals, and atmospheric deposition [17].
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8.3 � EFFECTS OF TOXIC HEAVY METALS/IONS PRESENT 
IN POLLUTED SOIL ON HUMAN BEINGS

Heavy metals are very toxic and carcinogenic to humans and belong to the group 
of trace elements (metals and metalloids) with elemental density >5 g/cm3: e.g. As, 
Cd, Cu, Ni, Zn, Pb, Hg and others. Toxic metal ions of natural origin enter the soil 
from volcanic eruptions, soil erosion, and the weathering of rocks and minerals, as 
these mostly come from anthropogenic-based activities like burning fuel, processing 
minerals, landfills, urban runoffs, mining, industrial effluents, agricultural activities, 
metal finishing and plating, manufacture of printed boards, textile dyes, semicon-
ductor development, etc. Owing to their high stability, migration rate, and solubility 
in water, they induce environmental changes and health effects. Arsenic is intro-
duced into water and soil by both natural and man-made sources. In human beings, 
it causes lung and bladder cancer, and excessive consumption may lead to death 
also. Acute cadmium inhalation for short intervals of time results in flu-like symp-
toms and damages the lungs, but its chronic exposure causes kidney, bone, and lung 
disease. Persistent long-term exposure to copper causes irritation in the eyes, nose, 
and mouth; headache, stomachache; dizziness; vomiting; and diarrhea, and a high 
intake may cause kidney and liver problems and sometimes death. Lead has harmful 
effects and damages the kidney, liver, reproductive system, basic cellular processes, 
brain functions, and so forth. Although Ni and Zn as micronutrients are required 
by humans, their excessive concentrations are harmful also. Nickel/compound dust, 
when inhaled by the workers in refineries or nickel-processing plants, causes chronic 
bronchitis, nasal sinus, lung problems, and even cancer. Excessive zinc can lead to 
nausea, vomiting, a loss of appetite, stomach pain, headache, and diarrhea. Mercury 
(Hg) vapor affects the human nervous, digestive and immune systems; damages the 
lungs and kidneys; and sometimes us fatal if the exposure is for a long duration. The 
inorganic salts of mercury are corrosive to the skin, eyes, and gastrointestinal tract 
and can induce kidney toxicity if ingested.

8.4 � USE AND APPLICATIONS OF NANOTECHNOLOGY 
IN SOIL REMEDIATION

Nanotechnology is regarded as unique innovation that is advancing expediently and 
spreading its application domains in all aspects. Nanotechnology envelops planning, 
estimating, and manipulating matter at the nuclear, subatomic, macromolecular, 
and micromolecular scales, with the end goal being that the resulting material has 
special and totally various properties from the parent mass material [18]. The par-
ticles produced throught his are named as designed nanoparticles (ENPs) or basi-
cally nanoparticles. ENPs are characterized as particles having something like one 
outside aspect somewhere in the range of 1 and 100 nm [19]. Nanotechnology finds 
applications in a broad scope of areas from farming, food creation and bundling, 
the medical and diagnostic fields, drugs, the nano-based embodiment of pesticides, 
hereditary material conveyance in plants, drug conveyance in people, and malignant 
growth therapy to a lot more [19, 20]. Apart from those, its maximum predicted 
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applications are for remediating environmental problems with water and soil, such 
as treating wastewater, cleaning groundwater, and remediating soil contaminated 
with pollution [21–25]. The increasing use and awareness of nano based methods, 
gadgets, or materials for environmental cleanup possibly stem from the urgent want 
of a technology that is cleaner, very low cost, and effortless while, at the same time, 
quicker in turning in effects without an extra burden to the cleanup method for pol-
lutant residues and environmental persistence [26]. Therefore, using nanoparticles 
or some nanomaterial-containing nanoparticles to remediate contaminated soil 
with chemical compounds like insecticides, heavy metals, and POPs, which can be 
chiefly nonbiodegradable in the environment, is being broadly considered. Various 
applications of nanotechnology-based getting used for soil remediation encompass 
(1) nano-based substances for converting heavy metals to their less poisonous forms, 
(2) nanomaterials for pesticide and POP degradation, (3) nano-based sensors for 
pesticide residue detection in soil, and (4) nanomaterial-based phytoremediation or 
bioremediation of contaminated soil. nanoparticles, which might be most extensively 
used for soil remediation, include nanoscale zero-valent iron (nZVI), titanium diox-
ide (TiO2), zinc oxide (ZnO), multiwalled carbon nanotubes (MWCNTs), fullerenes, 
bimetallic nanoparticles, and stabilized nanoparticles [25, 27]. Nano-remediation 
contains programs of reactive nanomaterials used for the contaminated soil for 
either converting the pollutants to less harmful substances or cleansing them [28]. 
Nanomaterials, by using their distinctive features of length and structure, possess 
much large surface to volume ratio and, as a consequence, have higher sorption sites, 
making them super-absorbents [29]. Their different beneficial structures encompass 
decreased temperature modification, shorter inter-particle diffusion distance, greater 
tunable pore sizes, and specific surface chemistries [30]. These characteristic make 
them fantastic catalysts that could assist chemical reduction and the abatement of 
harmful pollution. Therefore, nanomaterials have received great attention and are 
preferably considered for remediating soil contaminated by notorious pollutants like 
heavy metals, chlorinated organic solvents, organochlorine insecticides, polycyclic 
aromatic hydrocarbons (PAHs), and PCBs (Figure 8.1).

8.5 � DIFFERENT NANOMATERIALS USED FOR SOIL REMEDIATION

The different types of nanomaterials synthesized have been found to be very effec-
tive in remediating various pollutants from soil. These types of nanomaterials have 
been reported to enhance in situ treatment with a high capacity to remove or degrade 
pollutants. The main classes of nanomaterials used in soil remediation are

	 1.	polymer-based nanoparticles—these are used for extracting Cu2+, Cd2+, 
Pb2+, and Zn2+ from metal-polluted soils.

	 2.	nanoscale metal oxides—these are used for metal adsorption and for 
destroying organic compounds mostly being halogenated.

	 3.	carbon-based nanomaterials—these have been also used to cleanup con-
taminated soil ecosystems with volatile organics, such as petroleum hydro-
carbons, some chlorinated solvents, PCBs, and pentachlorophenol.
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Other nanoparticles, such as manganese oxide and calcium peroxide nanoparticles 
are used for removing chromium and degrading heavy metal contaminants. These 
methods are novel in approach; however, a few more studies are recommended for 
their wider applicability [31].

8.5.1 �I ron Oxide

Iron is the most abundantly available transition metal on the earth, and the main 
advantages of iron are that it is nontoxic in nature, highly absorbent, environmentally 
friendly, and cost-effective. Based on these characteristics, remediation technologies 
on iron-based are being widely tested and created rapidly, particularly for environ-
mental remediation [32]. In this regard, because of progress in various fields of the 
nanoscience, Fe-based nanoparticles have been synthesized to remove As-polluted 
soils, because they show high bonding for As [33]. Due to greater surface area 
effects, nZVI materials are now widely used as compared to traditional conventional 
iron powder or iron filings to increase efficiency or adsorption capability [34].

8.5.2 �C arbon-Based Materials

Different soils at different locations are considered to be the main sink for vari-
ous pollutants rather than water and air [35]. The microbiota has a key role in 
altering the fate of different pollutants present in the soil environment, and carbon 

FIGURE 8.1  Remediation of soils polluted with heavy metals, pesticides, and persistent 
organic pollutants.
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nanotubes (CNTs) may aid in the process [36]. Therefore, it is very much desired 
to study the impact of CNTs on managing soil ecosystems [37] as it is advocated 
that CNTs may strongly fluctuate the composition and functioning of the soil eco-
systems that will help remediate soils polluted with various pollutants. However, 
at the same time, the toxicity of CNTs has been reported by various research-
ers regarding growing concerns about health [38]. Furthermore, low removal effi-
ciency, restricted selectivity and complexity [39], and low absorption capacities are 
the other concerns with CNTs.

In this context, activated carbon (AC) is the ideal carbon material for remov-
ing heavy metals in soil because it is chiefly highly efficient and environmentally 
friendly and can be derived from waste or by-products or be minimally processed 
[40]. Because of its excellent properties, AC is recommended to reduce the phyto-
toxicity of several residues of herbicides and other harmful chemicals in agricultural 
soils [41]. During soil bioremediation, AC has been also used to clean up soil ecosys-
tems contaminated with volatile organics, like petroleum hydrocarbons, chlorinated 
solvents, PCBs, and pentachlorophenol.

8.5.3 �P olymer-Based Materials

Polymer nanocomposites (PNCs) are composed of materials that use a polymer as 
a host material on which nanoparticles are interspersed or coated. This substance 
incorporates the required characteristics of both the polymer host (i.e., excellent 
mechanical resistance) and the nanoparticles (i.e., high reactivity from their large 
surface). Different polymers were also used in the manufacture of membranes that 
integrate metal and metal oxide nanoparticles for environmental remediation appli-
cations [42–46]. Polymers are usually used as host materials in polymeric nano-
composites, and certain compounds of the structure, such as nanoparticles, are 
responsible for contaminant remediation [9]. Functionalized polymeric nanomateri-
als were, however, also identified as the principal agents responsible for the reme-
diation. Polymer-based nanomaterials can be used for the design of target-specific 
remediation technologies for the compounds extracted from gaseous mixtures to 
avoid off-target fouling that could otherwise lead to a decrease in material perfor-
mance [9].

However, soil conditions can be properly maintained and improved with the help 
of nanofertilizers [12]. It has been researched that during the application of nanofer-
tilizers only a small amount or percentage of the fertilizer can be applied and used 
by the crop, which is quite contrary to conventional fertilizers. This technique has 
helped retain the nutrient uptake in the rhizosphere, increase the uptake of beneficial 
molecules, and repair damaged soils. Particles smaller than 2 micrometers belong to 
colloidal fractions, and there is a possibility of recognizing particles within a range 
of 1 to 100 nanometers as well that can be promoted for remediating soil. Nano-
electron acceptors and donors, like fulvic and humic acids, can play a great role in 
the biodegradation of contaminants in soil. Most of the nanoparticles and nanoma-
terials are present in deserts as it is estimated that 50% of the minerals in the aero-
sol category come from the world’s deserts which include oxides, hydroxides, and 
oxyhydroxides of metallic elements, such as Al, Fe, and Mn, from which different 
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types of nanoparticles have been synthesized [47]. Gibbsite and boehmite in soil are 
aluminum nanostructures generated by geological processes, and iron hydro-oxides 
are natural nanoparticles in soil that have a role in processing nutrients’ absorption 
without causing any internal damage to the soil [48]. The amalgamation of nanosci-
ence with biohydrometallurgical processes facilitated the degradation of minerals. 
Moreover, other interesting processes are bioaccumulation, bioflotation, bioprecipi-
tation, and biomineralization and are now considered to be eco-friendly and efficient 
alternatives for contaminated soil bioremediation [49].

8.6 � FUTURE PROSPECTS

Pollution in the environment of living beings, particularly by humans, requires no 
further explanation. As a result, traditional as well as scientific approaches to solving 
this serious problem must be used. Biodegradable materials provide a very cum-
bersome and sophisticated application for the treatment of pollutants as part of a 
scientific approach. This is also the more efficient technology in terms of consumer 
acceptance and non-waste production. Nanotechnology is being used in conjunction 
with physical and chemical changes to materials’ surfaces to create better and suit-
able mixture materials for contaminant remediation. When developed under vari-
ous favorable conditions that are sometimes very difficult to achieve under normal 
environmental factors, nanomaterials are relatively target-specific, cost-effective, 
nontoxic, and recyclable. Some operations are also required to prevent agglom-
eration, improve monodispersity, and improve stability. The use of toxic nanopar-
ticles is also limited due to the production of toxic nanoparticles as a by-product of 
remediation sites. As a result, a more prominent nanotechnological bioremediation 
method is required, one that is simple to implement, efficient, and produces few or 
no by-products.

8.7 � SUMMARY

At present, nanotechnology is no doubt have countless benefits for human beings 
and thought to be advanced and innovative technology and opens up the oppor-
tunity for changing the characteristics of materials in a new way and thus can 
be more efficient compared with traditional technology. Nano-based remedia-
tion opens up efficient potential for decreasing the overall costs (low-cost) and 
time required for eliminating heavy metals from contaminated soil. Moreover, 
nanoparticles can be effectively used for on-site remediation of pollutants, thereby 
eliminating the need for transportation, then treatment, and finally soil disposal 
after the remediation process ends, and this is due to the strong adsorption prop-
erty and large surface area. Nanomaterials, because of their small size, increased 
mobility, and deliverability in soil, can stabilize the heavy metals, thus converting 
them to less toxic species in soil. Most nanotechnology-based ecosystem studies 
are conducted at a laboratory scale, and therefore, much effort should be given to 
field-scale remediation as far as good health is concerned. There is still a need 
for further research and technology efforts to put these kinds of innovations into 
industry for full implementation. However, there is still a lack of comprehensive 
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knowledge in science about the synergetic effect of nanoparticles and polymers, 
iron oxide nanomaterials and carbon-based nanoparticles during a nano-based bio-
remediation process, and how these are combined to respond the contaminants of 
a diverse nature. Since, nanoparticles present different advantages over metallic 
nanoparticles, such as their biodegradability, which produces less environmen-
tal impact. Current nanotechnologies may be used to decontaminate soil environ-
ments, but more cost-effective manufacturing methods for different polymers need 
to be conceived.
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9.1 � INTRODUCTION

“The cosmos is incomplete without nanotechnology.” [1] Nanotechnology is a disci-
pline of science concerned with altering matter on an atomic scale. One of the pri-
mary uses of nanotechnology is in the field of nanosensors. [2] A sensor is a gadget 
that notices a capricious quantity, generally electronically, turning the measurement 
into definite signals. The most extraordinary, significant necessities for sensors are 
diversity, sensitivity, information extraction, precision, choosiness, and durability. [3] 
Signals might be biological, optical, electronic, electrical, physical, or mechanical. [2]

Nanosensors are sensing devices with at least one dimension less than 100 nm 
that collect data on the nanoscale and change it into data for analysis. These sensors 
can also be characterized as “a chemical or physical sensor designed with nanoscale 
components, often microscopic or submicroscopic in size.” [1]

Nanosensors are very small elements used to recognize a specific molecule, bio-
logical component, or environmental situation. They are exact, portable, and inexpen-
sive and operate at a far lower detection level than their macroscale equivalents. [4]

Nanomaterials are employed in nanotechnology in various industries, includ-
ing medicine, energy transportation, electronics, information technology, 
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polymers, environmental science, and more. Some primary uses include national 
security, aircraft, and integrated circuits, among others. Nanosensors are in 
numerous varieties, have different manufacturing methods, and are used for vari-
ous purposes. [1]

The essential components of nanosensors and their different types and uses in 
various fields are briefly overviewed in this chapter.

9.2 � BASIC COMPONENTS OF NANOSENSORS

A standard nanosensor device function consists of three main mechanisms.

9.2.1 �S ample Preparation

The sample could be a simple or complex gas, a liquid, or a solid-state suspension. 
The sample comprises specific chemicals, functional groupings of molecules, or 
organisms that the sensors can be aimed at. The analyte is the targeted molecule/
organism. It can be molecules (dyes/colors, toxicants, pesticides, hormones, antibiot-
ics, vitamins, etc.), biomolecules (enzymes, DNA/RNA, allergens, etc.), ions (met-
als, halogens, surfactants, etc.), gas/vapor (O2, CO2, quickly evaporated compounds, 
water vapors, etc.), organisms (bacteria, fungi), moisture, temperature, light, pH, 
weather, and the like.

9.2.2 �A ppreciation

Some molecules/elements in the sample recognize the analytes. These identified 
molecules include antibodies, aptamers, chemical legends, enzymes, and others with 
high affinity, peculiarity, and selectivity to their analytes to measure them to accept-
able levels.

9.2.3 �S ignal Transmission

Different signal transduction approaches have classified these tiny gadgets as optical, 
electrochemical, piezoelectric, pyroelectric, electronic, and gravimetric biosensors. 
They turn noticed actions into quantifiable indications, which progress in generating 
information.[4]

9.3 � CLASSIFICATION OF NANOSENSORS

Nanosensors are categorized based on their energy source, structure, and uses. 
Table 9.1 depicts the classification of nanosensors. [5]

9.3.1 �E nergy Source

Nanosensors are divided into two types: (1) active nanosensors that necessitate a 
power source, such as a thermistor, and (2) passive nanosensors that don’t need a 
power source, such as a thermocouple or a piezoelectric sensor.
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9.3.2 �S tructure

Structure can be used to distinguish four types of sensors. [6]

9.3.2.1 � Optical Nanosensors
Optical sensors can be used to monitor chemical analysis. The optical properties of 
nanomaterials dictate them. They have a diverse range of approaches in different 
sectors, including the chemical industry, biotechnology, medicine, environmental 
sciences, and human safety. The initial optical nanosensor to be revealed was depen-
dent on fluorescein encased in a polyacrylamide nanoparticle and was used to mea-
sure pH. The advantage of this fundamental technique is that it minimizes the cell’s 
physical disruption. A downside of free dye is the chemical interference between the 
dye and the cell induced by protein binding, cell sequestration, and toxicity. An addi-
tional possibility is to use tagged nanoparticles with an attached reporter molecule. 
The primary variance between tagged nanoparticles and free dye is that the former 
is solid while the latter is fluid. As with the free dye, the tagged nanoparticles move 
simply, and the reporter molecules come into touch with the components inside the 
cell. Although outer-tagged particle sensors have been utilized for sensing within the 
cell, they suffer from the same drawbacks as unbound fluorescent dyes. The signal is 
generated by receptor molecules exposed to their cellular surroundings. [3]

9.3.2.2 � Fiber Optic Nanosensors
Fiberoptic nanosensors can do in vivo analysis of critical biological processes. The 
intercommunication of the specific molecule (A) and the receptor (R) is meant to 
generate a physicochemical disturbance that can be translated to an electrical signal 
or further quantifiable signals. The optical probe then collects this quantifiable sig-
nal and transmits it to the database. The difficulties of the color-free approach are 
overcome by placing the optical fiber arm between the surrounding and sensitive 
areas. An added benefit of the optical nanosensor is that it achieves a lesser degree 
of invasion. [3, 7]

TABLE 9.1
Classification of Nanosensors [5]

S. No Classification of Nanosensors

Stimuli Properties

1. Mechanical Position, acceleration, stress, strain, force, pressure, mass, density, viscosity, 
moment, torque acoustic wave amplitude, phase, polarization, velocity

2. Optical Absorbance, reflectance, fluorescence, luminescence, refractive index, light 
scattering

3. Thermal Temperature, flux, thermal conductivity, specific heat

4. Electrical Charge, current, potential, dielectric constant, conductivity

5. Magnetic Magnetic field, flux, permeability

6. Chemical Components (identities, concentrations, states)

7. Biological Biomass (identities, concentrations, states)
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9.3.2.3 � Electromagnetic Nanosensors
Depending on their recognition mechanisms, electromagnetic nanosensors are 
divided into two distinct types.

9.3.2.3.1 � Current Measurement
The benefit of this procedure is that it is non-marking and does not require dyes. 
Geng et al. explored the interaction of hydrogen sulfide gas molecules with gold 
nanoparticles. [8] Each sensor cell contains a chromium electrode and a gold 
electrode that serves as the source and drain. A distinctive gap width of approxi-
mately 40–60 nm has been established between the two electrodes. Au nanopar-
ticles are erratically distributed throughout the gap area. Creating a sulfide shell 
hinders the transmission of “e” charges between nanoparticles, that is, the so-
called bounding phenomenon. The bounding of electrons is determined by mea-
suring the current and voltage across Cr and Au electrodes in the presence of an 
applied electrical field. [3]

9.3.2.3.2 � Magnetism Measurement
Magnetic nanosensors were developed to spot exact biomolecules such as proteins, 
enzymes, and disease-causing agents (e.g., viruses) with reactivity in the low fem-
tomolar range (0.5–30 fmol). Magnetic nanosensors are nanoparticle-based devices 
(iron oxide) that interact with their chemical target and develop stable nano assem-
blies. It decreases the spin–spin relaxation time (T2) of the adjacent H2O molecules, 
which can be observed by techniques of nuclear magnetic resonance imaging (NMR/
MRI). [9]

9.3.2.4 � Mechanical Nanosensors
Mechanical nanosensors outperform optical and electromagnetic nanosensors to 
detect nanoscale mechanical qualities. Mechanical nanosensors come in various 
configurations, including carbon nanotube-based fluidic shear-stress sensors and 
nanomechanical cantilever sensors. Binh et al. projected the first mechanical nano-
sensor to measure the shuddering and flexible characteristics linked to a tapered 
cantilever. [10] They play a critical role in fabricating nanodevice components and 
nanoscale subassemblies for microelectronic devices. [3]

9.3.3 �A pplication-Based Classification

According to their uses, four categories of sensors are identified. [11]

9.3.3.1 � Chemical Nanosensors
This sensor can be used to evaluate a molecule or chemical. Numerous optical chem-
ical nanosensors were employed to determine the potential of hydrogen and different 
ion concentrations.

9.3.3.2 � Deployable Nanosensors
These are employed by the military and for various sorts of nationwide safety, such 
as Sniffer STAR. It is described as a lightweight, portable chemical detection device 
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that syndicates a nanomaterial for sample collection with a micro-electromechanical 
finder for concentration measurement.

9.3.3.3 � Electrometers
They are composed of a mechanical resonator, a detection electrode, and a gate 
electrode. The detection and gate electrodes pair the charges to the mechanical 
element.

9.3.3.4 � Biosensors
A biosensor is a gadget that alters a signal from a biotic process into one that can be 
studied and evaluated. It consists of a living sensing element or bioreceptor (enzymes, 
antibodies, nucleic acids, and so on) and a physical transducer (e.g., optical, mass, or 
electrochemical). The transducer section gathers data on physicochemical changes 
(i.e., electron transfer, heat transfer, pH change, mass change, uptake, or release of 
specific ions or gases) caused by the contact of the bio-element and the analyte under 
test. The transducer then transforms this mechanical transformation into electrical 
impulses. The electrical signal is augmented, analyzed, and eventually presented 
under the analyte concentration in the sample. Biosensors combine the computa-
tional capabilities of microchips with the susceptivity and specific features of biotic 
systems in an interdisciplinary design. Figure 9.1 illustrates the fundamental com-
ponents of a biosensor.

According to the type of transducer utilized in their manufacturing, biosensors 
are categorized into the following types. Figure 9.2 explains the diverse categories of 
transducers utilized in biosensors.

FIGURE 9.1  Fundamental principle of a biosensor.
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9.3.3.4.1 � Electrochemical Biosensor
The electrochemical biosensor’s fundamental idea is that the generation or exhaus-
tion of ions or electrons during a chemical reaction between the immobilized bio-
molecule and the target analyte influences the solution’s quantifiable electrical 
properties (e.g., electric current or potential). According to its working principle, 
electrochemical biosensors can convert chemical information into a detectable 
amperometric signal using amperometric, conductometric, or potentiometric 
transducers.

9.3.3.4.1.1 Amperometric  Amperometric biosensors are self-contained, inte-
grated devices that measure the generated electronic current and offer quantitative 
analytical information when an electroactive biological ingredient is oxidized or 
reduced. The amplitude of the electric current generated at the electrode’s surface 
due to the electrocatalytic reaction of the electroactive species is directly propor-
tional to the analyte concentration in the sample.

9.3.3.4.1.2 Potentiometric  A potentiometric biosensor converts the biological 
reaction to an electric signal using ion-selective electrodes. These biosensors com-
bine a biorecognition element with a transducer that detects changes in the concentra-
tion of an ionic species and then records the analytical signal that is logarithmically 
associated with the analyte concentration.

9.3.3.4.1.3 Conductometric  Owing to the analyte’s presence, a conductometric 
biosensor can distinguish changes in the electrical conductance of a sample solution. 
The concentration of ionic species varies due to the reaction between the biomol-
ecule and the analyte, which results in a change in the solution’s electrical conductiv-
ity or current flow.

FIGURE 9.2  Categories of transducers utilized in biosensors.
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9.3.3.4.2 � Optical Biosensors
The optical biosensors’ fundamental premise is based on optical measures such as 
fluorescence, absorbance, and chemiluminescence. Photons are used to determine 
the analyte concentration through optical transducers. These biosensors work by 
converting the target analyte to a product that is either oxidized or reduced at the 
working electrode’s exterior.

9.3.3.4.3 � Thermometric Biosensor
Thermometric or calorimetric biosensors are based on the fundamental factor of 
endothermic or exothermic biotic responses. Thermistors are used to determine 
the temperature difference between the substrate and product by the result of heat 
received or released in the reaction media. Thermal biosensors are capable of detect-
ing even minute changes in temperature.

9.3.3.4.4 � Piezoelectric Biosensors
Since piezoelectric biosensors function based on acoustics (sound vibrations), they 
are also called acoustic biosensors. The fundamentals of these biosensors are piezo-
electric crystals and their vibrations with positive and negative charges exhibiting 
distinctive frequencies. Electronic equipment can monitor changes in the resonance 
frequencies caused by certain molecules adhering to the crystal surface. [12]

9.4 � APPLICATION OF NANOSENSORS

9.4.1 � Nanowires and Nanotubes

Compared to bulk planar devices, nanomaterials with a single dimension such as 
nanowires and nanotubes can be employed as nanosensors. They can act as both 
transducers and cables for signal transmission. In addition, due to their compact size, 
they enable the multiplexing of individual sensor units within a single device.

9.4.1.1 � Semiconductor Nanowires Are Used as 
Detection Elements in Sensors

Semiconductor nanowires are employed as detection elements in sensors that detect 
chemical vapors. When molecules attach to semiconducting nanowires such as zinc 
oxide, the conductance of the wire changes. The amount and direction of conduc-
tance change are determined by the molecule bound to the nanowire.

9.4.1.2 � Semiconducting Carbon Nanotubes
Functionalize carbon nanotubes by connecting them to metal molecules, such as 
gold, to notice chemical vapors. Chemical molecules then form bonds with the 
metal, altering the conductivity of the carbon nanotube.

9.4.1.3 � Carbon Nanotubes and Nanowires for Bacteria and Virus Detection
These materials can also detect bacteria and viruses. Functionalize the carbon nano-
tubes by coating them with an antibody; when the matching bacteria or virus binds to 
an antibody, the conductance of the nanotube changes. This technology has several 
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intriguing applications, one of which is bacteria detection in hospitals. By identify-
ing contaminated germs, healthcare personnel may lower the number of patients who 
acquire complications such as staph infections.

9.4.1.4 � Nanocantilevers
These devices are being used to produce single-molecule sensors. Nanocantilevers 
oscillate at a resonance frequency that changes in response to the weight of a mol-
ecule that lands on it. [2]

9.4.2 �E nvironmental Discipline

Nanosensors have a wide range of environmental applications. Environmental 
agencies are mainly concerned with the ability to detect dangerous compounds and 
microbes in the air and water. Nanosensors will revolutionize how air and water 
quality are analyzed due to their small size, thickness, and high precision of mea-
surements. Detecting mercury, zinc, or other dangerous compounds in any source 
(such as air or water) using dandelion-like Au/polyaniline (PANI) nanoparticles in 
aggregation with surface-enhanced Raman spectroscopy (SERS) nanosensors. [13] 
A novel technique for air sampling is to use nanosensors to assess the quality of 
the air, particularly for contaminants. Nanosensors have previously been employed 
to monitor solar irradiance, aerosol–cloud interactions, climate forcing, and other 
biogeochemical cycles in East Asia and the Pacific. This type of gear was advanta-
geous for monitoring air pollution levels in Beijing during the Summer Olympic 
Games. [14]

9.4.3 �A groecosystems

The last few decades have seen a lot of problems, such as a growing population, 
changes in the climate, and more people competing for limited resources. All of 
these have put a lot of people at risk and made it more critical for the world to 
have food security. Existing agricultural methods use a lot of resources, advanced 
machinery, and many agrochemicals to meet people’s needs for food. These methods 
have caused a lot of damage to soil, air, and water resources, which has led to more 
pollution in agricultural settings and has harmed human and animal health. Because 
pesticide residues remain in the surroundings for a long duration, they pollute the 
soil, making people concerned about its function, biodiversity, and food safety. 
Furthermore, there are countless stories about pesticides making their way into the 
food chain and accumulating in the bodies of people who eat them, causing major 
health problems. Pesticides are cytotoxic and can cause cancer in people. In addi-
tion, they can cause a wide range of neurological and bone marrow problems and 
infertility, respiratory, and immunological problems. It is vital to monitor pesticide 
residues in the environment. Monitoring the residual pesticides helps identify the 
dosage within or over the legal limits. [15] Lethal heavy metals like Cd, Hg, Cu, Zn, 
Ni, Pb, and Cr are another big problem for agroecosystems. These metals are thought 
to cause long-term and substantial damage to living systems by interfering with bio-
logical functions at the cellular level, such as photosynthesis, mineral absorption, 
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electron transport chain interruptions, and the induction of lipidic acid. While these 
elements are found naturally in the earth’s crust, uncontrolled human activities have 
significantly impacted these elements’ geochemical cycling and biological balance. 
As a result, the number of these metals in different parts of plants has increased. It’s 
essential to find ways to detect heavy metals at low concentrations in environmental 
samples because they can negatively affect diverse ecosystems. As a result, there is 
a huge need for basic, quick, and gainful ways to check for agricultural toxins. [16] 
Figure 9.3 illustrates the components of nanosensors in agroecosystems.

9.4.4 �A griculture

Nanotechnology has the potential to pave the path for environmentally friendly agri-
culture, and the condensed working illustration of nanofertilizers and nanopesticides 
is described in Figure 9.4.

9.4.4.1 � Nanofertilizers
Chemical fertilizers are required for current agricultural systems to function. Yet, 
synthetic chemical product efficacy has declined for decades, resulting in water pol-
lution, soil contamination, and greenhouse gas emissions. [17]

Nanofertilizers are mineral nutrients produced primarily through nanopar-
ticle encapsulation and are classed as macronutrients or micronutrients. [18] 
Macronutrients such as C, N, K, P, Ca, S, and Mg have been enclosed in various 
nanomaterials to enhance crop fertilizer absorption and reduce fertilizer outflow. 

FIGURE 9.3  The component of nanosensors to monitor agroecosystems.
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[19, 20] The large definite surface area, high constancy, and outstanding biocompat-
ibility of nanoparticles contribute to the improved release efficiency of NPs fertilizer 
composites. [21] For instance, urea-hydroxyapatite (HA) nanoparticles have demon-
strated significant capacity for extending release duration and dropping nitrogen fer-
tilizer consumption. Urea achieves the benefits of nanoparticles through interaction 
with the amine and carbonyl groups of HA nanoparticles. Field trials have demon-
strated that nanohybrids of urea and HA boost agronomic nitrogen use effectiveness 
by roughly 30% compared to pure urea. Additionally, multiple kinds of research 
have shown that the high specific surface area and density of nanoparticles confer a 
significant degree of reactivity on nanohybrids. [20] Nanofertilizers hold substantial 
promise for boosting fertilizer absorption and agricultural production. [19] Recent 
research indicates that binding N, P, and K into chitosan nanoparticles improves N, 
P, and K acquisition by 17.04%, 16.31%, and 67.50%, respectively, in cultivated cof-
fee plants. Magnesium oxide (MgO) nanoparticles sprayed on cotton considerably 
boosted seed cotton output by 42.2% compared to unsprayed controls. [22]

9.4.4.2 � Nanopesticides
The nanoformulation or encapsulation of insecticides, herbicides, fungicides, 
and bactericides in nanomaterials has immense capability to reduce pesticide 
doses, boost crop productivity, and support maintainable growth. Polymeric 
nanoparticles (such as chitosan and solid lipids), inorganic nonmetallic nanopar-
ticles (such as silica nanoparticles and nanoclays), and metallic nanoparticles 
(such as Cu nanoparticles and ZnO nanoparticles) all serve as nanocarriers for 
nanopesticides. [20] Numerous studies have demonstrated that nanoparticle 

FIGURE 9.4  Condensed working illustration of nanofertilizers and nanopesticides.
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pesticides are more effective in destroying pests and are less possible to produce 
adverse human reactions. For example, spinosad- and permethrin-loaded chito-
san nanoparticles applied to Drosophila melanogaster demonstrated enhanced 
bioavailability even at lower doses than free spinosad and permethrin, respec-
tively; nanocomposites induced fewer adverse reactions on humans and the eco-
logical circumstance. [23] When nano-insecticide particles are encapsulated in 
nanoparticles, they develop slighter and further centralized, giving them firm-
ness and a gradual ability to release. These features enhance the pesticide action 
while lowering its toxicity to humans. Additionally, the biological toxicity of 
highly concentrated nanoparticles enables the direct inhibition of pests, germs, 
and viruses. For example, numerous nanoinsecticides make use of the toxicity of 
metallic nanoparticles. Compared to a bulk aluminum oxide (Al2O3) treatment, 
aluminum oxide (Al2O3) nanoparticles demonstrated a more excellent capabil-
ity for eradicating Sitophilus oryzae on stored rice. [24] Pheromones have been 
documented as a viable and effective means of insect population control. The 
combined forms of nanocarriers and pheromones increase the benefits of sex 
pheromones. [25] For example, when applied to guava orchards, nanogels con-
taining methyl eugenol boosted snare catches equated to the control group hold-
ing only methyl eugenol. [18]

9.4.5 �T oxicity of Heavy Metal Ions in Water

There has been a long-running problem with the toxicity of heavy metal ions like 
Hg21, Pb21, Cu2, and Zn2. These ions are toxic. Hg is released into the environment 
as a by-product of fossil fuel combustion, mining, volcanic eruptions, and the burn-
ing of garbage and waste. Hg and Pb affect the ecology of wildlife and the health 
of people, as well. They turn inorganic mercury ions into neurotoxic compounds 
that build up in plants and the food chain. Mercury (II) and copper (II) ions can 
be detected with bare Au-gated and Au-gated AlGaN/GaN high-electron-mobility 
transistors (HEMTs). Sensors with thioglycolic acid were detected in less than 5 
seconds. The addition of thioglycolic acid made the surface more sensitive to mer-
cury detection by 2.53 compared to the surface that had no thioglycolic acid on it. 
Attention is necessary to find mercury (II) ions. The detection limit was 1027 M, but 
the selectivity for finding them over Na or Mg was more than 100. The sensors can 
be cleaned with deionized water. [26]

9.4.6 � Food Industry

Nanosensors are bioanalytical devices designed utilizing a combination of nanoma-
terials and biological receptors. Nanosensors are critical in the food business and 
have garnered considerable interest owing to their rapid recognition capability, hon-
esty, and low cost. Due to their great sensitivity and specificity, nanosensors have the 
quality to be combined with a wide variety of analytes. As a result of the conjuga-
tion of nanomaterials, such as carbon nanotubes, nanoparticles (metallic, nonmetal-
lic, metal oxide), semiconductor nanoparticles, nanorods, nanowires, nanobiofilms, 
nanofibers, and quantum dots, these objects have a high surface-to-volume ratio 
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and outstanding optical and electrical properties. Now, nanosensors are utilized to 
detect foodborne infections, contaminants, toxins, chemicals, and pesticides extant 
in various foods. They were also utilized to screen the freshness of food and the 
integrity of food packaging. Nanobiosensing tools, including cyclic voltammetry, 
surface plasmon resonance, differential pulse voltammetry, interdigitated array 
microelectrode-based impedance examination, amperometry, flow injection analy-
sis, and bioluminescence, are used to detect a variety of disease-causing agents, 
toxins, and contaminants that takes place in foods hastily and precisely. Tables 9.2 
through 9.5 summarize the possible applications of nanosensors in several food 
business sectors. [27]

9.4.7 � Fluorescence-Based Sensors

One of the first ways to look at the movement of biomolecules of interest inside 
a living system was to use fluorescence-based sensors. [28] Since the late twenti-
eth century, Roger Tsien et al. have made calcium-sensitive fluorescent dyes. Along 
with later-made genetically encoded proteins, these dyes are the building blocks of 

TABLE 9.2
Nanosensors in the Identification of Toxins

Nanosensor-Based 
Applications

Nanomaterial Used Analyte Detected Method of Detection

Detection of toxins Magnetic nanoparticles Mycotoxin Immunoassay and 
enzyme-linked 
immunosorbent assay

Quartz nanopipettes Zearalenone and HT-2 Ion nanogating and 
enzyme-linked 
immunosorbent assay

Ionic liquids (gold and 
graphene oxide), 
cerium dioxide and 
zinc oxide 
nanoparticles

Ochratoxin-A Cyclic voltammetry and 
impedance

Gold nanoparticles Botulinum neurotoxin 
type B and 
brevetoxins

Enzyme-linked 
immunosorbent assay, 
cyclic voltammetry, 
and immune-
chromatographic assay

Single-walled and 
multiwalled carbon 
nanotubes

Palytoxin and 
Microcystin-LR

Electro-
chemiluminescence 
and immunoassay

Gold, iron oxide, and 
superparamagnetic 
nanoparticles

Aflatoxins B1 and 
aflatoxin M1

Immunoassay and 
enzyme-linked 
immunosorbent assay
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TABLE 9.3
Nanosensors in the Detection of Microbes

Nanosensor-Based 
Applications

Nanomaterial Used Analyte Detected Method of Detection

Detection of 
microbes

Single-walled carbon 
nanotubes

Salmonella infantis and 
E. coli

Field-effect transistor and 
fluorescence microscopy

Core–shell 
nanoparticles (zinc 
sulfite–coated 
cadmium selenide)

E. coli and S. 
typhimurium

Fluorescence microscopy

Polypyrrole nanowires Bacillus globigii Linear sweep 
voltammetry

Tris-hexahydrate-doped 
silica nanoparticles

E. coli, S. typhimurium, 
and B. cereus

Spectro-fluorometry and 
flow cytometry

Gold nanoparticles E. coli, Staphylococcus 
aureus, Vibrio 
parahaemolyticus, 
Salmonella enterica, 
and Salmonella typhi

Cyclic voltammetry, 
surface plasmon 
resonance, and 
differential pulse 
voltammetry

Bismuth nanofilm, iron 
oxide nanoparticles, 
and peptide nanotubes

E. coli, S. typhimurium, 
and L. monocytogenes

Interdigitated array micro 
electrode-based 
impedance analysis, 
cyclic voltammetry, 
amperometry, flow 
injection analysis, and 
bioluminescence

quantitative sensing and are used in a wide range of biological studies. Both molecu-
lar markers and proteins that light up in the dark have flaws. Molecular probes that 
reach the space within the cell through acetoxymethyl esters can leave some types of 
cells in minutes. Another thing to remember about genetically encoded indicators is 
that they may change how biochemical processes work for the analytes or bioactivi-
ties. Exogenous fluorescent nanosensors can be added to the existing range of point-
ers, making them a good choice for studying the dynamics of biomolecules and their 
living processes. [29, 30]

9.4.8 �D NA-Based Nanosensors

Another way to classify fluorescent nanosensors is by the parts of them that they use 
to find things. For example, DNA has been used as the backbone or “recognition 
moiety” in sensor design for a long time because it is very modular and can be eas-
ily changed. So, it makes it possible to build complex structures with a low chemi-
cal variation. [31] Nanosensors that use DNA as a vital part of the sensor structure 
can detect intracellular Cl, messenger RNA (mRNA), enzyme catalytic activity, and 
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TABLE 9.4
Nanosensors in the Recognition of Pesticides and Chemicals

Nanosensor-Based 
Applications

Nanomaterial Used Analyte Detected Methods of Detection

Poly (ethylene glycol 
dimethacrylate-N 
methacryloyl-1-histidine 
methylester)

Chloramphenicol Surface plasmon 
resonance and 
ultraviolet—visible 
spectroscopy

Detection of 
pesticides and 
chemicals

Multi-walled carbon 
nanotubes, iron oxide 
nanoparticles, and 
graphene

Sudan I Cyclic voltammetry and 
high-performance 
liquid chromatography

Single-walled carbon 
nanotubes, multiwalled 
carbon nanotubes 
conjugated with silica, 
platinum and zinc oxide 
nanoparticles, and ionic 
liquids of multiwalled 
carbon nanotubes

Cadmium ions, sunset 
yellow, Bisphenol A, 
and tartrazine

Field-effect transistor 
and cyclic voltammetry

Zinc sulfide–cadmium 
selenide; liposome; 
gold, cadmium, and 
selenide zirconium 
dioxide nanoparticles

Parathion, paraoxon, and 
carbamate pesticides

Square wave 
voltammetry. 
photoluminescence, 
colorimetry, 
fluorescence-based 
ultraviolet–visible 
spectroscopy

Cobalt nitroprusside Sulfite Cyclic voltammetry

Silver and gold 
nanoparticles

Melamine Fluorescence- and 
colorimetric-based 
ultraviolet–visible 
spectroscopy

cancer biomarkers. Krishnan et al. made the Clensor nanodevice to notice Cl in the 
Drosophila melanogaster cells. [30, 32]

Clensor’s DNA sequence, with a Cl-sensitive fluorophore and a reference fluoro-
phore, precisely targets and tracks lumenal lysosomal Cl levels through a ratiomet-
ric signal output. The snail’s anatomy inspired another interesting DNA nanosensor 
for detecting messenger RNA in single cells. The nano-SNail-inspirEd Locator 
(nano-SNEL) has a molecular beacon for mRNA detection inside a protective DNA 
nanoshell. The nanoshell model of the sensors kept them from being damaged by 
enzymes, allowing them to keep track of live-cell RNA transcription for a more 
prolonged period. Tan’s group has done two studies recently that show how nanoma-
chines made of three-dimensional DNA can be used to find cancer biomarkers [33] 
and messenger RNAs in living cells. [34]
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9.4.9 �P eptide Nanosensors

Peptides are another type of biomolecule that can be used as a nanosensor’s “rec-
ognition moiety.” The development of peptide-based nanosensors to detect dis-
ease-related protease activity has increased a lot. One way to use peptide-based 
sensors is to put fluorophore-labeled proteins on nanoparticle substrates that will 
be split by the target protease in the body and then analyzed after the urinal has 
been cleared. As a result of this sensor design, many problems that arise when 
imaging through body tissues can be solved by taking the signal reporters out of 
the body. The ability of this method to work has been shown by sensing thrombin 
in mice by using iron oxide nanoparticles that have been coated with thrombin-
sensitive peptides that have been linked to fluorescent reporters. A recent study 
grabbed this even further by putting together a library of fluorescent nanosensors 
that can sense the activity of proteases to classify prostate cancer based on how 
aggressive it is. [35] The nanosensors were very good at categorizing malignancies 

TABLE 9.5
Nanosensors in Detection of Unstable Key Food Ingredients

Nanosensor-Based 
Applications

Nanomaterial Used Analyte Detected Methods of Detection

Detection of unstable 
key food ingredients

Diphenylalanine peptide 
nanotubes, multiwalled 
carbon nanotubes, gold 
and nickel oxide 
nanoparticles

Ascorbic acid, 
acetaminophen, glucose, 
and tryptophan

Amperometry and cyclic 
voltammetry

Platinum-cobalt, 
single-walled, 
double-walled, and 
multiwalled carbon 
nanotubes

Folate and vitamin B9 Cyclic voltammetry

Silver, zirconium dioxide, 
iron, nickel-platinum, 
chitosan, gold, 
tin-dioxide 
nanoparticles, and 
Prussian blue–gold, and 
cuprous oxide 
conjugated single-walled 
carbon nanotubes

Hydrogen peroxide, 
glucose, fructose, 
sucrose, glutamic acid, 
and succinic acid

Ultraviolet–visible 
spectroscopy, cyclic 
voltammetry, and 
amperometry

Silver-tin dioxide 
nanoparticles

Ethanol Adsorption

Gold nanoparticles Caffeic acid, gallic acid 
catechol, and 
chlorogenic acid

Amperometry and cyclic 
voltammetry
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and outstripped traditional serum cancer biomarkers, which could be helpful in 
the future. [36]

9.4.10 �P lasmonics-Based Nanosensors

Even though there have been a lot of improvements in fluorescence-based sensing, 
the mechanism often has a short observation time because of the sensor’s vulnerabil-
ity to photodamage. Nanosensors that use plasmonic nanomaterials, such as noble 
metal NPs, can help to lessen this apprehension. [37] Localized surface plasmon 
resonance (LSPR) or plasmon from noble metal nanoparticles, united fluctuations 
of free electrons in nanoparticles when they’re illuminated, are the only plasmonic 
materials that this review discusses. Plasmon nanoparticles have bigger optical cross-
sections at their resonance wavelengths than fluorescent materials, but each specific 
dye molecule has a limited photon emission rate of about 5 kHz, limiting signal 
intensity. [38] Furthermore, plasmonic nanoparticles have very stable optical outputs 
because the signal depends on light scattering, making them very stable. Thus, the 
nanoparticles never fade or blink, allowing for long-duration, intermittent-free sens-
ing with no limits. However, organic fluorophores can only last a certain count of 
excitation/emission cycles before they fade. [39] The optical response of plasmonic 
nanomaterials also changes depending on their size, shape, and surroundings, [40] 
which are essential parts of different plasmonic-based sensing systems for biological 
applications. [41]

9.4.11 �B iosensors

Using it is one of the most common things people do because it can help them find 
early signs of cancer and other diseases. It can also be used to look for a certain type 
of DNA. Biosensors are usually thought of as part of the group of chemical sensors 
because the way they get information, or the “sensor platforms,” are the same. [42] 
Field-effect transistors (FETs) are one of the best biosensor technologies that have 
been made. They have a lot of advantages, like being very sensitive, being able to make 
a lot of them, and being cheap to make. [43] There are a lot of FET-based biosensors 
out there; the most common ones are ion-sensitive FETs (ISFETs), silicon nanowires, 
organic FETs, graphene FETs, and compound-semiconductor FETs. [44] In this case, 
the textile-based wearable nanobiosensors can spot neurological signals and look for 
abnormalities to diagnose specific neurological and cardiovascular disorders. [45]

9.4.11.1 � Biosensors-on-Chip
Microfluidic biosensors (biosensors-on-chip or lap-on-chip) are important for 
making point-of-care diagnostics that are both reliable and cost-effective. [46] 
When microfluidic and biosensor technologies are used together, they make it pos-
sible to combine chemical and biological components into a single platform. That 
allows for new biosensing factors, such as compactness, disability, real-time detec-
tion, unique precisions, and instantaneous investigation of distinct analytes in one 
device. [47] A way to look for nucleic acids found in the blood of people who have 
cancer. [48]
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9.4.12 �D etection of Microorganisms

9.4.12.1 � Bacterial Identification
It is imperative in medical identification to quickly and accurately figure out which 
bacteria are dangerous. Some standard discernment methods have problems, like 
being too sensitive or taking long to learn. Many powerful techniques have already 
been tested, like ferrofluid magnetic nanospheres and ceramic nanospheres. An in-
situ pathogen count bioassay that can detect one bacterium takes only 20 minutes. 
Nanoparticles can be used easily when a molecule is being recognized because they 
have a lot of fluorescence. Still, it is a flaw because quantum dots give qualitative 
information but not quantitative information. However, the nanoparticle-based colo-
rimetric test could make the test more sensitive by more than a few times. When 
Salmonella enteric bacteria stick to the silicon nitride cantilever surface, there is 
a slight change in the surface level, which helps identify a minimal amount of the 
bacteria. It can be seen with an electron microscope that less than 25 organisms can 
be absorbed to be able to tell them apart. A nanotechnology-based technique called 
SEPTIC is used to monitor electrical changes and bacteria. The nano equipment has 
two antennas that act as electrodes. Iron-reducing bacteria (IRB) is a highly potent 
bacteria found everywhere. They can work in the opposite direction of bacteria that 
eat iron. Iron-oxidizing bacteria change ferrous ions into ferric ions. In contrast, IRB 
changes this reaction and turns ferric ions into ferrous ions. [49]

9.4.12.2 � Detection of Viruses
Choosing viruses efficiently with an adequate response is crucial. Plaque and immu-
nological tests, transmission electron microscopy (TEM) and polymerase chain 
reaction (PCR) based testing of viruses are some methods that can be used to do 
a more thorough search. These techniques need a lot of control, which isn’t apt for 
infectious agents or for finding them quickly. It has been possible to get a real-time 
electrical diagnosis by using nanowire FETs and single-virus particles to look at 
the electricity. [49] Fluorescently tagged influenza was used to make both electri-
cal and optical measurements at the same time to show clearly which individual 
viruses caused changes in conductance at the nanowire level. It has been a few years 
since magnetic nanoparticles were used as an antimicrobial agent and a new type of 
material to make things. Listeria monocytogenes is the leading cause of listeriosis, 
and it plays an important role in public health. One of the unique things about this 
bacterium is that it can attach itself to the host cell membrane and make molecular 
changes in the body. [50]

9.4.13 �M agnetic Resonance Imaging–Based Nanosensors

Fluorescence and plasmonic nanosensors use photons to show how the analyte or 
activity changes. However, magnetic resonance imaging (MRI)–based nanosensors 
use the magnetism of superparamagnetic particles, which are magnetic only when 
there is an outside field, to change the relaxivity of water molecules near them. [51] 
Many people will want to use MRI-responsive sensors because the instruments will 
become more compact, portable, and cheap to run. There are a lot of benefits to using 
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MRI to find things. MRI isn’t affected by the depth of the tissue. [52] MRI isn’t inva-
sive and doesn’t lose its signal gradually, which is a problem with fluorescence-based 
sensors. [53] Unassisted MRI has a very low sensitivity, which means that it needs 
to be used with contrast agents and other tools to make it more sensitive. Nanoscale 
probes have a lot of advantages for magnetic-based sensing, like better penetrability 
and maintenance, which means more nanomaterial is delivered to malignant tis-
sue than ordinary tissue. [54] The nanomaterial’s core and exterior are program-
mable, allowing for changes in the sensors’ physical and chemical properties (such 
as magnetic anisotropy energy barrier and hydrophilicity/hydrophobicity) to better 
their performance at interacting with certain types of organisms. [55] Recent break-
throughs in creating MRI-based nanosensors for biological applications have helped 
us better understand how the brain and bodywork and have made medical imaging 
safer and more precise. MRI is a safe and reliable way to look at the brain, but it has 
drawbacks. For example, imaging neurotransmitters with MRI is hard because they 
change quickly and have low concentrations in the brain. Luo et al. have made a 
nanosensor that is very good at detecting acetylcholine in the brain. Magnetic Ca2+-
responsive nanoparticles can be used to look at real-time changes in Ca2+ dynamics 
in the brain. It will help scientists better to know extracellular Ca2+signaling and 
distinguish between normal and abnormal Ca2+ responses. [56, 57] The sensors were 
made with magnetic nanoparticles and proteins found in natural Ca2+ responsive 
machinery. Nanosensors that can detect tiny molecules and ions have also made 
progress. Nanosensors that can detect macromolecules have also been made. [58, 59] 
Zabow et al. came up with a way to study biological processes in the subsurface using 
nanosensor musters that work at NMR radio frequencies. Arrayed sensors also make 
it possible to measure ion gradients in a specific location and at a specific time. The 
real-time screening of drug release kinetics has been getting a lot of attention since 
the development of chemotherapies. [52, 60] There can be both under- and overdoses 
if medicines aren’t adequately measured in the tissues where they’re needed. MRI 
is an excellent imaging tool for drug screening because it allows for the spatial loca-
tion of NPs no matter how deep into the tissue they are. Flexible near-infrared (NIR) 
triggered nanoparticle drug delivery and monitoring system by loading anticancer 
medicines into hollow-structure nanocomposites. Even though MRI-based nanosen-
sors have a lot of advantages, their ability to be delivered noninvasively to the site of 
interest is very limited. [61]

9.5 � CONCLUSION

Today, nanosensors are utilized in most fields of science due to their nanostruc-
ture and benefits. Many research papers and studies on nanosensor applications are 
released each year. However, only a few nanosensors for detecting heavy metals, 
herbicides, plant pathogens, and other chemicals have been commercialized. Since 
these scholarly outputs are not appropriately changed/transmitted to commercial or 
other controlling platforms. Specific systematic and nonsystematic problems impede 
the commercialization of these nanosensors. These elements include scale-up and 
real-world application (technical), authentication and compliance (supervisory), 
administration significances and pronouncements (political), calibration (legal), 
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cost, demand, and intellectual property safety (economic), as well as safety and secu-
rity (environmental health and safety). Therefore, it is critical to encourage passion-
ate researchers and research and development institutes to progress nanosensors for 
monitoring, product justification, conceptual property protection, and social accep-
tance and execution. Addressing these elements will aid in developing and deploying 
nanosensor products.
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10.1 � INTRODUCTION

In the last few decades, sensors and sensing technologies have taken the centerstage 
of the modern era of automation along with various applications that have made this 
field a more fascinating and burning topic [1]. The abilities of sensors in multiple 
applications directly belong to the unique physical-chemical attributes and specific 
device designs [2]. The design of unique sensor devices allows the detection of events 
or changes in the surroundings and the exchange of that information with other elec-
tronic modules or other forms of signals that are linked with a sensing device to get 
the required output in the desired shape and size necessities under an applied working 
methodology [3]. Thus, working with sensing methodology is very important in the 
design of sensing devices because it is directly linked with their intended purposes, 
applications, materials, and manufacturing processes. Important factors like cost, 
accuracy, and range of the sensor should be considered for device design attributes. 
The various signaling phenomenon/conversation phenomena of input–output such 
as electrochemical, amperometric, thermoelectric, magnetic, piezoelectric, and opti-
cal [4], which are fluorescence-based; potentiometric; surface plasmon resonance 
(SPR)–based, acoustic-based, and quartz crystal–based, among others, and has been 
directly associated with the physical and chemical sensor device designing tech-
nology. This working principle, along with sensors’ major components, such as the 
sample input assembly with powerful algorithms, transducers, and electronic sys-
tems, has been a key target for any sensing device technology [5, 6]. These directly 
influence the sensor shape, size, cost, working, and applicability of the sensor along 
with device design [7]. The use of microchips, tiny materials, bioassays, nanomateri-
als, and nanobiomaterials made a remarkable change and progress in micro-sensing, 
in vivo sensors, and sensing device design technologies in the past few years and 
focused on more compactness, cheapness, sensitivities, and multifunctionalities [8].

Based on the signaling/conversation phenomena of input and output, the phys-
ics of sensors has been an important driver due to technological advancement and 
development. In the physical operation of electrochemical sensors, it produces an 
electrical signal that is proportional to the gas concentration when it reacts with the 
gas of interest [9]. Various electrochemical sensors might seem to be identical, yet 
they are consisting of different materials that include key features like hydropho-
bic barrier porosity, electrolyte composition and sensing electrodes [10]. However, 
various electrochemical sensors are made to be reactive to the target gas by using 
additional electrical power. The overall properties of the sensors are determined by 
all the sensors’ components.

Conductometric, potentiometric and amperometric are the types of electrochemi-
cal biosensors [11]. Modifications in the conductivity or resistivity of the electrolytic 
solution’s ionic particles in contact with the electrode are recorded by conducto-
metric biosensors. Such modifications come from the synthesis or intake of ionic 
particles through various reactions and can thus identify the presence of a biological 
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process [12]. Amperometric biosensors work by applying a voltage and monitor-
ing the current proportional to electroactive particle oxidation and reduction on 
the electrodes. Changes in the production and consumption rate of electroactive 
particles cause current variations, which represent a biological phenomenon [13]. 
Potentiometric biosensors are intended to measure the electrical potential difference 
between a common reference electrode (when the value of current flowing through 
the system is zero) and a working electrode. The analyte concentration is then used 
to correlate electrical potential values [14].

Based on thermoelectric phenomena, thermocouples are sensors that are made 
to detect variations in temperature [15]. When two different types of conductor or 
semiconductor materials at two different contact temperatures, say, T1 and T2, are 
put together in a closed circuit; thus, due to the influence of the thermoelectric effect, 
electromotive forces are observed in the circuit. The thermoelectric effect generates 
two electromotive forces: a temperature-difference electromotive force and a contact 
electromotive force. The electromotive force that is generated between the ends of 
the same conductor or semiconductor due to the difference in temperature is known 
as a temperature-difference electromotive force. Contact electromotive force is that 
electromotive force that is generated at the contact of two conductors or semiconduc-
tors. It is produced due to dissimilar free electron concentrations, which is a material 
property of two different materials.

A piezoelectric sensor is a device that converts force, temperature, acceleration, 
pressure or strain into an electrical charge using the piezoelectric effect [16]. Initially, 
between the two metal plates, a piezoelectric crystal, like quartz or tourmaline, is 
placed. The crystal is in perfect balance in this instant and does not conduct any elec-
trical charge. Now, with the help of the metal plates, mechanical pressure is applied 
to the crystal; thus, the crystal is not in a balanced-charge condition, resulting in the 
generation of an electrical charge across the faces of a piezoelectric crystal.

Optical radiations are converted into electrical signals by an optical sensor. It cal-
culates the actual amount of optical radiation and converts it into a form that can be 
processed by an electronic device. When something changes in the optical radiation, 
the optical sensor works as a photoelectric trigger, causing a decrease or increase in 
the electrical output. Retro-reflective sensors, such as beam sensors, point sensors, 
intrinsic sensors, extrinsic sensors, distributed sensors and diffuse reflective sensors, 
are some of the optical sensor types [17].

The concept of a surface plasmon resonance sensor using Kretschmann’s configu-
ration based on the attenuated total reflection within a detection range [18]. A con-
necting prism, which can be substituted by an optical fiber core, a metallic sheet 
of width “d”, dielectric function “ɛ1”, and an outer absorbing material of dielectric 
function “ɛ2” makes up this arrangement. The cladding around the core of an opti-
cal fiber is removed and replaced with a thin metal film, like gold, which is then 
wrapped with the sensing medium.

The physical properties of sensors are classified in static accuracy and dynamic 
accuracy [19]. The sensor’s static accuracy describes how well the sensor output 
adequately describes the measured amount once it has stabilized. Repeatability, 
resolution, full-scale drift, zero drift, linearity, sensitivity and range are all impor-
tant static features of sensors. The temporal responsiveness of various sensors is 
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represented by their dynamic properties. Delay time, rise time, settling time, steady-
state error, percentage error, and peak time are all frequent dynamic responses of 
sensors. Information about the static and dynamic accuracy is crucial for the effec-
tive use and application of any sensor.

These physical shapes, unique designs and multifunctionalities can be seen in 
hospitals, industries, manufacturing units, construction sites, business parks, infor-
mation technology (IT) sectors, shopping centers, offices, schools, houses, children’s 
toys and vehicles, among others, and are used in efforts to make lives easier, simpler 
and more comfortable [3]. The selective and necessary device designs made it possi-
ble for the sensors to become useful from home appliances to tuning the picture and 
sound in home theaters, making the surrounding environment suitable by adjusting 
the temperature of air conditioners, adjusting the color and brightness of lights, turn-
ing gadgets on by detecting presence and rotation of fans to the spinning of washing 
machines, cooling of refrigerators, setting fire alarm systems and detecting thumb 
impressions, among others [1].

A schematic flow chart for the major components of a typical sensor on which the 
sensor device design depends is shown in Figure 10.1. A sample is first considered 
to identify which analysis will be performed; it might be environmental contami-
nants, a human sample or a food sample. The next phase is the reaction component 
detection, which determines whether the sample attribute is physical, chemical or 
biological. After the sample is detected, the transducer section begins to work, and 
the actual sensor circuit is installed according to the technique. Finally, the collected 
data are processed, and the result is displayed in the desired format at the output 
assembly.

Thus, the present chapter targets the benefits, importance and scope of sensing 
device design technology. The chapter focuses on a brief history and update in this 
domain by using selective case studies on the physics and devices, such as chemical 
sensors, biosensors, nanosensors and nanobiosensors. The chapter also explains key 

FIGURE 10.1  Major components of a typical sensor on which the sensor device design 
depends.
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challenges and the future prospects of sensor device design technologies to under-
stand the potential of this topic in detail. The authors hope that this chapter succeeds 
in developing for readers a core understanding of the importance of physics, design 
and the associated attributes in sensors/sensing technology and their advancements.

10.2 � A BRIEF HISTORY AND DEVELOPMENT 
OF SENSORS AND DEVICES

Advances in materials science and engineering demonstrated key aspects in devel-
oping sensor technology. Sensor technology has become commonplace and has 
harvested a lot of attention in the recent decade. Sensors have been used in vari-
ous sectors, such as healthcare, agriculture, forest, automotive and marine monitor-
ing. Numerous recent developments in the sensing sector have been prompted by 
nanotechnological multidisciplinary advancements, offering several novel options 
for extremely constructed devices with great features. Sensors show an important 
character in meeting public demands and their necessary designs allow them to be 
applicable in various fields, like threat exposure [20], contamination and ecosystem 
conservation [21], energy generation [22] and storage [23] and medical cures [24].

In brief, electrical resistance was discovered in 1860 and used by Wilhelm von 
Siemens for temperature sensitivity to construct a copper resistor based on a tem-
perature sensor. The great resonance strength of single-crystal quartz and its piezo-
electric capabilities have enabled the development of an unusually broad variety 
of advanced-performance, low-cost sensors that have become an important part in 
ordinary life and defense systems [25].

The objective of a sensor device has been associated to identify variations in 
the surroundings and transmit the data to its display units; hence, proper electron-
ics (assembly) have been a vital necessity for sensing instruments. Initially, sensing 
instruments were applied to assessing physicochemical and biological factors were 
large and cumbersome. Several environmental activities, such as heat, motion, light, 
temperature and others, might be the particular inputs. The information received 
from the sensors may be wrong sometimes because the user had to interpret the 
output manually [26].

Sensors have grown ubiquitous and indispensable in today’s industrial environ-
ment. Their applications span from complex engineering procedures to everyday 
customer items. In several ways, the industrial sector has pioneered the use of sophis-
ticated sensing instruments to monitor and manage manufacturing operations [27].

The terms sensor and transducer are sometimes used interchangeably. A trans-
ducer is defined in the ANSI standard MC6.1 as “a useful output in reaction to a 
particular measurand” [28]. The result of the process can be defined as output, and 
the measurement of any physical conditions and property can be defined as “amea-
surand”. The ANSI standard of 1975 indicates that transducer was preferable over 
sensor. However, since the scientific community did not typically accept the ANSI 
standards, the word sensor is now used the most often used term [28].

Many papers by National Materials Advisory Board from 1980s onward rec-
ognized sensor techniques as a vital zone to promote advances in resource han-
dling. Researchers have addressed various topics such as bioprocessing [29], heat 
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management [30], combined handling schemes [31], metals treating [32], nonde-
structive assessment [33] and purifying [34] in these publications [35]. These stud-
ies arose to combine criteria and build a comprehensive research and development 
methodology capable of meeting critical sensor material demands [27].

Middlehoek and Noorlag carefully tried to categorize sensors by representing the 
input and output energy just as the transduction principle and ignored some “inter-
nal” or multiple transduction influences that can occur [36].

In early times, the sensing devices, especially the chemical sensors created for 
evaluating the surrounding chemical, physical or biological parameters, were large 
in shape and massive in size; also they were also often imprecise and often provided 
incorrect results. The manual operations made the applications and precision of the 
results more complicated in the history of sensing technology [26]. But regular updates 
and technological shifts have made significant contributions to overcoming these lim-
itations for chemical sensor technologies. The attributes such as area, length, angular/
linear accelerations, mass flow and pressure have been considered as important to 
design mechanical modes [37]. Thermal sensor devices focus on heat, energy of elec-
tromagnetic radiations, flow and matter [38]. Electrical sensor device design focuses 
on the inductance, polarization and electric field, among others [39]. Magnetic sensor 
device design focuses more on intensity, moment, penetrability and other aspects [40]. 
Radiant sensors focus on polarity, transmission and thick film refractive indices [41], 
and chemical sensor design focuses on configuration and reaction rate pH oxidation, 
among others [37]. Thus, sensor device technology shifted more toward the specific 
evaluation and sensitive analysis along with precision [42–44].

More recently, the introduction of large-scale silicon processing ushered in sen-
sor techniques, permitting the misuse of silicon to produce novel techniques for 

FIGURE 10.2  Signaling phenomenon/conversation phenomena of input–output.
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transducing physical action into electrical productivity that may be easily handled 
by a personal computer. Continuous advancements in materials technology have 
allowed for improved regulation of their characteristics, opening the door for novel 
sensors with innovative properties, such as higher reliability, cheaper price and 
enhanced dependability [45].

Nanotechnological interdisciplinary progressions have prompted numerous fresh 
improvements in the sensing arena, introducing many new resolutions for extremely 
engineered expedients with outstanding features [26, 46]. Thus, the sensor device 
design technologies shifted from normal transducers to advanced nanomaterial 
transducers that can be combined into the instruments [47]. The general attention 
in nanomaterials has been focused on their looked-for properties; specifically, the 
capacity to modify the size and assembly, and henceforth the assets of, nanoma-
terials proposed exceptional visions for scheming innovative sensing systems and 
enhanced the presentation of the sensor [48]. Significant developments have been 
made with nanowires, quantum dots, nanomembranes, and carbon nanotubes, as 
well as the biomimetic nature of various bio-nanomaterials, and they are the face 
of cutting-edge sensor device design technology in this era, which is continuously 
expanding and achieving new horizons [49].

10.3 � PHYSICAL AND CHEMICAL DEVICE DESIGNS AND CASE 
STUDIES ON CHEMICAL SENSORS AND NANOSENSORS

Plenty of reports, work and case studies have assigned different classes to chemical 
and nanosensors, along with their device design technologies. Typically, an active 
chemical sensor or nanosensor uses an external signal known as an excitation signal 
for its working and responses, while a passive sensor does not require any excita-
tion signal. In the wide range of sensing devices, a unique type of sensor has to be 
credited with the contribution of chemical sensors. Research on chemical sensors 
has been an emerging discipline formed in recent years by their mutual combination 
and penetration into chemistry, biology, optics [4], microelectronics technology, thin 
film technology, semiconductor technology, thermal, electricity, mechanics, acous-
tics and other disciplines. A chemical sensor is an assembly of an electronic device 
that shows sensitivity to different chemical constituents and converts their concen-
tration into electrical signals (other signals depend on the phenomena and mecha-
nism applied to the design of the sensor) for detection; thus, the associated device 
design also depends on this assembly. When a nanomaterial is associated with an 
overall working sensor for any detection, the latter can be called a nanosensor and 
nanosensor device design. The device design technology for these chemical sensors 
and nanosensors directly lies in the various phenomena used for the detection of the 
signals. Optical signals, thermal signals, electrical signals and mass-based signals 
have been among the most popular phenomenato design chemical signals and/or 
nanochemical sensors. The literature is filled with various examples and case stud-
ies that have shown these selective phenomena for designing a sensor device. An 
electrochemical sensor design works as an assembly of electronic devices that trans-
form electrochemical data into a signal that can be analyzed. These electrochemical 
sensors can be further divided into three broader categories based on their working 
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sub-phenomena, such as potentiometric (works by measuring voltage), where the 
electromotive force produced by ions dissolved in the electrolyte solution stand-in 
on the ion electrode is extracted as the output of the sensor so that the ions can be 
detected. Another one can be an amperometric device (works by measuring cur-
rent), where the boundary between the electrode and the electrolyte solution is kept 
at a constant potential, the measured object is directly oxidized or reduced and the 
current curving through the external route has booked as the output of the sensor so 
that the detection to realize the application of chemical substances. The third can be 
conductometric (works by measuring conductivity), which extrudes the variation in 
the conductivity of the electrolyte solution following oxidation or a reduction of the 
analyzer as the sensor’s output, allowing the material to be recognized. Especially 
for chemical sensors, optical, thermochemical and mass chemical sensor phenomena 
have been considered as preferential working mechanisms for designing devices in 
the various reported case studies [50].

The major applications in chemical and/or nano-chemical measurement, com-
monly used in environmental pollution monitoring, production process analysis, and 
can be used for meteorological observation, industrial automation, real-time moni-
toring, mineral resource detection, telemetry, medical remote diagnosis, agricul-
tural, forest conservation and fish detection and more [51].

In this manner, Rahaman and co-workers in 2018 constructed an efficient metal 
oxide-based nanomaterial as a chemical sensor for the detection of 2-nitrophenol. 
Nitrophenols and their derivatives are highly toxic not only for humans but also for 
animals and vegetation. Therefore, they are classified as hazardous chemicals by the 
U.S. Environment Protection Agency. The hydrothermally prepared nanosheets of 
Ag2O/CuO were utilized for preparing better working electrodes along with a glassy 
carbon electrode (GCE) and a commercial binder. The designed chemical sensor 
electrochemically works at pH 7.0 in a phosphate buffer medium. This fabricated 
chemical sensor is a novel approach and is preferred for detecting 2-nitrophenol 
along with a sensitivity of 28.6392 mAmM-1 cm−2. The calculated lower detection 
limit (3.31 ± 0.17 pM) for 2-nitrophenol at a signal-to-noise ratio of 3 makes an effi-
cient chemical sensor for detecting environmental hazards. They proposed a possible 
mechanism for the reduction of 2-nitrophenol to 2-aminophenol (Scheme 1) during 
the chemical sensing process.

The detection of antibiotics in simulated water using a highly sensitive and selec-
tive fluorescent-based chemical sensor was achieved by Zhu and co-workers in 2018 
[52]. They prepare Zn(II)-based metal organic framework (MOF) chemical sensor 
for detecting various sulfonamide-based antibiotics. In the current scenario, the 
extensive use of antibiotics for the well-being of humans and animals, as well as 
pharmaceutical wastes of the drugs, might be responsible for the spread of envi-
ronmentally polluting antibiotic drugs. Sulfonamide-based antibiotics are poorly 
metabolized and adsorbed in human, as well as animal, bodies. Therefore, a quick 
and effective tool to detect such antibiotics is of utmost importance. They synthe-
sized a fluorescent-based Zn-II chemical sensor ({[Zn3(μ3-OH)(HL) L(H2O)3]·H2O}
n) and provided experimental, as well as quantum chemical, insights to illustrate 
the detailed mechanism of detection. The fluorescent-quenching efficiency at vari-
ous concentrations of antibiotics was calculated using a prepared suspension of 
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fluorescent chemical sensors. This MOF-based chemical sensor is almost unaffected 
by heavy metal ions and works well in the range of pH = 3.0 to 9.0 in simulated 
antibiotic wastewater.

In another remarkable work on germanium-doped ZnO nonmaterial was done by 
Rahman to develop an effective chemical sensor for detecting 4-aminophenol. The 
4-aminophenol is commonly used intermediate for synthesis of paracetamol drug 
and in preparing fungicides, insecticides and various types of dyes. 4-aminophenol  
is a hazardous chemical that is contaminating the environment (Figure 10.3). The 
fabrication of Ge-doped ZnO(Ge/ZnO) nanoparticles was utilized to prepare a chem-
ical sensor along with a GCE and Nafion binder. The Ge/ZnO nanoparticles were 
prepared by a wet-chemical process. The electrochemical approach was employed 
to detect the 4-aminophenol in room temperature conditions. This Ge/ZnO-based 
chemical sensor is highly selective for the detection of 4-aminophenol, along with 
a sensitivity of 0.5063 µA cm−2 µM−1, and it shows a lower detection limit (0.5925 
± 0.02 nM). The sensing process for 4-aminophenol is based on the electrochemi-
cal oxidation reaction on the surface of semiconductor-based nanomaterials. In the 
first step, the dissolved oxygen chemisorbes on the surface of Ge-doped ZnO/GCE/
Nafion nanoparticles gets converted into O2−and O ionic forms. The 4-aminophenol 
reacts with the absorbed oxygen and converts it into the p-quinoneimine (PQI) with 
release of electrons. In the next step, the p-quinone (PQ) and ammonia (NH3) are 
formed in an aqueous medium [53] (Figure 10.4).

In recent work, Espro and his co-workers developed a biomass-based chemical 
sensor derived from hydrochar of orange peels. The solid hydrochar was prepared 
by a hydrothermal carbonization technique. The solid–liquid mass of the orange 
peel waste and the deionized water was heated at a temperature of 180–300°C and 
separated out to develop different types of hydrochars. The developed various types 
of hydrochar are based on temperature variations. They utilize high temperature 
(300°C)–derived hydrochar for preparing a conductometric-based chemical sen-
sor for NO2 gas. The detection limit of this hydrochar-based chemical sensor for 
the detection of NO2 gas, calculated at 100°C, is 50 ppb. The hydrochar-modified 
screen-printed carbon electrode (SPCE) shows lower detection limits of 0.18 μM for 
dopamine. The hydrochar-based chemical sensor shows high performance, and its 
low cost and biodegradable waste material–based feature make it a unique chemical 
sensor for detecting environmental pollutants [54].

FIGURE 10.3  Chemical sensing mechanism for the detection of 2-nitrophenol.



240 Metal Oxide–Based Carbon Nanocomposites

In influential work, Hu and co-workers designed a novel chemical sensor for 
detecting NH3 gas at room temperature using hollow nickel oxide (NiO) and poly-
aniline as sensing materials. The NiO (p-type semiconductor) can detect NH3 gas 
at high temperatures with great selectivity and sensitivity. However, polyaniline is a 
conducting material, which can detect NH3 at room temperature with poor selectiv-
ity. The perfect combination of these NiO and polyaniline makes a highly efficient 
chemical sensor for detecting environment-polluting NH3 gas at room temperature. 
The hydrothermally synthesized solid Ni-Cu glyceratenanosphere was used to pre-
pare a hollow NiO-CuO sphere using a calcination method at 400°C. The hollow 
NiO-polyaniline composite chemical sensor was prepared by in situ polymerization 
of a hollow NiO-CuO sphere in an acidic medium. The polymerization of aniline 
at the hollow NiO surface enhanced the surface area and adsorption properties for 
sensing NH3. The hollow NiO-polyaniline-based chemical sensor shows a response 
of 43% at 10 ppm of NH3. The electron-donating NH3 reacts with the protonated 
form of polyaniline, and it gets converted into the NH4+ form. These protonation and 
deprotonation mechanisms are responsible for sensing NH3 gas. The efficiency of 
the hollow NiO-polyaniline chemical sensor is enhanced due to the formation of a 
p-p-type heterojunction and a large surface area [55].

In a very significant work, Singh and co-workers developed a chemical sensor 
for detecting NH3 in an extremely humid (RH = 95%) environment at room tem-
perature. They synthesized a MoS2/MoO3 heterostructure chemical sensor by the 
hydrothermal method. The MoS2/MoO3 nanocomposite shows approximately 55% 
and 15% sensing response at 50 ppm and 10 ppm of NH3, respectively. The sensing 
mechanism of the MoS2/MoO3 chemical sensor was explored by the density func-
tional theory method. The adsorption energy calculation and Bader charge analysis 
confirm the selectivity of a composite toward NH3 gas. The feasibility of adsorption 
from physical to chemical was also examined using theoretical calculations [56].

The fabrication of an Au-decorated porous graphene sensor for environmental-
polluting NO2 gas was achieved by Fan and co-workers. The porous surface of gra-
phene nanomaterial abruptly responded toward a lower concentration (50 × 10–9) 
of NO2; this response was further enhanced up to a ppb level by the decoration of 

FIGURE 10.4  Schematic presentation of reaction mechanism for detecting 4-aminophenol 
in the presence of a Ge/ZnO chemical sensor.
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the Au nanoparticle. The fabricated chemical sensor was prepared on polyethylene 
terephthalate substrate; therefore, it shows mechanical stability and flexibility with a 
high bending property. The simple fabrication process, high sensitivity and flexible 
behavior of the prepared Au-decorated porous graphene sensor make it a unique 
chemical sensor for the detection of NO2 gas [57].

In noteworthy work, Jung and co-workers designed a chemical sensor decorated 
with Ag2S nanoparticles on the surface of a porous graphene material for detect-
ing acetone. The ultrasonic irradiation method was used for preparing the Ag2S 
nanoparticles. The prepared nanoparticles were coated onto the surface of porous 
graphene. The fabricated chemical sensor was tested to evaluate its sensing property 
for various organic volatile compounds. This sensor shows high response (~660%) 
for acetone compared to other studied gases. The remarkable sensibility of the chem-
ical sensor to acetone was further justified by a theoretical approach. The higher 
binding energy and greater electron transfer value between the fabricated chemical 
sensor and the acetone compared to other gases confirmed the sensing efficacy of 
Ag2S decorated porous graphene sensor for acetone at room temperature [58].

A cerium oxide (CeO2)–based highly efficient chemical sensor for detecting acet-
ylacetone was developed by Umar and co-workers. The nanoparticles of CeO2 were 
utilized with a GCE for detecting hazardous acetylacetone. The developed chemi-
cal sensor shows high sensitivity (262 mA·mM−1 cm−1) to acetylacetone. The CeO2 
nanoparticles were prepared by a hydrothermal process of cerium chloride and hexa-
methylenetetramine solution. The electrocatalytic sensing property of the fabricated 
sensor was observed by cyclic voltammograms. The proposed mechanism for the 
sensing behavior of CeO2-based chemical sensors suggests that the n-type nature of 
the CeO2 semiconductor provides electrons for the chemosorption of oxygen. The 
produced anionic oxygen, when it comes in contact with acetylacetone, gets readily 
oxidized into carbon dioxide and a water molecule [59] (see Figure 10.5).

The chemical sensor for detecting toxic m-tolyl hydrazine hydrochloride 
(m-THyd) was fabricated by Alamry and co-workers. They prepared cadmium oxide 

FIGURE 10.5  Chemical sensor mechanism for detecting acetylacetone.
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(CdO) nanoparticles using a wet-chemical method and used with multiwalled car-
bon nanotubes and GCE for fabricating an efficient chemical sensor for detecting 
m-THyd. The good sensitivity (25.7911 µAµM−1 cm−2) and the lower detection limits 
(4.0 ± 0.2 pM) for m-THyd suggest a higher capability of the sensor for detecting 
hazardous and environmental-polluting chemicals [60].

Thus, previously selected case studies highlighted the important aspects of mate-
rials, fabrication of physical attributes and unique sensor device design to create 
remarkable chemical and nanochemical sensors for diverse applications.

10.4 � PHYSICAL AND CHEMICAL DEVICE DESIGNS AND CASE 
STUDIES IN BIOSENSORS AND NANOBIOSENSORS

In last few years or even the last decade, remarkable progress has been made in 
biosensing and nanobiosensing technology that reflected the special influence on 
sensor device designs and their associated attributes. This technological progress 
merged important changes in physical sensor device designs for detecting various 
biological agents, such as plant/animal metabolites, microbes/pathogens, antibi-
otics/bioactive chemicals and nucleic acids/serum proteins, among others, and 
needs the implementation of special bioreceptors and bioanalyte-binding places 
to detect them.

A sensitive biosensor device thus, in turn, modulates the physiochemical responses 
associated with the bio-binding and further process the signal toward the transducer. 
Later, the transducer captures and translates the physiochemical signal into another 
form like colored signals or fluorescent signals or electrical signal and so on. As far 
as the nanobiosensor device or associated nanostructures are concerned in this sce-
nario, they simply act as an intermediate layer between the biological agents and the 
physicochemical detector apparatuses or biological representatives. Thus, in turn, 
the physical attributes of the sensor change accordingly, such as much of the time, 
the nanomaterials have been conjugated with the working transducer, to shape the 
signal detection and build a biosensor device [61].

The biosensor’s and/or nanobiosensor’s physical attributes and device designs 
directly depend on the factors such as bio-sample size/volume, the sensitivity of the 
bioagent, the presence or absence of other bioagents, the nature or biomimetic nature 
of the nanomaterial, electrochemical detections (the mass, temperature and viscosity 
being monitored), the present biomolecule transduction methodologies, the intensity 
of developed signal or electrical potential (current) and so on, thus the overall work-
ing principal [62].

The overall working principal is thus extremely important in finalizing the device 
design. The major working principals include transduction methodologies, such as 
label-based or non-label-based, the detection assembly (optical detection, fluorescent 
detection, electrochemical detection, mass-based detection, radioactive detection, 
electrical detection, combination or more than one detections), materials for bio-
sensing, nanomaterials and biomimetic nature of nanomaterials for nanobiosensing 
(carbon or non-carbon-containing nanoparticles, nanowires, nanorods, nanotubes, 
quantum dots, nanomembranes, etc.) [62].
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Serrano and co-workers developed an efficient biosensor for the detection of saxi-
toxin (C10H7N7O4). Saxitoxin is a neurotoxin that is very harmful for human health. 
It was found in toxic phytoplankton species. The biosensor was prepared by the 
immobilization of an APT (M-30f) oligonucleotide sequence on an Au electrode. 
The prepared system was further incubated for 1 hr in 1mM solution of 6-mercapto-
1-hexanol (MCH). The modified Au/APT/MCH electrode has been used for detect-
ing saxitoxin. The fabricated biosensor has been found to be highly selective for 
the detection of saxitoxin, and lower detection limits (0.3 mg/L), make an efficient 
biosensor for detecting toxins. The overall performance of toxin detection has been 
based on electrochemical parameters. The authors have performed experiments on 
real water samples for the detection of saxitoxin [63].

The detection of copper ions in sweat and serum using highly sensitive and selec-
tive biosensors based on Aunano particle–decorated paper was achieved by Arduini 
and co-workers. Excessive high and low levels of copper in the human body cause 
several diseases. The detection of copper ions using Au nanoparticle–decorated 
paper is facilitated to overcome the requirement of a sophisticated laboratory. They 
prepared user-friendly paper-based electroanalytical sensors for copper ion detec-
tion. The Au nanoparticle–decorated filter paper was found to be capable of detect-
ing copper ions down to 3 ppb in biological fluids (sweat and serum). The paper was 
based on fabricated an Au-nanoparticle biosensor that later was found to be user-
friendly, eco-friendly, cost-effective and capable of playing an important role in the 
growth of sustainable development approaches [64].

Early and rapid diagnosis in very essential in the case of prostate cancer because 
it is a major cause of death in men age of 55 years and above [65]. A rapid, sensitive 
and integrated lab-on-a-chip-based cancer biomarker sensor prototype (MiSens) was 
described by Uludag and co-workers [66]. The prototype was fully automated and 
capable of biomarker testing of cancer. It consists of real-time amperometric (works 
on measuring of current) analysis during the movement of enzyme and microfluidic 
system. To detect the level of prostate-specific antigens that are commonly used 
for diagnosing prostate cancer, this prototype has been used. The authors collected 

FIGURE 10.6  Preparation steps of biosensor device for detecting saxitoxin.
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samples from Kartal Lütfi Kırdar Education and Research Hospital (İstanbul, 
Turkey) and analyzed them using the MiSens prototype. They also compared the 
MiSens results with hospital results and found that their prototype is very useful for 
fast and rapid testing in the case of early diagnosis.

The deficiency of folic acid in the body is the major root of anemia. Xiao and 
co-workers [67] develop a voltametric (works on measuring of voltage) method 
for the determination of folic acid by using single-walled nanotube (SWNT) ionic 
liquid paste electrodes. By using 1-octyl-3-methylimidazolium hexafluorophos-
phate (OMIMPF6), SWNT carbon electrodes were prepared. Using the voltametric 
approach, folic acid shows an anodic peak with irreversible oxidation in a pH 5.5 
phosphate buffer solution. The authors have applied this method on real samples for 
the determination of folic acid.

Lee and co-workers synthesized bio-Ag nanoparticles for detecting 4-nitrophenol 
in a tomato sample. The green tea, grapefruit peel and mangosteen peel extracts 
were used to prepare bio-Ag nanoparticles. The bio-nanoparticles were prepared 
using a modified electrochemical method. The efficiency of the prepared biosensor 
depends on so many factors, such as its morphology, distribution and crystalline 
nature. The fabricated green tea–Ag nanoparticles show high efficiency compared 
to the grapefruit–Ag nanoparticles and the mangosteen peel–Ag nanoparticles. The 
prepared green tea–Ag nanoparticles show high sensitivity (1.2 µA µM-1 cm-2) and 
lower detection limits (0.43 µM) toward 4-nitrophenol [68].

Zheng et al. [69] developed a “turn-off” fluorescent biosensor for mercury detec-
tion. In this method, direct, on-site monitoring of mercury is achieved by using a 
chromophore environment of fluorescent protein m Cherry L199C. In this method, 
Escherichia coli cells were used as the biological compound. As a result, cell-algi-
nated hydrogel-based paper easily detected the mercury from the environment within 
5 minutes.

Sunanatha and Vasudevan [70] worked on the bacterial biosensor for perfluorooc-
tanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) in water. They used defluo-
rinase and gfp gene as the regulating and reporter genes, respectively. They used liquid 
chromatography with mass spectroscopy for detection. Various pollutants, including 
chlorinated compounds, polycarbonated hydrocarbon and pesticides, among others, 
were easily detected using this method in both the presence and absence of PFOA and 
PFOS. They reported a 10ng/L to 1000 mg/L linear range for the biosensor.

Guo et al. [71] developed a novel Au-tetrahedral aptamer nanostructure for acet-
amiprid detection. This is an electro-chemo-luminescence apta-sensor for pollut-
ant detection in the environment. Luminol and hydrogen peroxide were co-reactant 
in this method. Due to the luminescence property of these two co-reactants, acet-
amiprid was easily detected in the environment. They reported 0.0576 pM detection 
limit for acetamiprid under optimum conditions. An alkaline environment has been 
suitable for pollutant sensing.

In recent study, Xiong et al. [72] worked on an aptamer-based biosensor for afla-
oxin B1 and ochratoxinA detection. In this method, dual DNA tweezers were devel-
oped for detecting substances. This biosensor worked on the “turn-off” mechanism. 
Aptamer of mycotoxin is locked by the dual DNA tweezers. They reported 3.5 × 
10−2 ppb and 0.1 ppb detection limits for aflaoxin B1 and ochratoxin A, respectively.
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In a remarkable work, He et al. [73] reported CdSe@CdS quantum dot–based bio-
sensor for Hg(II) detection. The prepared device was found to be a type of electro-
chemiluminescence sensor. MoS2 and polycationic poly (diallyldimethylammonium 
chloride) were used for the construction of biosensor. They reported a linear range 
from 1 × 10−2 M to 1 × 10−6 M and 1 × 10−13 lowest detection limit for Hg(II).

In significant work, Li et al. [74] developed a gold-doped carbon dot (CDAu)–
based biosensor for Pb(II) detection. This biosensor has synthesized using micro-
wave conditions. They reported 0.0005–0.46 µmol/L linear detection range and 0.25 
nmol/L lowest detection limit for Pb(II) ions. They also compared these results with 
undoped carbon dots. The CDAu exhibited superior activity over the undoped car-
bon dot.

In a recent study, Zhao et  al. [75] investigated an aptasensor for acetamiprid 
detection. This aptasensor was made up of single-stand DNA, G-quadruplexes and 
grapheme oxide. The detection mechanism was based on the change in the confir-
mation of DNA through the process. They reported a 0–500nM and 5.73 nM linear 
range and low detection limit, respectively.

Similarly in another study, Nashuka et al. [76] developed a paper-based biosen-
sor for Hg detection. This was an equipment-free method for detecting Hg. In this 
method, iodine played an important role for the detection of Hg. The digital images 
of the Hg and iodine were used for detection purposes. They reported 50–350 mg/L 
and 20 mg/L linear range and low detection limit, respectively.

Thus, the previously selected case studies highlighted the important aspects of 
materials, fabrication of physical attributes and unique sensor device design to create 
remarkable biosensors and nanobiosensors for diverse applications.

10.5 � KEY CHALLENGES

Sensing technologies face a broad array of key challenges. Modern progress in 
sensing technologies has caused comprehensive forms of applications; therefore, in 
recent times, the sensing field has extended, and device, shapes and applicability are 
being explored for controlling nearly of the noteworthy limitations in manufactur-
ing a responsible and cost-effective sensor device [77]. Thus, the key challenges for 
advanced sensing device technology are directly allied with its price issue, the com-
pactness of device design, the materials used, its multifunctionality, the response to 
sensitivity and selectivity, its reply time, its recognition mechanism, how long it lasts 
and its harmfulness issues [78, 79] (Figure 9.6).

Major challenging factors associated with sensing device design technologies are 
the components and the structure of the sensor mechanism because the key benefits 
of any sensor are directly associated with them [80]. The materials and the structure 
of a receptor or a bioreceptor depend on what type of samples are being analyzed, the 
mechanism of recognition involved, the type of transducer used for signal conversion 
and the detector for response capturing and are very influential in any design [81]. 
Additionally, flexibility and sensitivity are complementary abilities for sensors, and 
both have shown great potential in determining sensor device issues [82, 79].

The directions are therefore continuously considering further sensitive and selec-
tive detection approaches and determining principles as well as new investigative 
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procedures to advance the current sensing expedients and instruments. From a sci-
entific point of view, the main tasks of sensor devices are connected to reduce cost, 
size, and energy consumption [26, 79]. Moreover, supplement arypains in the design 
and expansion of nanoscale sensing constituents have to be completed to accom-
plish better device presentation. Another task, occasionally ignored and misjudged, 
is the consistent amalgamation of innovative materials and constructions into sensor 
design. Their incorporation must be fit the manufacture of marketable, scalable and 
industrial devices; otherwise, their usage will be restricted to laboratory scales [26].

The nature of materials used to generate a sensor is a very important key chal-
lenge to making an effective sensor device. The excellent conductive properties of 
metallic and/or metallic nanomaterials can allow improvements in flexibility and 
fine detection along with compactness. Searching for and making multifunctional 
nanomaterials that can be incorporated into biological sensing can surely enhance 
the results [83]. Thus, the search for unique and applicable materials is the most 
desirable key challenge for making a sensor device (Figure 10.7)

Since most of the recent sensing applications are either medical or nonclinical, 
therefore, it would be a good idea to evaluate the toxicity of the materials used for 
many physical and/or chemical sensors or, more precisely, the size-dependent toxic-
ity for nanomaterial-related sensors [84–87]. As it is already clear that the toxicity 
of the sensor directly depends on the material used; thus, their applications have 
been among the relatively critical key challenges. Therefore, various questions have 
always been under investigation, such as which selective materials should be used; 
why these materials should used; what fabrication means will be needed to obtain 
them; what kind of characteristics do they have that can allow them to symbolize 
the intent; what level of engineering will be required to control and assess all the 

FIGURE 10.7  Key challenges.
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influencing parameters involved in the sensing technology; how the overall sensor 
device will be able to evaluate, design and manipulate the processes involved; how 
long will the materials or products last; and will they maintain the same qualities 
or desired catalytic activities when shifted to another medium or are isolated from 
their original mediums, as well as a calculation of their applicability and fate with 
the admiration of harmfulness [81].

Like a central nervous system in the body, receptors and transducers are the two 
weighty functions that are usually involved in sensing mechanisms; thus, the rec-
ognition mechanism is also a very important key challenge in sensor device design 
technology. Other factors like adsorption–desorption kinetics, physicochemical 
properties, surface property, Gibbs free energy and thermodynamic and kinetic sta-
bility [88, 89] are the most important domains involved in sensing mechanisms for 
almost every type of device design.

Cost and pricing issues are critical for any new technology, and thus, they are 
great key challenges for sensing device design technology too. Since biosensors and 
nanobiosensing are relatively recent technologies in device design domains and very 
high level of engineering is involved in forming compact, as well as sensitive, sen-
sors, cost always becomes a critical connected challenging step [90]. But the pro-
gression of material sciences and engineering, as well as the convenience of new, 
cheap materials, is creating great expectations for the future possibility regarding 
cost-saving opportunities [81, 79].

Despite the effortlessness and extensive sensing applications, majority of the 
sensing mechanisms have not yet been fully understood because of the complex-
ity involved in the various parameters that can affect sensors’ sensitivity [89]. The 
term sensitivity many times used with a description of the limit of detection (LOD) 
and limit of quantification (LOQ) of any sensor device. The LOD and LOQ are the 
smallest or lowest amount of sample concentration that can be consistently identified 
by the sensor and quantified by the sensor, respectively. Thus, the LOD and LOQ are 
important key challenges in figuring out the merit of a sensor and can be understood 
as the same interlinked parameters of device design technology of any sensor. For 
this reason, a daunting task often comes to the fore when dealing with their abil-
ity to detect trace amounts of analyte-diverse samples in foods, soil, water bodies, 
biofluids and air [90]. As the detection limit and response or recovery time greatly 
fluctuating, they can affect sensor efficiency, so sensitivity is always a significant key 
challenge for any sensor.

Moreover, for an exact sample, the data accomplished from a sensor must have 
adequate precision so that they can be repeated within a certain range. A  sensor 
device design must avoid systematic errors to ensure sure the accuracy of results and 
their expected value. Therefore, suitable standard models and standard protocols for 
device design must be used to get good calibration.

Thus, the key challenges of sensing devices in terms of sensitivity, selectivity, res-
olution, accuracy and precision are continuously being amended. At the same time, 
they are possible in terms of manipulation, and their applications are also quickly 
expanding. Providing data in real time so that the status of key parameters can be 
tracked is among the greatest challenges in this era as well as exchanging into with 
other procedures while learning the overall working of the system [26].
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10.6 � FUTURE PROSPECTS

Accurate, fast and precise sensing is the need of the hour especially in biomedi-
cal and environmental domains. In this time of various pandemics like COVID-19 
[91], different sanitary emergencies [92], diverse environmental fluctuations and reli-
able assessments [93], it is unmistakable that sensors that can offer perfect, speedy 
data have a vibrant part to play in reducing the distribution of deadly and/or con-
tagious microorganisms and their contaminations, predicting quick environmental 
responses and analyzing diverse samples like food articles and human body fluids, 
thereby saving numerous lives, costs and times [26]. Thus, the actual necessity and 
future dynamics in this domain belong toward augmenting key sensor performance 
attributes such as sensitivity, selectivity, constancy and usability [94]. Therefore, the 
future prospects have been focusing on evolving the design of sensing mechanisms 
and developing novel active sensing constituents. Nanotechnology and material sci-
ence have been playing a significant role in this respect and are uninterruptedly fol-
lowing revolutions for improved sensor devices [26].

Many chemical sensors that are noninvasive and wearable have already been dis-
covered for various types of monitoring. At present, the main demand for chemical 
sensors as biomarkers is that these should be flexible, real time and biocompatible 
and should be prepared with comfortable substrates. Multidisciplinary approaches 
from chemistry, biology, material sciences, computer sciences and others are note-
worthy for establishing efficient sensors to keep track of health conditions. With 
the advent of noninvasive wearable chemical sensors that can allow personalized 
and early diagnosis of diseases and their prevention at home, thereby leading to 
enhanced life quality [95]. Improving the sensitivity and stability of sensors is still 
a big problem being faced by research groups all around the world working in this 
direction. One of the crucial existing challenges is constructing a sensor that can 
detect more than one biomarker with high sensitivity and at a low concentration of 
analytes [79]. To obtain the optimum biomedical application, a sensor device that 
integrates the chemical, physical and electronic parts of the sensor is a need of soci-
ety. The analytes and the chemical part of the sensor should be constructed in a way 
that they remain flexible to allow the sensor to overcome mechanical stress due to 
various body movements [96]. The theranostic approach can also be thought of as 
a future perspective in health sector by incorporating a drug delivery system into 
various wearable chemical sensors. The stability and lifetime issues of sensors must 
also be taken into consideration because most of enzyme-based chemical sensors 
cannot be utilized long term as they tend to degrade overtime [97]. As biomarkers 
are present in trace levels in our body, the sensitivity of the chemical sensors should 
also be enhanced, which can be done by incorporating novel and highly potential 
nanomaterials [98].

Emphasis has to be given to developing wearable chemical sensors with con-
tinuous, stable and prolonged energy supplies [99]. To achieve this, novel material 
and technologies need to be discovered for enhanced energy harvesting, storage and 
supply for different wearable sensors [100]. Analytical instrumentation such as flow-
injection analyzers or chromatographs can be coupled to existing sensors which will 
lead to improved selectivity as compared to conventional chromatography techniques 
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[101]. Additionally printed wearable chemical sensors need to be explored further 
which would enable the mass production of flexible and uniform chemical sensors 
[102]. This way, powerful chemical sensors can be developed, promising a future 
with a wide array of wearable and portable sensing devices with applications in the 
health sector and environmental monitoring. Efforts have to be made to construct 
low-cost and disposable sensors, which will be preferred over reusable ones in many 
cases [103–105].

The development of efficient chemical biosensors is a collaborative work involv-
ing scientists from diverse and different disciplines; for this reason, an interdisciplin-
ary approach will be the future of sensor device design technology [8]. For example, 
scientists carrying on research in the energy field should focus on discovering bio-
compatible power sources with high energy density and long lifetime with highly 
efficient energy-harvesting mechanisms. Engineers working on developing wireless 
communication should wearable chemical sensors that will work uninterruptedly 
with high bit rates. But, with the generation of huge personal data, data security and 
privacy will be at risk, so cryptologists should work in this direction to develop next-
generation algorithms that will secure the personal data of users utilizing wearable 
chemical sensors. The construction of the device should be such that the chemical-
sensing region should be visible to the biofluids, and the auxiliary electronics must 
be kept away from any acquaintance to moisture [104].

In the upcoming decade, nano-based diagnostics devices will be extensively use-
ful owing to their potential of undertaking thousands of measurements in a quick 
span of time and in an inexpensive manner with special emphasis on miniaturizing 
biochip technology to the nanoscale level. Thus, a remarkable biomedical applica-
tion of sensor devices in biomedical fields will emerge a great future application. In 
a physiological application, the systemic circulation blood flow is the reflection of 
most of the organ functioning; hence, efforts are focusing on making and designing 
blood molecular fingerprints, which can be achieved by employing molecule-level 
electronics and nanoscale sensors [106]. Plausible capacity estimates of the devices 
were used to assess their presentation for representative chemicals out into the blood 
by tissues in response to a localized wound, allowing them to readily differentiate 
single-cell-sized chemical foundation from the contextual chemical attentiveness in 
vivo, yielding high-resolution sensing. The present methods utilized for blood analy-
sis are not efficient enough to differentiate from the background upon dilution in the 
blood volume [106]. The future trend focuses on designing diagnostic devices from 
the fundamental building blocks, and thus, nanobiosensors are promising candidates 
for this domain. But it discourages the employment of fluorescent labeling because 
going to the nanoscale reduces signal intensity. But efforts are being made to incor-
porate fluorescent labeling methods efficiently. Non–polymerase chain reaction 
technology is also used for diagnostic purposes. Nanotechnology can also contribute 
to single-cell genetic diagnoses. In the upcoming decades, these nanotechnology-
based biosensors will be explored for the development of personalized medicines. 
Its application will further be exploited in the domain of cancer detection and diag-
nosis because with the conventional diagnostic methods of cancer, it becomes too 
late to control metastasis. Nanobiosensors offer an amazing capability for the early 
detection of cancer, which allows for an easy and successful treatment of cancers. 
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Additionally, these technologies are quite feasible. A nanoapproach could be utilized 
as a prophylactic way for individuals showing no obvious manifestation of cancer, 
and remote monitoring, which should be biodegradable and safe, could be done 
for cancer surveillance. These remote monitoring options could lead to early-stage 
detection of diseases, and accordingly, therapy could be given to the patient [106].

Thus, the near-future prospects and cutting-edge directions will be shifting toward 
nanotechnology and tiny-level engineering (micro-meso-nano level engineering) in 
sensor device design to push the boundaries of different diagnoses and molecular 
analyses and enable point-of-care opinions and the integration of therapeutics that 
can help in the development of personalized care and advanced biomedical applica-
tions [107].

10.7 � CONCLUSION

Thus, sensing technology has a remarkable history and has made progress and sys-
tematic developments. The literature and case studies have been replete with physi-
cal and chemical device design in various technologies such as chemical sensors, 
nanosensors, biosensors and nanobiosensors. Today, sensing devices and design-
ing technologies are expanding into new horizons every second, and they are truly 
impressive because of the advancements in interdisciplinary sciences such as mate-
rials sciences, nanotechnology and nanobiotechnology. The sensitivity, selectivity, 
multifunctionality, safety, cost and compactness are among the critical key chal-
lenges associated with the advanced sensing device design technology. The future 
of this great technology belongs to more advanced materials and tiny constituents, 
specifically nanomaterials.
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11 Metal Oxide Decorated 
CNT Nanosensors
A Brief Overview

Saleem Khan, Vaishali Misra, Ajay 
Singh, and Vishal Singh

11.1 � INTRODUCTION

The evolution of living organisms and their existence is inextricably linked to their 
sensory awareness of the environment. Sharp vision, touch, taste, hearing, and smell 
have all played a role in the survival of species over time. The olfactory system is one 
of the earliest sensory systems developed in evolution, allowing creatures with odor-
ant receptors to locate food and detect threats [1]. The naturally developed sensory 
system in humans has a poor limit-of-detection range, which can be fatal to life in 
cases of poisonous and explosive gas present in the vicinity. Exposure to poisonous 
fumes in significant amounts has been shown to have severe implications for the 
pulmonary system. Various gases are produced in the coal and petroleum industries 
that cause explosions. The detection of poisonous and explosive gases, from human 
safety point of view, is of utmost importance [2]. Over the past few decades, new 
innovative semiconductor fabrication techniques have led to the development of sen-
sors to detect the analyte ranging from ppm (parts per million) to ppb (parts per 
billion) range. Researchers are adopting and improving device fabrication methods 
to design the next generation of nanosensors [3].

Nanosensors are being used to monitor physical and chemical anomalies in harsh 
environments and confined to very low areas. Nanosensors can be classified on the 
basis of energy source, structure, and application depicted in Figure 11.1. In group I, 
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classification is the active (which requires energy to operate, such as thermistor) and 
passive (which doesn’t require an energy source, such as thermocouple and piezo-
electric) nanosensors. In group II, classification is based on the structural properties, 
which include optical, electromagnetic, and mechanical nanosensors. The transduc-
tion mechanism in optical nanosensors to detect chemical or biological analyte is 
done by using an optical signal. These sensors are solely dependent on the optical 
properties of the nanostructured material. Sasaki et al. developed the first pH micro-
probing device using a trapping technique for fluorescent material. Polyacrylamide 
nano particles (NPs) were used to determine the pH of the water [4]. Electromagnetic 
nanosensors have two monitoring methods, that is, an electrical current measure-
ment and a magnetic measurement. When compared to non-magnetic-based technol-
ogies, sensing systems based on a magnetic method provide advantages in terms of 
analytical figures of merit, such as speedy analysis time, high signal-to-noise ratio, 
low detection limits, and improved sensitivity. Geng et al. studied the behavior of 
hydrogen sulfide molecules with Au NPs. A chromium and gold electrode was fab-
ricated on SiO2 and used as a source and drain. A 40–60-nm channel was created 
between the electrodes, and Au NPs were spread in the gap. The sensing device fab-
ricated occupied only a 12-µm2 area [5]. Magnetic nanosensors are preferably used 
in the detection of femtomolar-range proteins, enzymes, and viruses [6]. Mechanical 
nanosensors are based on the principle of mechanics to quantify the physical and 
chemical characteristics to detect biomolecules. These nanosensors have superiority 
over optical and electromagnetic sensors in the detection of analytes at the nanoscale 
because of their mechanical detection phenomenon. In the early stage of nanosensor 
development, Wachter et al. fabricated a microcantilever sensor for detecting mer-
cury vapors with a sensitivity of 1.25 Hz/pg [7]. In microelectronic device develop-
ment, mechanical nanosensors play a critical role because of their unique property 
of nanoscale subassemblies.

11.2 � NANOSENSORS FOR GAS SENSING

Nanosensors are being developed every day to meet application-specific demands. 
Gas sensors with high sensitivity, selectivity, and cost-effectiveness with low power 
usage are being upgraded to focus on today’s challenging sensing specifications. 
A controlled volume of gases is detected by nanosensors [8, 9]. The transducers and 
receptors are two major components of nanosensors. Receptors are sensing materials 
that interact with analyte molecules. These molecules cause changes in some param-
eters, such as resistivity, refractive index, surface morphology, light, heat, work func-
tion, and more, in receptor material. Gas sensors can be grouped as resistive and 
non-resistive. The characteristics of gas sensors are discussed next.

•	 Response and Sensitivity: The gas sensor response is defined as the ratio 
of resistance reduction in air to stationary resistance. Normalize conduc-
tance follow. The rate of recovery time (τ) is needed to be 90% of the full 
response.

Conductance = Ra/Rg
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The stationary resistance depends on the partial pressure of the target gas. The 
relationship is given as

R cg g= Pa,

where α (power index) and c are the constants (power law). The gas response 
also follows the power law given as

R Ra g/ = cPa
g  (Inflammable gases)

R Rg a/ = cPa
g  (Oxidizing gases),

where α varies from ½ to 1.
The correlation between the gas response and Pg gives the sensitivity. When α 

is unity sensitivity depends on Pg. Also, sensitivity is the power law propor-
tionality constant. The physicochemical values of the material, target gas, 
and oxygen define the sensitivity.

• Operating Temperature: The operating temperature influences the response 
and response parameters. As the temperature rises, the rate of response and 
recovery time also increases. Inflammable gas response increases exponen-
tially with high temperatures because of the surface reaction between gas 
and adsorbed oxygen and vice versa for oxidizing gases [10, 11].

 

FIGURE 11.1 Classification groups of nanosensors.
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11.3 � HIGH-PERFORMANCE STRUCTURED NANOMATERIALS

Since the early 1980s, intense research is being carried out to develop nanostructured 
materials for sensing applications. Nanomaterials are still the subject of research, 
which includes conducting polymers, metal oxides (MOs), two-dimensional (2D) 
materials, and carbon nanotubes (CNTs) [12–15]. These materials contain several 
flaws, in contrast to intriguing characteristics, that must be addressed first. The diffi-
cult and time-consuming production of conducting polymers is a hindrance in sensor 
fabrication. When compared to metal-oxide gas sensors, the lifetime of conducting 
polymer gas sensors is relatively limited (9–18 months) due to oxidation. Also, the 
fabrication costs of 2D materials are very high [16].

MO nanomaterials are significant candidates for gas sensor fabrication. MO thin 
film, nano wires (NWs), NPs, nano flowers (NFs), nanospheres, NTs, and nano rods 
(NRs) have ultrahigh surface area, high sensitivity, phenomenal stability, and low-
cost synthesis make them efficient sensing materials [17–20]. Both dry-chemical and 
wet-chemical processes, which include solid-state processes [21], sol-gel [22], [23], 
hydrothermal, solvothermal [24–26], electrospinning [27], and thin film deposition 
(sputtering, plused laser deposition [PLD], atomic layer deposition [ALD], etc.), are 
employed to synthesize MO nanostructures. [28–31]. Chemoresistive and catalytic 
conductivity sensors have been continuously evolving since the 20th century. The 
charge transfers between analyte molecules and the MO surface complex like H+, 
OH−, O−, and O2− is the fundamental gas sensing process. MOs have the ability 
to sense toxic and flammable gases. Table 11.1 summarizes MO-based gas sensors 
developed over the years. The limitations of MO nanomaterials as sensing materials 

TABLE 11.1
MO-Based Gas Sensors and Their Limit of Detection

Nanostructure Sensing Material Analytes Limit of Detection Ref.

NPs α-Fe2O3 H2S 0.05 ppm [33]

NWs Ga2O3 O2 and CO O2 = 5ppm and CO = 500 ppm [34]

NWs ZnO NO2 10 ppm [35]

NWs ZnO Ethanol 50 ppm [36]

NRs ZnO H2 5ppm [37]

NFs In2O3 Ethanol 10 ppm [38]

Nanosheets CuO Ethanol 3 ppm [39]

Nanoflower SnO2 Methanol 100 ppm [40]

Membranes Pd-doped Co3O4 NO 50 ppm [41]

Mesoporous Pt-doped WO3 CO 100 ppm [42]

Thin film Rh-doped WO3 CH4 5 ppm [43]

NWs CuO/SnO2 HCHO 50 ppm [44]

NWs SnO2/NiO H2 500 ppm [45]

NWs α-Fe2O3/ZnO H2S 5 ppm [46]

Nanosheets WO3/SnO2 NH3 100 ppm [47]
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are deficient selectivity and resistance drift [32]. A combination of two or more nano-
materials to form composites provides superior properties as compared to individual 
nanomaterials.

Carbon and its derivatives, such as graphite, graphene oxide, diamond, fullerene, 
and CNTs, have superior and interesting properties compared to other nanomateri-
als. Among the carbonaceous nanofillers, CNTs have fascinating structural and elec-
tronic properties which can be explored for functionalized implementation. There 
are two types of CNTs: single wall (SW) and multiwall (MW). Single wall carbon 
nanotube (SWCNTs) are formed by wrapping graphene sheets, and multiwall carbon 
nanotube (MWCNTs) are formed by wrapping numerous sheets. In MWCNTs, the 
outermost atoms of the sheets participate in the sensing process. In 1991, MWCNTs 
were discovered by Iijima [48], and SWCNTs were reported in 1993 by his research 
group [49]. MWCNTs have an inner diameter of 0.4 nm up to a few nanometers, and 
their outer diameters vary from 2 nm up to 30 nm. The half-fullerene dome-shaped 
molecules close both ends of the tube. SWCNTs’ diameter ranges from 0.4 nm to 3 nm,  
and they have a length of up to micrometers. New hybrid MOs and CNTs are being 
developed by doping CNTs with MO or MO-decorated CNTs, which gives new 
properties, causing an upgradation in the functionalities [50, 51].

11.4 � CNT-BASED GAS SENSORS

The outer surface of CNTs (SWCNTs and MWCNTs) participates in the gas sensing 
process due to electrochemical and adsorption phenomena. CNTs have very high 
adsorption capabilities, and exceptional sensitivity makes them a highly usable sen-
sor material [52]. Types of gas sensors fabrication possible using CNTs include the 
following:

•	 Sorption gas sensor: These are the predominantly fabricated gas sensors. 
Adsorption is the principle of operation in these sensors. The adsorbed 
molecules either transfer or extract electrons from CNTs, which causes a 
change in the electrical properties of the CNTs. This type of sensor utilizes 
pristine as well as functionalized SWCNTs and MWCNTs [53, 54].

•	 Ionization gas sensors: These sensors are designed to detect gas molecules 
with low adsorption energies. The accelerated ions collide with gas mol-
ecules, which determines the gas ionization parameters. The absence of 
gas molecules and sensitive material interaction molecules with low ener-
gies are detected. The disadvantages associated with these sensors are high 
dimensions and an operating voltage ranging from 102–103 V [55].

•	 Capacitance gas sensors: In these types of sensors, CNTs are used as sensi-
tive elements acting as the first plate on the capacitor containing disoriented 
CNTs and silicon as the second plate. The polarization of the adsorbed gas 
molecule occurs when high external voltage is applied to the capacitor. Poor 
performance under humid conditions is a drawback of this sensor [56, 57].

•	 Resonance-frequency-shift gas sensors: Disk resonators with NTs grown 
on the outside surfaces of the discs could be used as sensitive elements in 
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these sensors. The dielectric permeability of the disc containing the NTs 
changes when the CNTs on the resonator are exposed to gases, causing the 
resonance frequency to shift. These sensors have good sensitivity and selec-
tivity due to the differences in frequency shifts generated by different gases 
[58, 59]. Table 11.2 summarizes MO functionalized CNTs for gas sensors.

11.5 � CNT/MO COMPOSITE SYNTHESIS METHODS

CNTs and MO composites are synthesized using two approaches: ex situ and in situ. 
In the ex situ method, CNTs and MO nanomaterials are synthesized separately with 
defined structures and dimensions. The composite is synthesized using a functional 
group or linker that combines the materials by a covalent bond, a hydrogen bond, 
an π–π assembly, weak Van der Waal forces, or electrostatic forces and hydrophobic 
interlinking. Wang et al. synthesized MgO/MWCNTs composite using hydrophilic 
interaction. The pyrolysis method was used to synthesize MWCNTs. The composite 
was prepared by ultrasound waves to create a suspension of MgO and MWCNTs in 
ethanol, the synthesized composite is shown in Figure 11.2a [75]. Zhou et al. synthe-
sized Pt/CNTs using the π–π assembly shown in Figure 11.2b [76].

The in situ synthesis of MO and CNTs is carried out simultaneously in the same 
synthesis system. In this process, CNTs provide support to the MO material to settle 

TABLE 11.2
MO Functionalized CNTs and Their Limit of Detection

Sensing Material Functional Material Analytes Limit of Detection Ref.

SWCNTs – NO2 44 ppb [60]

CNFET – NO2 100 ppm [61]

CNTs film – NO2 and NH3 1ppm = NO2 and 
7ppm = NH3

[62]

MWCNTs SnO2 LPG and ethanol 100 ppm = LPG and 10 
ppm = ethanol

[63]

MWCNTs SnO2 NH3 60 ppm [64]

MWCNTs WO3 NO2, CO, and NH3 500 ppb = NO2, 
10 ppm = CO, 
10 ppm = NH3

[65]

MWCNTs ZnO NO2 10 ppm [66]

MWCNTs Fe2O3 NO2 20 ppm [67]

MWCNT ZnO CO 25 ppm [68]

MWCNTs V2O5 CH4 40 ppm [69]

MWCNTs SnO2–Pt CH4 100 ppm [70]

CNT WO3 nanobricks NH3 30 ppm [71]

SWCNTs Fe2O3 H2S 100 ppm [67]

CNTs CuO–SnO2 H2S 0.1 ppm [72]

MWCNTs α-Fe2O3 C3H6O 50 ppm [73]

CNTs ZnSnO3 C2H5OH 100 ppm [74]
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FIGURE 11.2  (a) Scanning electron microscopy (SEM) of MgO/MWCTs composite, 
Reprinted with permission [75], copyright (2005) Solid State Ionics, Elsevier; (b) SEM image 
of CNTs decorated with Pt NPs, Reprinted with permission [76], copyright (2007) Chemical 
Physics Letters, Elsevier.

FIGURE 11.3  Scanning electron microscopy and high-resolution transmission electron 
microscopy (HRTEM) images of synthesized MWCNTs/MnO2 and MWCNTs/MnO2/Ppy 
composite using an electrochemical method, Reprinted with permission from [85]. Copyright 
(2016) International Journal of Hydrogen Energy.

(a) (b)
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faster with a controlled thickness. The MO material can be amorphous or crystal-
line in the form of NPs, NRs, or nanobeads. Several in situ synthesis processes, such 
as electrochemical [77], chemical reduction and oxidation [78], electrodeposition 
[79], sol-gel process [80], hydrothermal and aerosol techniques [81], and gas-phase 
deposition (thermal evaporation, sputtering, PLD, CVD, ALD) [82–84] are used for 
synthesizing composites and thin films of MO and CNTs. In the coming section, 
wet-chemical synthesis processes are presented.

Mishra and Jain synthesized MWCNTs and MnO2/Ppy composites using electro-
chemical deposition [85]. MWCNTs were ultrasonicated for 30 minutes in deionized 
(DI) water (10 mL) and 0.3 mL of PTSA. MWCNTs were covered by PTSA, which 
stabilizes the nanotubes by static charge repulsion in water. About 50 mL of 3-mM 
manganese acetate solution was prepared and added to the NT solution, and stirred 
for 14 hours. After that, the solution was filtered and washed several times using 
DI water. The resulting MWCNTs/Mn2+ was oxidized in 5mM kMnO4 to obtain 
MWCNT/MnO2. A solution of 0.2 M pyrrole was prepared in 20 mL of DI water, 
and 0.5 mg MWCNT/MnO2 was added and sonicated for 30 minutes. The solution 
was washed and dried at room temperature for 4 hours, resulting in the formation 
of an MWCNT/MnO2/Ppy nanocomposite. Figure 11.3 shows the scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) images of synthe-
sized MWCNT/MnO2/Ppy and MWCNTs/MnO2 composites [85]. Spencer et al. car-
ried out electrodepositing of CNT foam with molybdenum trioxide (MoO3) [86], and 
the freestanding CNTs on the foam acted as working electrodes and were covered 
with MoO3 MO, as shown in Figure 11.4.

FIGURE 11.4  Scanning electron microscopy micrograph of an MoO3/CNTs composite, 
Reprinted with permission from [86]. Copyright (2021) Energy & Fuels, American Chemical 
Society.
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Song et  al. prepared Pt-TiO2/MWCNTs composite using tetrabutyl titanate 
dissolved in ethanol. The solution was mixed with acetic acid to obtain TiO2 sol, 
which was diluted using 5% of ethanol. Finally, MWCNTs were added to a solu-
tion, agitated for 20 min, dried at 80°C, and annealed at 600°C for 2 hours. Pt 
doping was carried out by a reduction of chloroplatinic acid by ethylene glycol. 
Figure 11.5 shows the TiO2/MWCNT supported with Pt particles [87]. Byrappa 
et al. prepared two separate ZnO/CNT and TiO2/CNT composites using a hydro-
thermal method. Precursors of the ZnO/CNTs and TiO2/CNTs were prepared 
and transferred into Teflon-lined autoclaves. The reaction time took 40  hours 
at 150°C and 240°C, respectively. The XRD pattern confirmed the crystalline 
growth of materials [81].

11.6 � FUTURE CHALLENGES

CNTs are one the highly researched materials in gas sensing because of their large 
surface area, hollow interiors, outside sensing walls, and prominently temperature-
dependent resistivity. Furthermore, linking CNTs with MO material enhances sens-
ing parameters like sensitivity, selectivity, low detection limits, and multiple analyte 
detection. TiO2/CNTs are the superior candidates because of their ability to provide 
chemical stability, nonhazardous nature, and photo-oxidation. Also, SnO2, ZrO2, and 
MnO2 have phenomenal characteristics that make them ideal for gas-sensing applica-
tions. An MO/CNT-based gas sensor’s real-time response can be limited by the sur-
rounding humidity. It has positive and negative impacts on the sensor, which depend 
on the analyte concentration and operating temperature. Although CNTs are highly 
sensitive, efforts are required to increase their reproducibility, uniformity, recovery, 
and stability of functional groups and make them defect-free. Also, a low-cost and 
more controlled synthesis and handling system is immensely needed for large-scale 
production of CNTs.

FIGURE 11.5  Transmission electron microscopy images of TiO2/MWCNTs supported 
by Pt NPs, Reprinted with permission from [87]. Copyright (2021) Electrochemistry 
Communications, Elsevier.
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11.7 � SUMMARY

CNTs and MO composite-based nanosensors have seen tremendous progress due to 
their unique morphological and electrical properties. These composites are adopted 
for sensor fabrication to detect toxic and explosive gases. In this chapter, various 
aspects of sensing mechanisms and materials for nanosensors were summarized. 
The synthesis methodology of MO/CNTs composites and their functionaliza-
tion were presented. The behavior of MOs/CNTs highly depends on the synthesis 
method, functionalization, and coating quality of the MO.

LIST OF ABBREVIATIONS IN THIS CHAPTER

ALD	 atomic layer deposition
CNTs	 carbon nanotubes
MOs	 metal oxides
MOS	 metal oxide semiconductor
MWCNTs	 multiwalled carbon nanotubes
NFs	 nanofibers
NPs	 nanoparticles
NRs	 nanorods
NTs	 nanotubes
NWs	 nanowires
PLD	 pulsed laser deposition
PTSA	 p-toluene sulfonic acid
SWCNTs	 single-walled carbon nanotubes
XRD	 X-ray diffraction
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12 Metal Oxide–
Based Carbon 
Nanocomposites for 
Pollutant Nanosensing

Krishna Kumari Swain, Rodrigo A. Abarza 
Munoz, Sapna Sudan, Bijay Kumar 
Behera, and Rayees Ahmad Zargar

12.1 � INTRODUCTION

Population growth and aging, as well as the growing industries in the agrochemical, 
chemical, cosmetic, and pharmaceutical fields, led to the synthesis and increased 
manufacturing of several chemicals. These chemicals are now consumed and 
discarded on a daily basis by millions of people all over the world as shown in 
Figure 12.1. The presence of emerging contaminants, such as pharmaceuticals and 
personal care products, endocrine-disrupting compounds, heavy metals, flame retar-
dants, pesticides, and artificial sweeteners in soil, aquatic environments, sediments, 
and atmosphere, poses a significant threat to the environment and human health [1]. 
As a result, there has been a higher demand for real-time management and monitor-
ing of all aspects of our environment’s health and safety.
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There are numerous conventional analytical techniques reported for the analysis 
of contaminants in the environment such as atomic absorption spectrometry (AAS), 
inductively coupled plasma mass spectroscopy (ICP-MS), inductively coupled 
plasma optical emission spectroscopy (ICP-OES), cold vapor atomic fluorescence 
spectrometry (CV-AFS), reverse-phase high-performance liquid chromatography 
(RP-HPLC), and electrothermal vaporization-inductively coupled plasma mass 
spectrometry (ETV-ICP-MS) [2–7]. Despite providing highly precise, sensitive, 
stable, and accurate results, these instrumental approaches require expensive and 
heavy instrumentation, need specially trained operators, and tedious and compli-
cated sample preparation and are not suited for on-site analysis. They also utilize a 
large volume of samples for analysis. Hence, there is a critical need for the design 
and development of a low-cost, simple, high-throughput, yet sensitive method for 
monitoring contaminants and pollutants in the environment, particularly for human 
beings.

Nanotechnology is one of the most important technologies in the 21st century. 
Nanotechnology is being widely used in a variety of sectors, including biological 
and chemical analysis. Nanomaterials, owing to their nanometer size, increase in 
the surface/volume ratio with decreasing size, and spatial confinement effects, make 
a remarkable difference in their physicochemical properties from their bulk-sized 
counterparts [8]. Nanomaterial-enabled sensors are an exciting technology that 
can detect environmental contaminants at nanomolar to sub-picomolar levels. The 
potential for simple, in-field contaminant detection without the need for expensive 
lab equipment has piqued interest in these sensors.

FIGURE 12.1  Schematic representation of environmental pollutants leaching into the 
environment.



275Metal Oxide–Based Carbon NPs for Pollutant Nanosensing

Among all nanomaterials, carbon nanotubes (CNTs) have emerged as promis-
ing candidates because of their unique features. Different CNTs like multiwalled 
carbon nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTs) have 
become some of the most attractive nanomaterials in the nanotechnology revolu-
tion. CNTs possess exceptional catalytic properties like high electron transfer capac-
ity, high interfacial adsorption properties, and thermal conductivity. In addition to 
that, the special biocompatibility nature and enhanced electrocatalytic activity make 
CNTs better electrochemical sensors for the sensing of analytes. Moreover, due 
to their large surface area, CNTs act as a better support for binding nanoparticles. 
Nanoparticle-decorated CNTs are significantly used for different applications like 
electromagnetic wave–absorbing processes, the development of highly sensitive 
and selective sensors, electrochemical energy storage devices, and water oxidation 
processes. In particular, metal oxide nanoparticle (MON)–decorated CNTs (MONP-
CNTs) have been highlighted because of their conjoining properties, such as optical, 
thermal, electrical, and magnetic properties; surface-enhanced Raman scattering; 
plasmonic resonance energy transfer; and magneto-optical effect, which improves 
the performance of sensors for detection of analytes in environmental matrices. In 
addition to that, the surface of MONP-CNTs provide suitable and enough space for 
the immobilization of a large number of biomolecules for the development of biosen-
sor. Therefore, recently researchers across the world have been showing great inter-
est in the production, characterization, and application of MONP-CNTs sensors for 
the sensing of gas, environmental contaminants, and clinical diagnostics.

Due to these extraordinary features, nanomaterials have been one of the most 
popular alternatives for meeting the desired requirements for the building of excep-
tionally sensitive sensors.

12.2 � CARBON NANOTUBES

Out of all the materialistic perspectives, carbon nanostructured materials such as 
carbon nanotubes (CNTs) have piqued researchers’ interest as an exciting platform 
for contamination and pollutant analysis. Because of their unique biocompatibility, 
CNTs can be used as carriers in various research fields. The chemical and electrical 
properties and high scalability of CNTs make them as excellent electrocatalysts. Due 
to their infinite functionalization and possibilities with an array of inorganic nano-
materials and biomolecules, CNTs have captivated particular interest in biomedical 
science [9].

In 1991, the first CNT was invented by S. Injima in Japan. One of the fascinating 
things about nanotubes is their unique physiochemical properties and shape. CNTs 
are elongated cylindrical structures made up of one or more hexagonal graphite 
planes rolled in tubes with diameters ranging from 1to several dozens of nanometers 
and lengths ranging from 1to several microns. Their surface is made up of hexagonal 
carbon cycles in a regular pattern called hexagons. CNTs are carbonaceous mate-
rial and have unique characteristics such as crystal lattice, allowing modification 
of the cell parameters and electrochemical properties that control the bandgap by 
altering their surface properties, conductivity, and chemical reactivity, which made 
them highly potent to be used as sensing elements [10]. CNTs are one of the most 
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promising heterogeneous photocatalytic possibilities for organic compound degra-
dation, heavy metal reduction, and selective oxidative reactions. Depending on the 
synthesis circumstances of CNTs, one- or multilayered tubulenes with open or closed 
terminations may arise. Tubulenes are commonly described as having endless cylin-
der surfaces that accommodate carbon atoms integrated into a single network with 
hexagonal cells (sp2 network). CNTs can be used either as single-walled (SWCNT), 
multiwalled (MWCNT), or functionalized nano constructs. Based on their geometry, 
CNTs are subdivided into two categories, that is, achiral and chiral. Chiral tubulenes 
in particular exhibit a screw symmetry, whereas achiral tubulenes have a cylindrical 
symmetry [11].

12.3 � SYNTHESIS OF CNTS

CNTs have transformed the state-of-the-art into nanotechnology due to their excep-
tional mechanical, electrical, thermal, optical, and chemical capabilities. There are 
three types of CNTs, that is, SWNTs, MWNTs, and surface-functionalized CNTs. 
There are a variety of ways to make CNTs, but following the three are the most criti-
cal and widely utilized.

12.3.1 �C hemical Vapor Deposition Method

It is critical to note that high-quality, high-purity CNTs necessitate very reliable syn-
thesis procedures. What we require is an understanding of the influencing elements 
and control conditions of specialized carbon nanotube synthesis. The chemical vapor 
deposition (CVD) process involves breaking a carbon atom–containing gas that is con-
tinuously flowing past the catalyst nanoparticle to form carbon atoms, which are sub-
sequently deposited as CNTs on the catalyst’s or substrate’s surface. CVD is distinct 
from the other CNT production techniques. The CVD approach to producing CNTs 
offers the benefits of a large yield of nanotubes and a reduced temperature require-
ment (550–1000°C), making it both cheaper and more accessible for lab use. The CVD 
process also enables control over the shape and structure of the CNTs generated, as 
well as the development of aligned nanotubes in a specified direction. The preparation 
of MWCNTs is now well developed, and industrial manufacturing has been achieved 
using CVD. SWCNTs are still relatively expensive to produce, and macroscopic arrays 
of variously oriented SWCNTs have yet to be accomplished. The nanotubes created 
by the CVD process, however, are more structurally faulty than those formed by laser 
evaporation or arc discharge. Arc discharge and laser vaporization are both operated 
under high temperatures (above 3000 K) with a short span of reaction time (micro- to 
milliseconds), whereas catalytic CVD can be operated under intermediate tempera-
tures (700–1473 K) with a lengthy time (minutes to hours) [12, 13].

12.3.2 �E lectric Arc Discharge Method

Various synthesis techniques have been developed and used during the last few 
years in an effort to produce high-quality CNTs in bulk. Arc discharge is one of 
the oldest and most effective methods for making high-quality CNTs. Despite the 
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fact that this synthesis approach has been studied for a long time, the nanotube 
growth mechanism is still unknown, and the growth conditions have nothing to 
do with the final result [14]. A voltage of 20–25 V is supplied across pure graphite 
electrodes maintained by 1millimeter and kept at 500 torr pressure of circulating 
helium gas within the quartz chamber in this approach. An electric arc is created 
when the electrodes are made to hit each other under these conditions. The arc’s 
energy is transmitted to the anode, which ionizes the carbon atoms in the anode’s 
pure graphite and creates C+ ions, forming plasma (plasma is atoms or molecules 
in a vapor state at high temperature). The length of the anode reduces as the CNTs 
grow longer, but the electrodes are adjusted to maintain a 1-millimeter gap between 
the two electrodes. If the electrodes are properly cooled, a homogeneous deposition 
of CNTs is generated on the cathode, which is done by using an inert gas at the right 
pressure. MWCNTs are produced using this approach, while SWCNTs are created 
using catalyst nanoparticles of iron, cobalt, and nickel that are kept inside the center 
of the positive electrode. Furthermore, these obtained CNTs are refined to get pure 
CNTs [15].

12.3.3 �L aser Ablation Method

The laser ablation technique (LA) involves the physical vapor deposition process in 
which a laser source is used to vaporize a graphite target. The LA procedure consists 
of graphite (as a target) being put in the center of a chamber (made of quartz), filled 
with argon gas, and kept at 1200°C. A continuous laser source, like a CO2 laser, 
and a pulsed laser source, like a Nd-doped yttrium aluminum garnet laser, can be 
used to vaporize the target material into target vapor atoms. The flow of argon gas 
sweeps the evaporated target atoms (carbon) toward the cooled copper collector. On 
a cooled copper collector, carbon atoms are deposited and grown as CNTs. This 
approach produces MWCNTs, while catalyst nanoparticles of Fe, Co, and Ni are 
utilized to produce SWCNTs. Thereafter, the pure CNTs are acquired by refining 
the obtained CNTs. Also, there is another technique called pulsed laser ablation 
in liquid (PLAL) is an appealing and promising approach that has several benefits 
over other techniques, including simplicity, low cost, no requirement for a catalyst, 
no vacuum, high-purity product, and good control over product size and shape. The 
PLAL nanomaterial characteristics are highly influenced by laser parameters such as 
laser fluence, pulse width, repetition rate, and wavelength. PLAL nanoparticles have 
been employed in a variety of applications, including gas photocatalysts, antibacte-
rial agents, and optoelectronic devices [16, 17].

12.4 � FUNCTIONALIZATION OF CNTS

CNTs, which are one-dimensional allotropes of carbon, have piqued researchers’ 
attention since their discovery in 1991, owing to their huge aspect ratio, low mass 
density, and unique chemical, physical, and electrical characteristics that provide 
fascinating nanoscale applications. However, while working with this type of nano-
material, two key difficulties should be considered: their strong agglomerating pro-
pensity, since they are generally present as bundles or ropes of nanotubes, and the 
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metallic impurities and carbonaceous pieces that come with them. The uniform 
dispersion of CNTs and the creation of a strong chemical contact with the poly-
meric matrix are required for their effective use in a wide range of applications, 
particularly in the field of polymer composites [18]. The chemical modification and 
solubilization of CNTs area new frontier in nanotube-based materials research. 
Direct attachment of functional groups to the graphitic surface and the usage of 
nanotube-bound carboxylic acids are the two broad types of these processes. For 
SWCNTs and MWCNTs, several research groups have reported various effective 
functionalization processes such as metal oxide nanoparticle decoration on the sur-
face of CNTs [19].

Because CNTs’ surfaces are inert, they require a chemical treatment to make them 
more active in chemical reactions. From the literature survey, it has been reported 
that there are numerous chemical techniques for attaching gold nanoparticles (NPs) 
onto MWCNTs in AuNPs chemically linked CNTs nanocomposites [20]. Ultraviolet 
(UV) irradiation was used by Zhang et  al. to generate AuNPs on the surface of 
MWCNTs, resulting in Au-CTN nanocomposites. Other functionalization proce-
dures have been effectively exploited for this purpose, such as the two-step synthesis 
of gold/iron-oxide magnetic NP–decorated CNTs (Au/MNP-CNTs). AuNPs have 
also been self-assembled using oxidized CNTs covered with poly-(diallyl dimethyl 
ammonium) chloride [21].

Mustafa K A Mohammed et al. reported that the surface of SWCNTs and MWCNTs 
are modified with sulfuric acid and nitric acid (3:1 v/v) by chemical precipitation 
treatment. The process was used to adorn SWCNTs and MWCNTs with Ag-doped 
ZnO and Au-doped ZnO nanoparticles. Because of the mutual effect between the 
large surface area and powerful adsorption property of CNTs (SWCNTs, MWCNTs) 
and the high bactericidal and catalytic activities of metal/ZnO nanoparticles, the 
synergistic effect of metal/ZnO NPs and CNTs (SWCNTs, MWCNTs) has shown a 
high potential for biomedicine applications [22].

A highly sensitive laser-assisted electrochemical sensor for the detection of haz-
ardous pollutant 4-NP was first developed by Kuang-Yow Lian et al. The technique 
uses the ZnO NPs@fMWCNTs nanocomposite for sensing the analyte. The syn-
thesis of nanocomposites was done from three-dimensional flower-like ZnO NPs 
by the ultra-sonication method [23]. Another study by N. L. Mary et  al. reported 
an enhanced electrochemical sensor based on acid-modified CNTs decorated with 
ZnO NPs. The synthesis was assisted by a microwave technique. A high value was 
achieved for CNT-COOH/ZnO shows a super-specific capacitance for the electro-
chemical sensor [24].

12.5 � METAL OXIDE–DECORATED CNT GAS/HUMIDITY SENSORS

The unique features of CNTs have also been used to construct gas sensors with 
various transduction principles, such as changes in electrical properties, changes in 
mass, or changes in optical properties, among others. When exposed to the target 
gas or humidity analytes, the electrical characteristics of CNTs change substan-
tially. Outside of the CNTs, a rich-electron conjugation forms, making them elec-
trochemically active and susceptible to charge transfer and chemical doping effects 
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by diverse compounds. When the groups like NO2 or O2 (electron-withdrawing) or 
NH3 (electron-donating) interact with CNTs, which is basically a p-type semicon-
ductor, then the density of holes in the nanotube, as well as conductivity, changes. 
SWCNTs have a low adsorption rate as well as low affinity and a long recovery 
time. As a result, they can’t be employed as the foundation for a gas sensor. These 
drawbacks can be overcome by the surface modification (or decorations) of CNTs 
by some functionalizing materials like metal oxide NPs. Metal oxide nanoclusters 
or nanoparticles can also be used to adorn the sidewalls of CNTs as shown in Figure 
12.2. Owing to their high catalytic activity, efficient charge transfer properties, and 
advanced physicochemical features, such as adsorption capacity and metal oxide 
nanoclusters, they exhibit a wide variety of reaction when comes in contact with 
various gases [25].

The first semiconductor metal oxide gas sensor was developed in 1962, which is 
widely utilized for gas detection. Metal oxides and CNTs have lately been employed 
as materials for semiconductor gas sensors, lithium-ion batteries, and catalysts. 
Gas sensors can be made from a variety of materials such as SnO2-decorated 
CNTs, TiO2-decorated CNTs, Fe2O3-decorated CNTs, WO3-decorated CNTs, and 
Co3O4-decorated CNT composites. SnO2-decorated CNTs can sense NO2, NH3, 
and xylene gases at 220°C. In 2010, R. Leghrib et al. reported the sensing of NO2 
in the ppb range using SnO2-decorated CNTs. The MWCNT-SnO2 nanoclusters 
were prepared by the precipitation method wherebyaSnO2 colloidal suspension was 
dispersed in the presence of CNTs in a water-free acetic acid [27]. Similarly Lee 
H. et al. have reported tin oxide–modified CNT gas sensor system for the detec-
tion of NH3 gas [28]. MWCNTs decorated with iridium oxide nanoparticles for 

FIGURE 12.2  Schematic diagram of iron oxide/gold nanoparticle–decorated CNT for humid-
ity sensing. (Reprinted with permission from Jaewook Lee, Suresh Mulmi, Venkataraman 
Thangadurai, et al. [26] copyright 2015 American Chemical Society.)
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the analysis of NH3 and NO2 gas were reported by J.C-Cháfer et al. [29]. Another 
group, Jaewook Lee et al., have reported on a mixed metal oxide–decorated CNT 
(i.e., magnetically aligned Fe2O3/Au-decorated CNT)–based humidity sensor 
[30]. Acetone gas sensing was reported by S. J. Young et al., who used MWCNT-
decorated silver nanoparticles [31]. M. S. Choi et al. have reported and discussed 
dual sensitization gas sensors for selective detection of H2S and C2H5OH gas using 
ZnO/CuO-decorated MWCNTs at working temperatures of 100°C and 200°C,  
respectively [32]. In a similar way, Jung and Lee’s group demonstrated a humid-
ity sensor using MnO2-coated CNT yarn. The result shows that the MnO2-coated 
sensor gave better sensitivity than the uncoated sensor [33]. Yong Jung Kwon and 
co-workers have reported that the decoration of ZnO nanoparticle on MWCNTs 
greatly enhance the gas sensing properties as compared to bare MWCNTs [34]. 
A toluene gas sensor based on TiO2-decorated 3D-grapheneCNTs was reported by 
Yotsarayuth Seekaew and co-workers. They suggested that the decoration of TiO2 
on CNTs greatly enhances the sensing of toluene more than 7 times more than the 
bare CNTs [35]. George Chimowa and co-workers have reported that vanadium 
oxide–decorated MWCNTs improve methane gas sensing from 0.5% to 1.5% at 
room temperature. The group said that the enhanced response is due to the result 
of the encapsulated metal oxide in unfilled CNTs, which increases the density of 
states around the Fermi level of the composite material [36]. In the similar way, 
a hybrid of metal oxide (SnO2/CuO)–decorated graphene was used by Dongzhi 
Zhang and co-workers for the sensing a formaldehyde and NH3gas mixture [37]. 
From the previously reported literature, it can be concluded that the metal oxide–
decorated CNTs show a better performance for gas sensing as compared to bare 
CNTs. A summary of various metal oxide–decorated CNTs for gas and humidity 
sensing is reported in Table 12.1.

TABLE 12.1
A Summary of Various Metal Oxide–Decorated CNTs for Gas and Humidity 
Sensing

Metal Oxide–Decorated CNTs Analyte Limit of Detection (LOD) Ref.

IrOx NO2, NH3 1 ppb [38]

Ag np Acetone 50 ppm [39]

ZnO NO2 1 ppm [40]

TiO2 Toluene gas 50–500 ppm [41]

TiO2 NO2 and O2 5 ppm [42]

Pt nanoparticle Toluene 1 and 5 ppm [43]

SnO2 Ethanol, methanol, and H2S 30, 30, and 9 ppm [44]

SnO2 and WO3 NO2, NH3, acetone, and EtOH 200 ppb, 8 ppb [45]

Cu np H2S 5 ppm [46]

WO3 NPs NO2 1 ppm [47]

Au and TiO2 np NO2 1 ppm [48]

Fe2O3 H2S 20 ppm [49]
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12.6 � METAL OXIDE–DECORATED CNT-BASED BIO-
AND ELECTROCHEMICAL SENSORS

In recent years, screening of a variety of hazardous elements and compounds utilizing 
chemical/biosensing techniques has sparked a lot of attention. Biosensors are capable 
of replacing these traditional approaches and overcoming these constraints since they 
allow real-time analysis with minimal or no sample preprocessing shown in Figure 
12.3. A biosensor is a combination of the physical and chemical sensing technique. 
According to the International Union of Pure and Applied Chemistry (IUPAC) 
Gold Book (Compendium of Chemical Terminology, 2nd edition), “[a]biosensor  
is a device that uses specific biochemical reactions mediated by isolated enzymes, 
immuno systems, tissues, organelles or whole cells to detect chemical compounds 
usually by electrical, thermal or optical signals.” The transducer transformed the 
biochemical signal into a measurable electronic signal, which is directly or indirectly 
to the concentration of a group of analytes or a specific single analyte present in the 
matrix.

Due to the characteristics of high speed as well as high sensitivity, excellent 
specificity, and real-time remote monitoring capability in a biosensor device, it is 
developing as one of the most significant diagnostic techniques for food, clinical, 
and environmental monitoring. The most common types of transducers are elec-
trochemical, bioluminescent, piezoelectric, calorimetric, and optical transducers. 
Biosensors use biomolecules for signal generation, whereas electrochemical sensors 
generate signals using an electric field around the biomolecule. Electrochemical 
sensors are further subdivided into potentiometric, amperometric, and impedance 
sensors. In order to improve sensor performance, the surface of the transducer can 
be changed using a variety of functional materials. Among these functional materi-
als, nanomaterial-based techniques are practically convenient and sensitive analyz-
ers that sense chemical and biological agents. There are numerous reports devoted 
to the functionalization of nanomaterials on the surface of CNTs for developing 
electrochemical and biochemical sensors. Ghazala Ashraf et  al. reported the in 
vitro electrochemical detection of serotonin in biological matrices by using Cu2O 
decorated with Pt on the surface of CNTs [50]. Using the CNT-Cu2O-CuO@Pt 
nanostructure-modified electrode, a lower detection limit of 3 nM was reported for 
serotonin. S. S. Jyothirmayee Aravind and S. Ramaprabhu have reported SnO2 and 

FIGURE 12.3  Schematic representation of biosensors.
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ZnO nanoparticle–decorated MWCNTs for the sensing of dopamine. The synthesis 
of MWCNTs and the surface modification of MWCNTs were carried out by using a 
chemical deposition method and a chemical treatment method. The sensor showed 
a best limit of detection of 1 µM of dopamine using the cyclic voltammetry (CV) 
technique [51].

In 2012, Zhiyu Yang and co-workers developed a CuO nanoleaf–decorated 
MWCNTs for the detection of glucose. The hybrid nanocomposites were prepared by 
a simple chemical precipitation method. The amperometric signal of CuO nanoleaf–
decorated MWCNT electrode showed high sensitivity with an excellent detection 
limit of 5.7 µM of glucose compared to other nonenzymaticglucose-sensing tech-
niques. These excellent enhanced properties of CuO nanoleaf–decorated MWCNT 
sensors may be due to the unique structure and large surface area of the CuO nanole-
aves present on the CNT surface [52]. Jingjing Li et al. fabricated a glucose biosensor 
by using Pt nanoparticle–decorated FeyOx-MWCNT composite. The formation of 
Pt@ FeyOx/MWCNT hybrid composites was done by the electrodeposition method 
of Pt on anFeyOx-MWCNT-modified glassy carbon electrode (GCE). The suggested 
biosensor showed a high electrocatalytic activity and a superior glucose response per-
formance. The Pt@ FeyOx/MWCNTs gave a response with a detection limit of 2.0 × 
10−6 M of glucose [53]. Jaewook Lee and co-workers produced a multifunctional Au/
iron-oxide-decorated CNT hybrid material for detecting virus DNA. The developed 
sensor detects a different category of virus DNA, such as influenza and norovirus 
with a detection limit of 8.4 and 8.8 pM. The detection potential of Au/MNP-CNT-
based DNA sensing system was outstanding [54]. In 2021, Nandini Nataraj et  al. 
developed a highly sensitive electrochemical sensor based on Ni-ZrO2 nanoparticle–
decorated MWCNT nanocomposite for the determination of 5-amino salicylic acid 
(anti-inflammatory drug). A simple coprecipitation method was involved to produce 
Ni-ZrO2 nanoparticles, which further were deposited onto the surface of MWCNTs 
via an ultrasonication technique. The developed sensor Ni-ZrO2@MWCNTs not 
only improves catalytic capabilities, but it also increases surface area, electrical con-
ductivity, and the electron transfer process significantly. Using CV and differential 
pulse voltammetry (DPV), the electrochemical activity of the produced Ni-ZrO2@
MWCNT was comprehensively examined and found to have a lower detection limit 
of 0.0029 μM of 5-amino salicylic acid. Furthermore, in the presence of several 
interfering species, the biosensor displayed outstanding repeatability, reproducibil-
ity, stability, and high specificity for 5-ASA detection [55]. Hassan Karimi-Maleh 
et al. in 2021 reported on a guanine-based DNA biosensor for the detection of dau-
norubicin (an anticancer drug). The experiment is investigated by a electrochemical 
technique whereby ds-DNA was fabricated on GCE amplified with Pt/SWCNT com-
posites. The synthesis of Pt/SWCNT composites was performed by using a polyol 
method. The sensing result of sensor ds-DNA/Pt/SWCNT showed that the sensor 
has a high surface area, high conductivity, and high oxidation signal as compared to 
the other guanine-based DNA sensor and a favorable shift after interacting with the 
anticancer medication daunorubicin. A lower detection limit of 1.0 nM for determin-
ing daunorubicin was obtained for a ds-DNA/Pt/SWCNT sensor [56]. A summary 
of various metal oxide–decorated CNT-based bio- and electrochemical sensors is 
reported in Table 12.2.
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TABLE 12.2
A Summary of Reported Various Metal Oxide–Decorated CNT-Based 
Bio-and Electrochemical Sensors

Receptor Response Signal Analyte LOD Ref.

Ferrocene-Au@ CNTs Electrochemical Serotonin 17 nM [57]

Ferrocene-grated CNTs Electrochemical H2O2 0.49 μM [58]

PQQ-decorated CNTs Electrochemical Tris(2-carboxyethyl)
phosphine

5 pg ml−1 [59]

Pt-MWCNTs nanocomposite Electrochemical Cell-secreted dopamine 2 nM [60]

Nd2O3-SiO2-decorated 
carboxylated SWCNTs

Electrochemical L-DOPA 0.70μmol L−1 [61]

SWCNT-mesoporous silicon 
nanocomposite

Electrochemical Glucose 9.6 µM [62]

3DAu@Pt-decorated GO/
MWCNT composite

Electrochemical Glucose 4.2 × 10−8 M [63]

Au/ZnO/MWCNTs Electrochemical Cholesterol 0.1 μM [64]

Ti3C2/graphitized-MWCNT/
ZnO nanocomposites

Electrochemical Dopamine 3.3 nM [65]

Lac/Fe3O4/MWCNTs Electrochemical Guaiacol 34.3 nM [66]

CTAB-functionalized 
ZnO-decorated CNTs on silver 
films

Electrochemical Catechol 0.1 μM [67]

Peptide-decorated Au np/CNT Electrochemical Matrix 
metalloproteinase-7

6 pg mL−1 [68]

CdO-decorated CNT Electrochemical Glutathione 30.0 pM [69]

ZnO-decorated CNT Electrochemical Glucose 5 μM [70]

rGO/MWCNT-decorated with 
Fe3O4 np

Electrochemical Hydrazine 0.75 μM [71]

Cu-BTA@ MWCNTs Electrochemical H2O2 2.21 × 10–7 M [72]

Co3O4-rGO/CNTs Electrochemical Nitrite 0.016 μM [73]

AuNPs/MWCILE Impedimetric 
immunosensor

HER2 7.4 ng mL−1 [74]

NiO·CNT NCs Electrochemical 4-aminophenol 15.0± 0.1 pM [75]

Cr2O3-CNT NC Electrochemical 4-methoxyphenol 0.06428 ± 0.0002 
nM

[76]

* � rGO—reduced graphene oxide, Lac—laccase, Np—nanoparticle, Au—gold, Cu-BTA—copper 
(II)/1Hbenzotriazole, CdO—cadmium oxide, Nd2O3—neodymium oxide, HER2—human epidermal 
growth factor receptor 2, AuNP/MWCILE—gold nanoparticle–decorated multiwall carbon nanotube–
ionic liquid electrode, NiO·CNT NCs—nickel oxide nanoparticle–decorated carbon nanotube nano-
composites, Cr2O3–CNT NC—chromium (III) oxide nanomaterial–decorated carbon nanotubes.
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For a variety of heavy metals, nano-enabled sensors have been successfully 
developed, and we look at mercury, lead, cadmium, and chromium detection in this 
section. To detect these environmental contaminants, a variety of transducers and 
nanoparticles are used, all with the goal of developing sensitive and selective sen-
sors. Lead (Pb) is a heavy metal contaminant that has been linked to an increased 
risk of cancer as well as subtle cognitive and neurological deficits. For sensitive 
Pb(II) detection, both labeled and label-free nanosensors have been reported. The 
recognition element 8–17 DNA zyme, a catalytic nucleic acid, as well as a class of 
oligonucleotides that form G-quadruplexes in the presence of lead, has been used for 
label-based detection. Although there is less research on nano-enabled sensors for 
cadmium (Cd) detection than for mercury and lead, detection limits on the order of 
nanomolar have been made. Quantum dot (QD) SWCNTs and antimony nanopar-
ticles are just a few of the nanomaterials that have been studied.

12.7 � CONCLUSION AND OUTLOOK

Nanosensor development for environmental contaminants is accelerating, and nano-
materials and recognition agents are being combined in novel and creative ways, 
as described throughout this review. Sensor design advances in recent years have 
aimed to address issues like nonspecific binding, particle size variation, nanopar-
ticle aggregation, and nanoparticle stability that plagued first-generation sensors. 
Because of their unique properties and structure to hold the metal oxide nanopar-
ticle within, CNTs can be utilized as active elements of sensors to detect a variety 
of molecules, including gases and organic chemicals. Because of their high electric 
catalytic activity and quick electron transfer, as well as the exceptional stability 
of nanotube complexes with redox polymers, CNTs can be used as electrochemi-
cal biosensors. The addition of functional groups to the surface of CNTs, such as 
metal oxides dramatically increase the selectivity of the sensor’s detector. Metal 
oxide–decorated CNTs for gas, bio- and electrochemical sensors are still a long way 
off, and substantial advancements is still required. The fabrication of metal oxide 
nanoparticles on the surface of CNTs is one of the most challenging problems, and 
additional research is needed to create cost-effective, scalable production processes 
that preserve the materials’ fundamental features. Evidence that the biopersistence 
and pro-inflammatory action of metal oxide–coated CNTs in vivo are hindering the 
progress of application is another major challenge. If individuals are to be empow-
ered to analyze their environment, field deployable sensors must be robust. As a 
result, more research is needed to learn as well as create awareness about how to 
safely handle, operate, and recycle metal oxide–decorated CNTs in gas, bio-, and 
chemical sensors.
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