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Chapter 1
Principles and Potentials
of Nanobiotechnology

Jai Prakash Narain Rai and Shweta Saraswat

Abstract Due to rapid industrialization and uncontrolled urbanization worldwide,
the wastewater pollution is overwhelming. The development of advanced eco-
friendly technologies is therefore required for the treatment of wastewater and its
reuse. In this context, application of nano-based technologies offers an excellent and
multifunctional process for wastewater treatment and its purification. Nanobiotech-
nology (NBT) has great potential in waste treatment by eliminating the contaminants
and pathogens either through being as stand-alone treating agents or by embedding
into biological membranes and combined with the traditional treatment techniques.
Owing to have unique optical, electrical, and magnetic characteristics, the nanoparti-
cles (NPs) in conjunctionwith biomolecules of living cells canbeused for the polluted
water treatment. Its principles and characteristics could be utilized in biological
processes to develop innovative products and techniques such as nanomembranes,
nanofilters, nanobiosensors, nanofluids, and nanoproteomics. NBT has been touted
as having the capacity to address issues such as water purification, food quality,
bioremediation of contaminated sites, nano-fertilizer application, degradation, and
scavenging of inorganic/organic/biological contaminants, antimicrobial agents, and
other biodiversity-related problems. NBT offers additional advantages in the field of
biomedical sciences, personal andhealthcare products, foodquality sensors andpack-
aging, textiles products such as medical, anti-satin, and UV blocking textiles, besides
energy production through photocatalysis and fuel additive catalysts. Various types
of nanoparticles are also being utilized in biomedicines, solar cells, dyes,membranes,
and automobile parts. Owing to have a vast sphere of applications, the current chapter
presents a summary of the principles and vast potentials of nanobiotechnology in
detail.

J. P. N. Rai (B) · S. Saraswat
Department of Environmental Sciences, G. B. Pant University of Agriculture and Technology,
Pantnagar, Uttarakhand 263145, India
e-mail: jamesraionline@gmail.com
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1.1 Nanotechnology: An Invisible Science

Nanotechnology (NT) has now been evolved as a cutting-edge technology having
interdisciplinary relations with engineering, physics, chemistry, material science,
and biology. The term “nano” comes from the Latin word “nanus”, which means
“dwarf”. Nanotechnology refers to objects that are one billionth the size of a human
hair, or about the breadth of six carbon atoms or ten water molecules. Atoms are
smaller than 1 nm, but many compounds, including proteins, are 1 nm or larger.
The basic concept of nanotechnology was formulated in the mid-twentieth century.
Richard Feynman, an American physicist, regarded as the father of nanotechnology
explained that how things behave at small scale (Feynman 1960). He also explained
different techniques that make it possible to transform single atoms from one form
to another minute form. Professor Norio Taniguchi of Tokyo Science University
described “nanotechnology” as a branch of science concerned with altering matter at
the atomic or molecular level. He opined that the nanotechnology is concerned with
the separation, consolidation, and form alteration of materials by a single atom or
molecule. Further, National Nanotechnology Initiative (NNI) regarded it as research
and development in the sub-100 nm range at atom, molecule, and macromolecule
levels to build structures, devices, and systems with novel functional features. The
International Organization for Standardization (ISO) established the inaugural Tech-
nical Committee 229 Nanotechnologies (TC 229) in 2005 to focus on the study and
management of matter and processes at the nanoscale, often but not solely below
100 nm in one or more dimensions. ISO/TC 229 was also able to use nanoscale
materials’ properties, which happen to be other than individual atoms, molecules,
and bulk matters.

In general, nanotechnology offers innovative materials with highly enhanced
quantum, catalytic, optical, antimicrobial, electrical, and absorptive properties by
controlling the morphology, size, and chemical structure of materials (Alvarez et al.
2018). Nanoparticles have various physical and chemical properties than larger-
scale matter. At nanometric size, the quantum effect becomes dominant by reaching
100 nm or less. Subsequently, various physical (mechanical, electrical, optical, etc.)
properties alter while moving from macro- to microsystems (Thomas et al. 2015).
For instance, gold is normally solid, but it becomes liquid at the nanoscale at room
temperature. Furthermore, on the nanoscale, matter properties change relative to
particle size. The relative surface area of a particle increases as it gets smaller, as
do the electrical surface charges. Properties such as electrical conductivity, magnetic
permeability, chemical reactivity, fluorescence, and melting point change due to
varied particle size as it is reduced to the nanoscale. The unique features of nanopar-
ticles allowmulti-dimensional applications in colourful fields due to quantum effects
and huge surface area. Investigations at the nanoscale allow researchers to harness
the benefit of the extraordinary physical, mechanical, chemical, and optical features
of nanoparticles (NPs) which occur naturally. Furthermore, because most biological
activities take place at the nanoscale, scientists have configurations and templates to
work with.
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1.2 Classification of Nanoparticles

Nanomaterials (NMs) are categorized according to origin (natural or man-made),
chemical nature (organic and inorganic), production (atmospheric, geogenic,
biogenic, and anthropogenic), dimensions and features, and research and industrial
applications.

1.2.1 Based on Origin

1.2.1.1 Natural Nanoparticles

Natural nanoparticles (NNPs) are ubiquitous and occur naturally in all components
of environment (i.e. atmosphere, lithosphere, hydrosphere, and biosphere), due to
volcanic activity, production of cosmic dust, sea sprays, radioactive decay of radon
gas, (bio)chemical weathering ofminerals, biologicalmineralization, and fragmenta-
tion (Fig. 1.1). NNPs are produced spontaneously in various environmental compart-
ments by a variety of physical, mechanical, thermal, photochemical, chemical, and
biological processes undergoing alone or in combination (Hochella et al. 2019).
NNPs, e.g. humic acids, fulvic acids, minerals (e.g. Au, Ag), oxides and oxyhy-
droxides of iron, manganese, and aluminium and aluminosilicates (e.g. FeS2, Fe2O3,
SiO2, Al2O3, MnO2, etc.), are generated from weathering processes. The organic
materials, e.g. peptidoglycans, carbohydrates, polysaccharides, enzymes, and similar

Fig. 1.1 Naturally occurring nanoparticles. Source Hochella et al. (2012)
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biomolecules present in natural waters, are also natural nanoparticles. Moreover,
viruses, nucleic acids, proteins (bovine serum albumin, insulin), lipid, carbohydrates,
blood, lymph, wax crystals over lotus or nasturtium leaf, and butterfly wing scales
are all natural organic nanomaterials.

1.2.1.2 Incidental Nanoparticles

Incidental nanoparticles (INPs) are accidentally formed as a by-product of any human
action or process, whether direct or indirect. Vehicle exhausts, combustion opera-
tions, smelting, welding fumes, home solid fuel heating, wear and corrosion by-
products, and so on are all sources of accidental nanoparticles. Besides, soot nanopar-
ticles, consist mainly of carbon, are commonly found in the atmosphere as incidental
nanoparticles. Duringmining activities, the Fe oxides produced as an indirect product
are also considered as INPs.

1.2.1.3 Engineered/Anthropogenic Nanoparticles (ENPs/ANPs)

Combustion, mining, tillage, demolition/construction, atmospheric release, and
nucleation are all examples of anthropogenic activities and/or processes that produce
these particles (Lee et al. 2019). At the cellular, atomic, and molecular levels, such
designed nanoparticles have distinct properties that give unique functionality such
as catalytic performance, enhanced strength, greater electrical and thermal conduc-
tivity, and regulated delivery of host molecules. Carbon in designed nanomaterials
like fullerenes, carbon nanotubes, and graphene has a more regulated, geometric
shape and structure than natural soot NPs. ENPs have potential applications in
health, industry, the environment, agriculture, food packaging, and a variety of other
consumer products due to their excellent physicochemical features and intrinsic size.
The TiO2 ENPs, for example, have a regulated surface structure and are reduced in
size.

1.2.2 Based on Morphology/Shape

Each nanoparticle is a three-layered structure which made up of surface, shell, and
core. The surface layer is functionalized with metal ions, polymers, surfactants,
and small molecules; the shell layer is distinct chemically from the core material;
and the core layer is located at the centre which is referred as the nanoparticle itself.
Nanoparticles are categorized as zero-dimensional (0D), one-dimensional (1D), two-
dimensional (2D), and three-dimensional (3D) nanoparticles (Tiwari et al. 2012)
based on their size and length scale of dimensions (Fig. 1.2). All three dimensions
(x, y, and z) of 0D NMs are measured on the nanoscale. As a result, 0D NMs are
limited to three dimensionswith sizes ranging froma fewnanometres to 100 nm.NPs,
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Fig. 1.2 Nanomaterials’ classification (a) 0D spheres and clusters; (b) 1D nanofibers, wires, and
rods; (c) 2D films, plates, and networks; and (d) 3D nanomaterials. Source Alagarasi (2009)

nanoshells, fullerenes, and nanorings are all examples of nanomaterials. Regardless,
2D NMs exhibit one nanoscale and another macroscale dimension. These structures
are recognized as the thinnest material with large surface-to-volume area. They bear
uniquemechanical, chemical, and optical characteristics, enabling themfit for diverse
applications. Graphene, nanofilms, nanolayers, and nanocoatings are examples of 2D
nanomaterials with plate-like structures. There are no nanoscale dimensions in three-
dimensional (3D) structures; instead, all dimensions are macroscale (>100 nm). 3-D
nanomaterials can contain bulk powders, dispersions of nanoparticles, bundles of
nanowires, and nanotubes, multi-nanolayers, bulk materials composed of individual
blocks such as fullerites; skeletons of fibers and nanotubes; honeycombs, and foams;
layer-fiber skeletons; composites of layers, fibers, and particles in a matrix; and
membranes and powder fiber or nanoparticles (Pokropivny and Skorokhod 2007).

1.2.3 Based on Physicochemical Characteristics

The NPs are classified as follows based on distinctive physical and chemical
features such as large surface area-to-volume ratio, greater electrical conductivity,
and magnetic characteristics:

1.2.3.1 Metallic NPs and Their Clusters

Metallic NPs are formed up of alkali metal precursors and noble metals such as Ag,
Au, and Cu. Metallic NPs (5–100 nm) have unique physicochemical, optical, and
electronic properties at nanoscale. Because of their functional ease, large surface
area-to-volume ratio, distinctive redox properties, electrical conductivity, and spec-
tral and optical properties, along with luminescence, noble metal NPs outperform
other nanomaterials. These NPs have rare optical and electrical characteristics due to
well-known localized feature of surface plasmon resonance. They’ve been success-
fully exploited as transducing objects in the manufacture of sensors analysing food
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pollutants, poisons, and pathogens (Saha et al. 2012). Metal nanoclusters of Au, Ag,
Pt, andCu also have high photostability and quantumyield, aswell as low toxicity and
biocompatibility for conjugation, making them ideal for use in cell-line imaging and
nanosensing, where they can replace traditional fluorescent dyes and semiconductor
quantum dots (Shang et al. 2011).

1.2.3.2 Carbon-Based NPs

C-based nanomaterials are composed of carbon nanotubes, fullerenes, graphene and
its derivatives, and nanospheres, among others. The geometrical structure of C-based
nanomaterials is used to classify them as tube, horn, sphere, or ellipsoid in shape.
Carbon nanotubes (CNTs) and fullerenes are two major groups of C-based NPs. The
hollow globular cage is used tomake fullerenes, which are allotropic carbon. Because
of electrical conductivity, electron affinity, high strength, and adaptability, fullerenes
offer a wide range of commercial applications such as nanocomposites (Saeed and
Khan 2016), effective gas adsorbents for environmental clean-up (Ngoy et al. 2014),
and besides as a support medium for various inorganic and organic catalysts (Mabena
et al. 2011).

1.2.3.3 Dendrimers

Dendrimers are symmetrical polymeric molecules that are nanoscale in size and
contain a tiny atom or its group encircled by symmetric branches called dendrons.
Dendrimers have multiple chains on their surfaces that can be changed to perform
various activities. Application of dendrimers is in the field of medicals, including
drug delivery, anticancer drugs formulation, and photodynamic therapy, as well as
for environmental usage, such as the decontamination of toxic metal ions and organic
solutes from cosmetics.

1.2.3.4 Semiconductor NPs

Semiconductor NPs used in biosensing are typically metal-nonmetallic alloys. QDs
are an example of widely used semiconductor nanoparticles. They are fluorescent
and have higher quantum yields and stability than fluorescent dyes, as well as size-
controlled emission (Gill et al. 2008). They have certain unique and exciting thermal,
electrical, and optical properties due to their quantum confinement, such as crisp
and symmetrical emission spectra, distinctive chemical characteristics, and excel-
lent photostability. Photocatalysis and electrical devices all use these materials (Sun
2000). Owing to their distinctive properties, semiconductor NPs hold potential appli-
cations in bioimaging, electronic optics, genosensors, and enzyme-based sensors, gas
sensors, and sensors for various organic and inorganic substances (Khan et al. 2017).
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1.2.3.5 Nanocomposites

Nanocomposites are uniquematerials and consist of two phases of different materials
which retain their properties independently during its production. They are termed
as multiphase materials containing at least one of the phases of nanoscale dimension.
The attributes of nanocomposites are determined by the constituent phases’ prop-
erties, their relative amounts, the dispersed phase’s geometry, their shape and size,
dispersion, and orientation, e.g. colloids, gels, carbon–metal oxides, and copoly-
mers. Quality of nanocomposite is determined by the attributes of each component,
their relative amounts, and the overall shape of the composite. Nanocomposites
have different phases in nanoscale size and are incorporated in a metal, ceramic,
or polymer matrix. High mechanical and thermal stability, multifunctionality, and
a large interphase zone are additional features of these materials. As a result, they
can be employed in a variety of disciplines of science and technology, such as catal-
ysis, the fabrication of nanosensors and nanoprobes, the sorption process, fuel cells,
nonlinear optics, bioceramics, higher-power batteries, environmental protection, and
anticorrosion agents.

1.2.3.6 Polymeric NPs

These are mostly organic NPs in the form of nanocapsules or nanospheres. The latter
arematrix particleswith a solidmass, whereas the othermolecules are adsorbed at the
outer edge of the spherical surface. In the former case, the solid mass is completely
enclosed within the particle (Rao and Geckeler 2011). Polymeric NPs have a wide
range of applications in the literature due to their ease of functionalization (Abd Ellah
and Abouelmagd 2016).

1.2.3.7 Lipid-Based NPs

These NPs contain lipid moieties and can be used in a wide range of biomedical
applications. A lipid NP has a spherical shape and a diameter ranging from 10 to
1000 nm. Lipid nanoparticles, like polymeric nanoparticles, have a solid lipid core
and a matrix containing soluble lipophilic compounds. Lipid nanotechnology deals
with design and fabrication of lipid nanoparticles for a variety of applications such
as drug carriers, transport, and RNA release in cancer treatment (Gujrati et al. 2014).

1.3 Physicochemical Properties of Nanoparticles

Because of the size decrease, the properties of macroscopic materials quickly shift
to some remarkable properties. For example, Japanese scientists discovered in the
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1970s thatmetalswith electrical and thermal conductivities, such as copper and silver,
lose their natural character when lowered to the nanoscale and become nonconduc-
tive and nonthermal (Shi et al. 2015). The extraordinary characteristics of NPs are
due to this high surface area-to-volume ratio phenomenon. Physical features such as
melting temperatures and optical adsorption change dramatically as the nanoscale
gets smaller. Because of the increased ratio of corner and edge sites to terrace atoms in
nanomaterials, they have enhanced catalytic activity in chemical reactions (Navalon
and Garcia 2016). When compared to typical microstructures, nanocrystalline mate-
rials with very tiny grain sizes exhibit dramatically different mechanical characteris-
tics such as superplasticity, extraordinary hardness, and strength. Nanoparticles are
better equipped to dramatically influence their interactions with biomolecules/ cells
due to their tiny size, solubility, surface morphology, and electrical charge. Engi-
neered nanoparticles have also exhibited great potential as high-efficiency medi-
cation, protein, siRNA, enzyme, and biomolecule delivery transporters into cells
(Prabha et al. 2016).

1.3.1 Optical Properties

Absorption, transmission, reflection, and light emission are all dynamic optical prop-
erties of nanomaterials that are directly related to their electrical and electronic prop-
erties. The optical properties can confine their electrical properties to produce a
quantum effect, with variations in form, size, or type potentially influencing the
colour they produce. Spherical gold nanomaterials with a diameter of 25 nm seem
green, whereas those with a diameter of 100 nm appear orange. A spherical gold NM
of100nmdiameter appears orange,while a spherical silverNMwith 100nmdiameter
appears yellow. The produced surface plasmon resonance effect due to the resonance
of outer electron band of nanomaterial with light wavelengths is responsible for the
colour variation. When photons excite the outer electrons of the particles, the metal
particles’ outer electrons jitter at specific wavelengths and absorb light matching to
that resonance. Applications based on optical properties of nanomaterials include
optical detectors, phosphors, sensors, displays, lasers, solar cells, photocatalysis,
photoelectrochemistry, and biomedicine.

1.3.2 Magnetic Properties

Surface effects (Koksharov 2009) and finite-size effects dominate the two main
magnetic properties of NPs. Magnetic anisotropy, magnetic moment per atom, Curie
temperature, and the coercivity field of NPs, as well as other main magnetic prop-
erties, can all differ from those of bulk material (Koksharov 2009; Issa et al. 2013).
Magnetic nanoparticles that are superparamagnetic are favoured for their stability. A
NPwith a largemagneticmoment acts like a huge paramagnetic atomwith very quick



1 Principles and Potentials of Nanobiotechnology 9

response to magnetic fields and low remanence and coercivity when it is superpara-
magnetic. Geometrical properties, intra-particle magnetic interactions, inter-particle
magnetic interactions, magnetic interactions between NPs and the matrix material
and particle-applied magnetic field interactions are the five main determinants of
magnetic properties of nanoparticles (Obaidat et al. 2015). The geometrical features
of nanoparticles include: (a) particle sizes and shapes; (b) particle size distribution;
and (c) anisotropy axes distribution. Magnetic nanoparticles have been claimed to
have technological uses in biomedicine, medication delivery, magnetic resonance
imaging, magnetic hyperthermia, and data storage systems.

1.3.3 Electrical Properties

Electrical qualities such as conductivity and resistivity, which tend to alter at the
nanoscale level, are similar to optical properties. The conductivity of a bulk or huge
substance is unaffected by characteristics such as diameter or cross-sectional area,
as well as fold in the conducting wire. However, it has been discovered that the
conductivity of CNTs changes as the cross-section area changes. When a shear strain
(in plain terms, a twist) is applied to a nanotube, the conductivity changes as well.
Carbon nanotubes, like graphite, can behave as good conductors or semiconductors
in behaviour. A multi-walled carbon nanotube’s conductivity differs from that of a
single nanotube of the same size.

1.3.4 Electronic Properties

The electronic band composition of NPs, i.e. the state and behaviour of electrons in
the NMs in terms of their energy and momentum, is described by their electronic
characteristics. The electronic properties, in turn, are inextricably linked to electric
qualities like conductivity and dielectric response, as well as optical characteristics
like damping constant, refractive index, and absorbance, which define the material’s
response to electromagnetic radiation.

1.3.5 Mechanical Properties

Nanoparticles have different magnetic properties than microparticles and bulk
materials, such as hardness, toughness, yield strength, tensile strength, elastic
modulus, adhesion, and friction, allowing for more effective surface modification
of many devices in terms of mechanical strength, or to improve nanomanufac-
turing/nanofabrication quality, for example. NMs have a mechanical strength that
is one or two orders of magnitude more than single crystals in aggregate form. The
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nanoscale conversion of materials improves crystal completeness or reduces flaws,
resulting in a mechanical strength boost. The increases in metal hardness linearly
enhance grain size, while in NMs, the hardness increases linearly as the particle size
decreases.

1.3.6 Thermal Properties

Heat capacity, thermal conductivity, thermal effusivity and diffusivity, and mate-
rial density are all thermal properties of nanoparticles. Heat transmission in NMs
is mostly dependent on energy conduction caused by electrons and phonons (lattice
vibrations), as well as scattering effects. Thermal and electrical conductivity, ther-
moelectric power or Seebeck coefficient, and heat capacity are all useful indicators
of nanomaterials’ significant physical properties.

1.4 Synthesis of Nanoparticles

NMs offer remarkable potential in different fields due to their enormous surface-
to-volume ratio; however, several nanoparticles have also exhibited toxicity at the
nanoscale dimension. Many biosynthetic routes for nature-friendly nanobioparticle
fabrication using organisms such as plants, fungi, and bacteria have been developed
to overcome the problem of toxicity, revealing significant benefits to natural envi-
ronment through environmentally benign methods (Duan et al. 2015). The choice
of a green or environment friendly solvent, a good reducing agent, and a safe mate-
rial for stabilization are three most important parameters for the production of NPs.
NPs production methods are separated into two broad categories, i.e. top-down and
bottom-up approaches (Fig. 1.3).

1.4.1 Top-Down Approach

Nanoparticles are generated via size reduction using appropriate lithographic
processes such as crushing, spitting, and milling to mould the material into desired
model and micro-fabrication in the top-down approach (destructive approach).
Temperature, pH, plant extract concentration, metal salt solution, and incubation
period can all be used to influence the stability, shape, and size of nanoparticles.
The most common approach in the top-down method starts with the selection of
appropriate material and then shaping the functionality from inner material. Another
method is laser pyrolysis, an easy and effectivemethod of synthesizing nanopowders.
The energy current between the carbon dioxide laser and the reagent increases the
temperature in the reactive zone and causes the vibration of molecules. The above
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Fig. 1.3 Top-down and Bottom-up approaches of nanoparticles synthesis

method is a simple way of particle synthesis in the range of 15–20 nm. Other top-
downmethods for creating nanoparticles include ionic/electronic irradiation, etching,
mechanical milling, and sputtering. However, due to crystallographic injury during
nanostructure development, this technique harms the surface structure.

1.4.2 Bottom-Up Approach

In the bottom-up approach (constructivemethod), theNPs are synthesized employing
minor entities, such as atoms and molecules, for which the oxidation/reduction reac-
tions are the main proponents. The bottom-up approach utilizes chemical character-
istics of individual substances to form nanoparticles employing different methods
such as supercritical fluid, sol–gel, aerosol-based processes, plasma spraying, laser
pyrolysis, atomic condensation, electrochemical precipitation, vapour deposition,
green synthesis, and so on where the formation of nanoparticles begins at the
atomic or molecular level. Bacteria, fungi, plants, actinomycetes, and other organ-
isms that contain biochemicals, e.g. acids, polyphenols, polysaccharides, terpenoids,
flavonoids, alkaloids, etc., have been discovered to be effective reducing, capping,
and stabilizing agents in green synthesis of NPs. Uni- and multicellular organisms
are allowed to react in these syntheses.

1.4.2.1 Biological Approaches for the Synthesis
of ZnO-Nanobioparticles

Bacteria-Mediated Synthesis of Nanobioparticles

NPs biosynthesis utilizing bacteria has arisen as a fast-growing study topic in green
nanotechnology, with a variety of biological objects being used in the synthesis of
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Table 1.1 Green synthesis of nanobioparticles employing bacterial species

S. No. Bacteria Nanoparticle Size (nm) References

1 Proteus vulgaris
ATCC-29905

Fe 19.23 Majeed et al. (2020)

2 Bacillus subtilis Se 50–400 Wang et al. (2010)

3 Bacillus
megaterium

Pb, Ag, Cd 10–20 Prakash et al. (2010)

4 Bacillus
licheniformis

Ag 40–50 Kalishwaralal et al. (2009)

5 Pseudomonas
fluorescens

Au 50–70 Rajasree and Suman (2012)

6 Pseudomonas
aeruginosa JP2

Ag 17.2 Zainab et al. (2016)

7 Streptomyces sp.
HBUM171191

Zn, Mn 10–20 Waghmare et al. (2011)

8 Bacillus cereus Ag 10–30 Prakash et al. (2011)

9 Pseudomonas
fluorescens

Ag 85.46 Silambarasan and Jayanthi
(2013)

10 Planomicrobium sp TiO2 8.89 Malarkodi et al. (2013)

11 Lactobacillus sp.
strain LCM5

Ag 13.84 Matei et al. (2020)

12 Pseudomonas
aeruginosa JP1

Ag 13.44 Ali et al. (2017)

13 Serratia
nematodiphila

ZnO 24.79 Jain et al. (2020)

NPs on a regular basis, providing an appealing alternative to traditional chemical
and physical processes. Metal pollution and wastes can be remedied using micro-
bial metal reduction as a technique. Bacteria are considered as biofactory for the
production of NPs of Au, Ag, Pt, Pd, Ti, TiO2, Fe3O4, and CdS. Magnetotactic
bacteria and S-layer bacteria are two well-known examples of bacteria that synthe-
size inorganic compounds. Metal nanobioparticles can be made using bacteria, such
as E. coli. Bacillus subtilis (Sundaram et al. 2012) has a long and illustrious history.
Silver nanoparticles (AgNPs) have also been synthesized using Escherichia coli
(Gurunathan et al. 2009). The generated AgNPs had a homogeneous distribution
and a size of 50 nm on average. Juibari et al. (2011) investigated the role of the
extremophilic Ureibacillus thermosphaericus in the production of AgNPs at high
temperatures. The bacteria Staphylococcus aureus, a Gram-positive pathogen, was
employed to make AgNPs (Prakash et al. 2010). Table 1.1 lists the many bacterial
species involved in nanoparticle biosynthesis.
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Fungi-Mediated NPs

Fungi are superior biogenic agents than other biological systems utilized for synthesis
because of their diversity, cultivability, and better growth control. It can produce NPs
both extra- and intracellularly, while the specific mechanisms are unknown. Binding
of heavy metals to fungal cell wall (proteins or enzymes) via electrostatic interac-
tions is one of the possible mechanisms during intracellular production. Further,
metal ions are reduced by fungal cell wall enzymes, resulting in metal ion aggrega-
tion and nanoparticle production. Extracellular synthesis implied metal ion contact
and enzyme release, mostly reductase, followed by the production of nanoparticles
in solution. Kumar et al. (2007) demonstrated the particular role of alpha NADPH-
dependent nitrate reductase in AgNPs production. The reduction of Ag+ ions by
nitrate reductase results in the creation of AgNPs with diameters of 10–20 mm.
Srivastava et al. (2013) also generated AgNPs with a diameter of 50 nm from Halo-
coccus salifodinae, confirming the participation of intracellular nitrate reductase. In
addition, silver nanoparticle formation mediated by Trichoderma virens was discov-
ered to require silver ion reduction via nitrate reductase (Devi et al. 2013). Das
et al. (2009) also discovered that Au NPs made from Rhizopus oryzae have a high
ability for adsorption of the Rhodamine B dye. Rajan et al. (2016) have demonstrated
ZnO NPs formation using the fungus Aspergillus fumigatus. Several other metallic
nanoparticles were synthesized using fungi, including nanosized Fe3O4 by Mucor
javanicus, F. oxysporum, and Verticellum sp., CdSe QDs by F. oxysporum, Se NPs
by A. alternata, SrCO3 nanocrystals by F. oxysporum, Si NPs by F. oxysporum, and
Ti NPs by F. oxysporum. Penicillium verrucosum has lately emerged as a promising
contender for the synthesis of Ag NPs (Yassin et al. 2021).

Algae Mediated NPs

Algae are first-rate sources for the production of metallic NPs due to their
predominance and ease of access. Chlorophyceae, Phaeophyceae, Cyanophyceae,
Rhodophyceae, and other algae are involved in the biosynthesis of NPs (diatoms
and euglenoids). Algae’s unique ability to capture metals and decrease metal ion
concentration enables them an excellent option for NP production. Algae are also
very appropriate and easy to handle, with various other advantages such as synthesis
at low temperature with greater energy efficiency, less toxicity, and minimum envi-
ronmental risks. The synthesis of NPs by algae takes a fraction of the time that other
biological approaches do. Many algae like Chlorella vulgaris, Lyngbya majuscule,
and Spirulina platensis were used as a cheap method for synthesis of Ag NPs (El-
Sheekh andEl-Kassas 2016). S. platensis has been used for the extracellular synthesis
of Au, Ag, and Au/Ag composite NPs (Chakraborty et al. 2009). Microalgae, e.g.
diatoms (Navicula atomus, Diadesmis gallica), can also synthesize Au NPs and
gold–silica nanobiocomposites (Schrofel et al. 2011). So far, several seaweeds, e.g.
Sargassum wightii and Fucus vesiculosus, have been traced for synthesizing AgNPs
of varied sizes and shapes (Singaravelu et al. 2007; Kannan et al. 2013). Several
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algae were employed to make silver NPs, including Lyngbya majuscule, Spirulina
platensis, and Chlorella vulgaris (El-Sheekh and El-Kassas 2016).

Antifungal, antibacterial, and anticancer characteristics of algal-derived NPs have
been investigated. For example, NPs of Ag, Au, and the bimetallic alloy Ag–
Au were generated by Gracilaria sp., a marine red alga that showed antibacterial
action against S. aureus (Gram-positive) andGram-negative (K. pneumonia) bacteria
(Ramakritinan et al. 2013). Cotton Fusariumwilts (Fusarium oxysporum f. sp. vasin-
fectum) and bacterial leaf blight (Xanthomonas campestris pv. malvacearum) were
inhibited by extracellular production of AgNPs from the broth of the marine algae
thallus of Padina pavonica (Linn) (Sahayaraj et al. 2012). Antifungal properties of
AgNPs biosynthesizedwith the red seaweedGelidiella acerosa as the reducing agent
have been observed against Fusarium dimerum, Humicola insolens, Mucor indicus,
and Trichoderma reesei (Suganya et al. 2015).

Plant-Mediated NMs

Plants’ biomolecules, e.g. carbohydrates and proteins derived from plant parts have,
an exceptional ability to synthesize metal NPs. Owing to nature-friendly, low-cost,
and relatively safe for human therapeutic use, plant-based nanoparticle production
is best suited and convenient. NPs of silver from AgNO3, gold from AuCl2, zinc
oxide from Zn(NO3)2 and Zn (CH3COO)2, cadmium sulphide and zinc sulphide
from CdSO4 and ZnSO4, and other nanoparticles were manufactured using various
plants and their parts. In contrast to microbial systems, plant-mediated gold nanopar-
ticle synthesis requires less incubation time and could be easily adopted for bulk
demands. Sukri et al. (2019) used Punica granatum fruit peel extract to biosynthe-
size zinc oxide nanoparticles (ZnO NPs) at various temperatures. At a concentration
of 31.25 g/ml, smaller ZnO NPs were observed as more effective in the cytotoxic
experiment. Nava et al. (2017) investigated the photocatalytic activity of ZnO NPs
produced by green synthesis utilizing fruit extracts of Citrus sinensis, C. paradisi,
C. aurantifolia, and Lycopersicon esculentum, as reducing agents. Because of the
diverse chemical compositions of fruit extract, the surface shape of the nanoparti-
cles differed. In prior investigations, different plant parts were employed to produce
diverse nanobioparticles, as shown in Table 1.2.

1.5 Natural Compounds for Nano Biomaterials’ Synthesis

In nanotechnological investigations, natural polysaccharides, proteins, aromatic
peptides, enzymes, DNA, amyloid fibrils, actin filaments, minerals, bacteriophages,
and viruses are commonly employed. Polysaccharides including gelatin, chitosan,
and albumin are among the best-known natural polymers which are utilized to
make nanoparticles, mostly to reduce the risk of negative effects during drug
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Table 1.2 Synthesis of metal nanobioparticles using various plants and their parts

Plant source Synthesized
nanoparticles

Remarks References

Azadirachta indica
leaves

Zn 18 nm Elumalai and
Velmurugan (2015)

Trifolium pretense
flower

Zn 60–70 nm Dobrucka and
Długaszewska (2016)

Aloe barbadensis
Miller

In2O3 5–50 nm Maensiri et al. (2008)

Pulicaria glutinosa Pd Applied for catalytic
action

Borah et al. (2015)

Piper betle leaves Pd Studies for antifungal
activity

Koduru et al. (2013)

Jatropha curcas L Pb 10–12.5 nm Joglekar et al. (2011)

Euphorbiaceae latex Cu antimicrobial activity Valodkar et al. (2011)

Catharanthus roseus
leaf

TiO2 Hippobosca maculata
and Bovicola ovis (flies)
repellant

Velayutham et al. (2010)

Mimosa pudica leaf Au 12.5 nm Suganya et al. (2015)

Macrotyloma uniflorum
root and stem

Ag – Mutahir et al. (2015)

Sorghum bran Fe, Ag – Njagi et al. (2011)

Capsicum annuum Se Se with protein
nanocomposites

Li et al. (2007)

Diopyros kaki Pt 15–19 nm Song et al. (2010)

Anacardium
occidentale leaf

Pt Thermal and catalytic
utilities

Sheny et al. (2013)

delivery and tissue engineering discovery. Following are the major naturally occur-
ring polysaccharides and proteins that are used in synthesis and functionalization of
NBMs/NBPs:

1.5.1 Amyloid Fibrils

Amyloid fibrils (7–10 nm) are organized nanostructures that self-assemble from a
variety of polypeptides and proteins and have been linked to more than two dozen
human disorders, including Alzheimer’s, Prions, and Parkinson’s diseases. Amyloid
fibrils are extremely durable and resistant to proteases as well as other severe envi-
ronmental factors. Amyloid fibrils provide a platform for the manufacturing of NMs
using prion proteins and have now emerged as a novel, extremely effective vital
mineral delivery mechanism.
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1.5.2 Actin Filaments

Actin filaments are 7 nm auto-assembled fibrils with a fairly homogeneous structure.
Many of the mechanical properties of cytoplasm, a complex, viscoelastic substance,
are accounted for by actin filaments.When cytoplasm is viscoelastic, it can resist flow
like a viscous liquid (such as molasses) while also storing mechanical energy when
stretched or squeezed. The capacity of actin filaments to govern polymerization and
reverse in the presence of ATP nucleotides is one of their advantages. Because the
actin monomers’ crystal structure is known, additional functions could be logically
generated and inserted into the fibrilar system,which could then be used as a platform
for nanoscale engineering.

1.5.3 Peptides

Aromatic peptides are hollow with a few tens of nanometres of inner diameter. With
peptide nanotubes as templates, silver nanowires can be formed. Within the tube
lumen, ionic silver is converted to metallic silver. Enzymatic degradation is then
used to eliminate the peptide envelope.

1.5.4 Bacteriophages

Bacteriophages are bacteria-infecting viruses. The capacity of phage particles to
manifest numerous copies of specific proteins on their surface is a significant benefit.
The phage coat proteins revealed small peptides having affinity for semiconductors
and metals, which were exploited to fabricate more complicated assemblies with
nanoscale order.

1.5.5 Minerals

The structure of inorganic components underpins the skeletal tissues such as bones
and teeth to provide strength. Calcium, in its various forms, is by far the most well-
known mineral. Bones and teeth created artificially using biological templates in
NT could revolutionarize modern medicine. The fragment of peptide, e.g. silaffin1,
a replicated protein which mediates silica organization, is one example of such a
method. Likewise, the peptide fragment containing repeat sequence of the amino
acid has the ability to control and influence silica organization morphology.
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1.5.6 Viruses

Viruses have played an essential role in virus nanotechnology as a source of natural
nanoparticles for biomedical applications. Viruses consist of a genome and a capsid,
with some being enclosed. The majority of virus capsids have a diameter of 20–
500 nm. For example, mammalian viruses are being researched as vectors for gene
transfer, while bacteriophages and plant viruses have been used in drug delivery and
imaging applications, as well as vaccinations and therapeutic intervention.

1.5.7 Enzymes and Nucleic Acids

In biotechnology, enzymes and nucleic acids are utilized in diagnostics. Antibodies
containing home pregnancy test kits, which quantify precisely the human chori-
onic gonadotropin hormone, and the determination of HIV diagnostic kits meant
for assessing infections of hepatitis virus are examples of diagnostic immunoassays.
More advanced equipment incorporates a nano-device that uses an electrochemical
reaction to assess glucose levels and nanoelectrodes are attached to a controlled
delivery system that distributes insulin as per a pre-programmed profile. For individ-
uals suffering fromType I and Type II diabetes, such a nano-device will be capable of
improving the parts of the pancreas to restore its normal activities. Enzymes also act
as catalysts in a variety of culinary, biotechnology, and related processes and appli-
cations. Nanotechnology has promise for enzyme immobilization and, as a result,
improved enzyme functionality. Nanoparticles not only provide thermostability, but
also act as activity boosters for enzymes that have low activity in their original
condition. Amylase, galactosidase, cellulase, lipase, and other enzymes have been
nanoimmobilized and used in food systems. Further, the unique features of nucleic
acid (e.g.DNA) and their capacity to interactwith a variety of proteins justify its usage
as a nanoscale building material with direct nanotechnology applications. DNA is
employed as a nanowire that has special recognition information. DNA-based wires
can be used as a bearer of address data, allowing the DNA strand to be directed
to specified spots, which is an important stage in the production of auto-assembled
electrical circuits.

1.5.8 Other Natural Polymeric Compounds
as Nanobioparticles (NBPs)

In various nanotechnological researches, natural polysaccharides and proteins are
commonly employed.
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1.5.8.1 Polysaccharides

Polysaccharides (e.g. dextrin, chitosan, and alginate) are complex carbohydrates
made up of monosaccharides and are present in all microbes, animals, and plants.
Being biodegradable, biocompatible, and non-toxic, polysaccharides are commonly
employed in drug delivery research. Because of their reactive functional groups,
they connect to target tissues and form noncovalent interactions with epithelial cells.
They produce a neutral coatingwith low surface energy and allow nonspecific protein
adsorption due to their capacity to recognize specific receptors. They have a lot of
hydroxyl groups, which allow specific ligands to attach to the structure.

Chitosan

Chitosan is a non-toxic, biocompatible, cost-effective natural polymer obtained from
deacetylation of chitin, sourced from outer skeleton of lobster, shellfish, crab, and
shrimp. Chitosan-based nanoparticles are widely used as adhesives in medical and
surgical treatments including wound healing and drug delivery which are relatively
safe for human consumption as well (Mohammed et al. 2017). The structure of
chitosan can be chemically and physically altered to produce unique properties useful
in medicinal delivery and tissue engineering. The biomedical field has benefited
greatly from the tiny size, tailored surface, increased solubility, multifunctionality,
and tissue adhesion capabilities of chitosan-based nanomaterials.

Dextran

Dextran is a linear 1,6-linked d-glucopyranose polymer produced by bacteria extra-
cellularly. Leuconostoc mesenteroides fermented sucrose in sugar cane or beet
syrups to produce this bacterial polysaccharide can also be produced by the organs
of Lactobacillus, Leuconostoc, Streptococcus sp., and other bacteria. Because of
their biocompatibility and biodegradability, dextran-based nanoparticles are ideal for
application in nanomedicine. Dextran has also been utilized to conjugate bioactive
molecules (e.g. medicines, enzymes, hormones, and antibodies) to prolong circula-
tion lives, boost in vivo stability, or suppress antigenicity due to its hydrophilic nature.
Dextran is also widely utilized for surface modification in biosensor construction
since it is a hydrophilic and functionalized polymer. Dextran coatings on sensor chips
can substantially reduce nonspecific analyte adsorption and allow surface immobi-
lization of ligand, boosting biosensor sensitivity. This water-soluble polysaccharide
is frequently utilized as a thickening, emulsion forming, stabilizer, and packaging in
the food sector. Dextran-coated nanoparticles are also used in the pharmaceutical,
chemical, therapeutic, environmental, and food industries for protein separation and
purification, as well as the preparation of customized drug delivery systems. Dextran-
coated nanoparticles have good adsorptive properties and could be utilized for heavy
metal removal from wastewater.
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Alginate

Alginate NPs (anionic polysaccharides abundantly distributed in brown algal cell
walls that in aqueous state produce a viscous gum) have emerged as best-known
biomaterials for drug delivery and pin point various administration routes. Their
benefits encompass not only diverse physicochemical features, enabling chemical
transformations for targeting-specific sites, but also their biocompatibility, mucoad-
hesiveness, and biodegradation profiles. Further, mixing of alginate NPs with other
polymers could tailor the surface with specificmoieties and also adjust cross-linking,
mechanical strength, cell affinity, and gelation (Severino et al. 2019). Like chitosan,
alginate has less toxicity and inflammation, biodegradability, adjustable porosity,
and capable of forming linkages with bioactive molecules and thus utilized widely
in wound healing and pharmaceutical and food applications (Reddy et al. 2015; Yang
et al. 2015). The ability of sodium alginate to form a simple aqueous gel with cations
having bivalent electrons, such as calcium (Ca2+), makes it ideal for drug delivery
applications. The engulfment of cells within alginate particles boosts the cells’
growth and proliferation, and thus facilitates its application in tissue engineering
investigations.

1.5.8.2 Proteins

Proteins are flexible proteins made up of amino acid chains that are essential
for biological processes like molecular transportation and DNA replication. These
biodegradable polymers have a lowefficiency and high cost ofmanufacture. Soybean,
wheat, and corn proteins sourced from plants and gelatin, casein, collagen, and
keratin from animals can be used in the development of materials, the construc-
tion of nanoscale devices, and the biosensing of nanowires. Signal transduction is
used in biosensing to detect biological and chemical substances at the nanoscale.
Cross-linking chemicals immobilize a protein enzyme onto a protein nanotube or
nanofiber. The electrode is then connected to this structure. The covalent attachment
of glucose oxidase to the protein nanotube complex allows the biosensing device
to be used for applications such as glucose sensing. Protein nanoparticles have the
potential to be used as a drug delivery mechanism for parenteral, peroral, and ocular
administration, as well as a vaccine adjuvant. Proteins are more favourable than
other colloidal carriers such as liposomes due to their superior stability and ease of
manufacture.

Collagen

The extracellular matrix of the human body is mostly made up of collagen, a natural
protein. It gives skin, bone, tendon, cornea, and other tissues mechanical stability as
well as appropriate elasticity and strength. The exogenous collagen is used widely in
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bioscaffolds, skin, bone, vascular grafting, nerve tissue, and articular cartilage regen-
eration, especially in the field of medicines and pharmaceuticals, while nanocollagen
is a novel material in NT with a lot of untapped potential (Lo and Fauzi 2021). It
has benefits over traditional 3D-collagen designs, mainly due to its nano-size that
offers higher surface area-to-volume ratio, allowing it to withstand large loads with
little tension. It can be produced in many ways, including using the electrospinning
technique to create nanocollagen strands that look like natural extracellular matrix.

Gelatin

Gelatin, a protein made up of hydrolysed collagen, is a biodegradable substance with
its much application in NBT and nanopharmaceutics. Due to their biocompatibility
and easy biodegradation ability, gelatin NPs have been exploited as medication and
gene carriers to targeted sick tissues such as cancer, tuberculosis, HIV infection,
and the therapy of vasospasm and restenosis. Coating quantum dots with gelatin, for
example, reduces their cytotoxicity. Further, gelatin NPs have been observed to pass
the blood–brain barrier, making them a prospective choice for treating brain ailments.
Application of gelatin NPs to target macrophages for treating several diseases has
been documented in previous years. Gelatin is widely used in tissue engineering to
create biological and long-lasting 3D scaffolds for the manufacture of bio-artificial
tissues and organs. Nanofibres of gelatin are also employed in gene therapy (Yasmin
et al. 2017).

Albumin

Albumin is additional biopolymer used extensively to prepare nanocapsules and
nanospheres. Due to availability in pure state, an easy biodegradation and nontox-
icity has preferred use of albumin for NP production. Besides having functional
moieties such as thiol, amino, and carboxylic groups on its surface, this could be
more conveniently modified and bonded with ligands. It is an important plasma
protein (e.g. bovine serum albumin and human serum albumin) which can easily
give rise to albumin NPs of desired size.

Lactide and Glycolide Copolymers

Lactide and glycolic acids are used to make these aliphatic polyester copolymers.
Because of its synthetic malleability and biocompatibility, poly lactide-co-glycolide
(PLGA) has become common in the biomedical area and has found widespread uses
in nanomedicine and drug delivery formulations. Due to their managed biodegrad-
ability, outstanding biocompatibility, adaptable degradation rates, mechanical char-
acteristics, and thermal processability, PLGA, copolymer of polylactic and polyg-
lycolic acid, has been opted in the development of many drug carrier systems and
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therapeutic devices such as scaffolds, grafted tissues, surgical sutures, and bone tissue
engineering (Ulery et al. 2011). It is very versatile and may be modified into a variety
of preparations, such as NPs, microparticles, hydrogels, membranes, scaffolds, and
sponges (Sun et al. 2017). PLGA has also been approved for human therapy by US
Food and Drug Administration (FDA).

1.6 Characterization of Bionanomaterials

Surface analysis and chemical characterization techniques are used to characterize
nanomaterials and nanostructures. Small-angle X-ray scattering, X-ray diffraction,
transmission electronmicroscopy, scanning electronmicroscopy, and scanning probe
microscopy are some of the most widely used structural characterization methods
for studying the composite morphology, phases of crystal, and their average size.
The surface characterization of atoms, compounds, and their spatial distributions
is determined chemically. Electron spectroscopy, ionic spectrometry, optical spec-
troscopy, absorption and transmission spectroscopy, fluorescence and mass spec-
trometry, photoluminescence, and colorimetry are few examples of these techniques.
Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photo-
electron spectroscopy, and energy-dispersive X-ray spectroscopy can all be used
to look for functional groups on the surface of nanotubes. The thermogravimeter
can be used to investigate thermal stability. Physisorption and chemisorption anal-
ysers can determine the surface area, porosity, and size and distribution of pores.
By measuring the amount of gas desorbed at various temperatures, temperature-
programmed desorption (TPD) analyses the number, type, and strength of active sites
available on the surface of a NMs. If there are multiple active components present on
NM, the gas desorbs at varied temperatures. The amount of reducible metal species
found in the NM and the temperature at which reduction occurs are determined via
temperature-programmed reduction (TPR). This can be estimated by determining
the amount of temperature linked analysis gas (such as hydrogen) with the catalyst.
The amount to whichNMls can reoxidize is determined by temperature-programmed
oxidation (TPO).

1.7 Current Applications and Future Prospects
of Nanobiotechnology

Considering the unique electronic, magnetic, optical, catalytic, large surface area,
and energy characteristics, scientists have been attracted to biosynthesize green NPs
due to their eco-friendly nature and less toxicity. NBT encompassingNPs, nanowires,
nanofibers, and nanotubes showed a multitude of potentials in the field of medical
science, anticancer therapy, biosensing, molecular imaging, information technology,
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food, energy generation, environmental remediation, biotechnology, agriculture,
robotics, aerospace, transportation, and other industrial applications. This section
highlights the prospective applications of nanobioparticles and/or nanobiotechnology
in various fields, although more explorations and research are still required to
inflate the possibilities and methodologies in agriculture, environment, energy, and
biomedical sciences as well. Several applications of NBT are discussed hereunder:

1.7.1 Medical Applications

In medical field, tissue engineering, controlled drug delivery, imaging of target sites,
DNA structures’ probing, gene transport, biomolecular sensing, cells and tissues’
photothermal ablation, etc., have all been accomplished with NPs. NPs are also
used in the treatment of diabetes, cancer, inflammation, allergies, and infections in a
variety of therapies. NBT has aided in finding innovative methods for early diseases
diagnosis, using less expensive materials and more advanced equipment. Pharma-
ceuticals, medical imaging, illness detection and treatment, implantable materials,
tissue regeneration, and multifunctional platform integration have all been made
possible by nanotechnology. AgNPs’ properties have also been studied in tissue
engineering and regenerativemedicine,mostly forwounddressing purposes. Further-
more, the rising occurrence of infections caused by multidrug-resistant microorgan-
isms is a serious public health issue that necessitates the inclusion of antimicrobial
components in the wound healing scaffold design. These particles have been used in
scaffolds constructed of a variety of materials, including polyvinyl alcohol, gelatin,
chitosan-alginate, and cellulose acetate. All of the scaffolds that resulted have a lot
of antibacterial activity.

Magnetite and maghemite (Fe3O4 and Fe2O3, respectively) are most commonly
used forms of iron oxide NPs in biological applications including enhancement
of MRI contrast, tissue healing, immunoassay, detoxification of biological fluid,
drug administration, and separation of cells (Laurent et al. 2009). In addition, Au
NPs have been successfully employed in cancer detection and treatment, protein
and immunoassay and capillary electrophoresis. Besides, RNA nanoparticles are
currently being researched for use in tumour diagnosis. Homogenous RNA and
quantum dots as functionalized nanoparticles were created to diagnose diseases such
as cancer and visualize biological events respectively in vivo, without accumulating
in tissues and organs in real time, noninvasively.

NBTcan be used to providemore accurate diagnoses of early-stage cancers,which
is crucial for improving survival rates. Technologies like nanoparticle-based bio-bar
codes have also been developed for ultrasensitive detection, enabling detection of
very small concentrations of components like proteins, thereby increasing the chances
of early-stage detection and diagnosis of diseases. Nanotechnology can also help
pave the way for personalized medicine, where a person’s unique characteristics are
taken into account to formulate more effective treatments. NT also has applications
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in neuroscience, and it may be possible to noninvasively map the detailed workings
of the brain to an extent that hasn’t yet been achieved.

The development of biodegradable NPs as effective medication delivery systems
has piqued interest (Zhang and Saltzman 2013). Drug delivery research has used a
variety of lipids and polymers because they can effectively transfermedications to the
target region, enhancing therapeutic benefit while limiting side effects. Nanoparticles
containingdrugs are coatedwith targeting agents such as conjugated antibodieswhich
circulate through the blood vessels and reach the target cells.

Nanotechnological interventions have also been found in tissue engineering (TE)
and organ transplantation. To repair or reconstruct missing or injured tissue, TE uses
growth hormones, cell therapy, injectable biopolymers, and biomaterials. Electro-
spinning is a process in which a solution is injected into the system via a syringe
and then exposed to a voltage difference, resulting in solid fibre after the operation.
Surface conjugation and conducting characteristics of Au NPs, antimicrobial proper-
ties of Ag and other metallic NPs and metal oxides, fluorescence properties of QDs,
and the unusual electromechanical characteristics of CNTs have all made them very
useful in tissue engineering. Similarly, researches on cell mechanotransduction, cell
patterning, gene delivery, and formulation of 3D tissues have exploited magnetic
NPs (Hasan et al. 2018).

Nanomaterials, which could be used for gene transfer, have also gotten a lot of
attention.Gene therapy is a relatively recent approach to treatingor preventinggenetic
disorders by replacing or correcting disease-causing genes. The most common
strategy for fixing broken genes is to insert a normal gene into an unspecific section
of the genome to replace a nonfunctional gene. Selective reverse mutation can also
be used to replace a defective gene with a normal gene, restoring the gene’s func-
tion. Mammalian cells are typically a few microns in diameter, with organelles that
are nanometres in size. Nanoscale objects could be utilized to successfully allo-
cate repaired genes or to substitute flawed genes as being able to enter cells more
easily than larger devices, allowing them to interact with cells effectively or at least
in a different way. Protection of nucleic acids from nucleases and its surrounding
is facilitated by specific structure of NPs and thus minimizing its side effects by
instructing/accommodating nucleic acid at appropriate site of action.Various types of
nanoparticles, including lipid-based nanoparticles (Pensado et al. 2014) and polymer-
based nanoparticles, have been studied as gene carriers (Gao et al. 2015). Because of
their qualities related to safety, non-immunogenicity, controllability, and low cost,
nanoparticles have recently been studied for use as gene delivery devices to overcome
delivery hurdles (Chen et al. 2016). In phase 1 clinical trials against malignancies,
Davis et al. (2010) announced the first nanoparticle-based gene delivery method,
CALAA-01. A recent experiment showed the use of nanoparticles to successfully
perform gene editing in the liver to reduce blood cholesterol. Another team showed
how nanoparticles can successfully turn off genes in the bone marrow, which could
be beneficial in the treatment of heart disease or stem cell deficiencies.

Nanotechnology breakthroughs have led to the creation of nanoparticle-based
simple assays for the precise detection of clinically relevant analytes. For diag-
nostic reasons, gold nanoparticles with unique optical characteristics and a large
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surface area are often used. Au nanoparticles in colloidal state exhibit colour vari-
ability, which depends on shape, size, andmagnitude of aggregation ofNPs. Bacteria,
poisons, proteins, and nucleic acids can now be coupled to these nanoparticles due
to advancements in nanomaterial manipulation. High reactivity and excellent chem-
ical characteristics of NPs pave way for its usage as biosensors in nucleic acid and
protein detection. Early identification of tuberculosis has also been achieved using
nanoparticle-based platforms, allowing for better infection control.

Apart from other attributes, large surface area of NPs permits for the immobi-
lization of a greater number of biomolecules by way of increasing available reaction
sites for interaction of target moieties. NMs are perfect for detection and fabrication
of biosensors with improved sensitivity and fast response. They’re ideal for soluble
chemical applications which escape several limitations associated with cell-based
tests. Biosensors are especially valuable in the field of receptor research as they do
not necessitate removal of receptor from the lipid membrane of the cell. Nonspe-
cific binding on nanotubes, which often occurs with several nonspecific proteins, is
removed through immobilization of polyethylene oxide chains. Functionalized QDs
have been applied as labels in FISH assays and for DNA probing of genomic DNA
as a replacement for traditional fluorescent dyes.

1.7.2 Environmental Applications

At present, nanobiotechnology has explored many ways of detecting and clean-up
of environmental contaminants present in high concentrations through biologically
synthesized nanoparticles. The use of nanostructuredmaterials as adsorbents or cata-
lysts to remove hazardous and dangerous compounds from air, industrial effluent,
groundwater, and soil, as well as sensing and detecting toxicants and pathogens
in the environment, has been the focus of recent studies. To fulfil the objectives,
NBMs should satisfy certain criteria i.e. they should be non-toxic, eco-friendly,
selective for low concentration contaminants, high adsorption capacity, facile elim-
ination of contaminants adsorbed on the surface of nanomaterial, and recyclable.
Various environmental applications of NBPs are highlighted hereunder.

Forwater purification,multifunctional distributed treatment plants can be empow-
ered by engineered nanomaterials. These treatment systems are easily deployable,
small, and reduce water loss, contamination problems, and energy requirements
as well. Multiple treatment functions (for instance, adsorption, disinfection, and
catalytic degradation) can also be facilitated with engineered nanomaterials that can
target different contaminants simultaneously with high removal efficiency. Metallic
nanoadsorbents, such as TiO2, Al2O3 ZnO, and iron oxides, have been used widely
to eliminate metals from wastewater, as they are cheap and efficient. The effi-
cient nanoadsorbents are magnetic nanoparticles (MNPs), which comprise hematite
(–Fe2O3), magnetite (Fe3O4), and maghemite (–Fe2O3). Metal impurities can be
removed and separated using superparamagnetic iron oxide NPs. A wide range of
heavy metals in their ionic forms including chromium, lead, cobalt, copper, nickel,
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etc., has also been removed by usingmagnetic nanoparticles (Lei et al. 2014). Carbon
nanotubes synthesized from poultry litter waste in the presence of Ni/Mo/MgO as
catalyst have also been deployed for Cr removal from tannery wastewaters (Haleem
et al. 2021). These carbons are employed as filters in filtering, as adsorbents in water
purification, and to remove hydrogen, nitrogen, smells, vinyl chloride, and other
contaminants.

Despite this, iron nanoparticles have been observed to be effective in groundwater
treatment, especially for pesticides and polychlorinated biphenyls, dyes, nitrates,
and phosphates. The reduction of a dye developer 4-nitrophenol to 4-aminophenol
was similarly catalysed by gold nanoparticles recovered byGymnocladus assamicus
(Tamuly et al. 2013). However, Au nanoparticles produced from Parkia roxburghii,
Sesbania grandiflora, and Pogestemon benghalensis performed exceptionally well
in reducing the methylene blue dye (Paul et al. 2015, 2016). Using Au nanoparti-
cles produced from Eucommia ulmoides, Congo red and reactive yellow 179 dyes
were degraded by photocatalytic activity (Guo et al. 2015). Arifin et al. (2017)
produced iron oxide nanoparticles of size 53.76 nm from mill scale and recorded
99% adsorption of dyes from wastewater. The large surface area and recyclability of
TiO2 nanoparticles make them a potential resource for the degradation of nitroarene
compounds and toxic dyes. Green TiO2 nanoparticles were also reported to remove
Cr by 76.48% and COD by 82.86% from tannery wastewater (Goutam et al. 2018).
Palladium particlesmade biosynthetically are also used as nanocatalysts in the degra-
dation of dyes such as methyl orange, Coomassie brilliant blue G-250, methylene
blue, and 4-nitrophenol (Kora and Rastogi 2018). Peres et al. (2018) also used corn
husk waste to make silica nanoparticles, which they used as a catalyst to remove
methyl blue dye by 80%. Zhang et al. (2020) used saccharin-containing wastewater
to generate NiFe2O4 nanoparticles, which were then combined with a mesoporous
magnet NiFe2O4/ ZnCuCr-LDH combination to remove Congo red up to 97%.

The combination of magnetic and sorption properties in nanomaterials led to
the development of advanced nanosorbents allowing selective and fast recovery of
organic pollutants by employing magnetic separation techniques. Nanotechnology-
enabled biosensors can now detect and characterize pollutants of chemical and
biological origin in wastewater, air, and soil with utmost sensitivity. Chemically
and physiologically, neutral iron oxide nanoparticles (Fe3O4) coated with enzymes,
catalysts, and even antibodies are used as biosensors. Chauhan et al. (2016) employed
poly(indole-5-carboxylic acid) tomodify Fe3O4 nanoparticles and created a nanobio-
composite that may be used as a biosensor to detect pesticides like malathion and
chlorpyrifos. Researchers are looking into particles like auto-assembled monolayers
onmesoporous supportmedium (SAMMSTM), carbon nanotubes, and dendrimers to
find the ways for how they may be used for toxic site clean-up. Previously, scientists
developed low-cost optical sensors for mercury (Hg2+) detection utilizing recycled
carbon nanoparticles from pomelo peel waste. There have also been a few investiga-
tions on the capture of air pollutants using nanobioparticles.With adsorption capacity
of 159 mg/g at 75 °C under 15% CO2, Zeng and Bai (2016) developed porous silica
nanoparticles as good sorbents from rice husks to capture post-combustion CO2.
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To assess the air quality around flames, NASA has also created unique sensor as a
smartphone extension for fire-fighters.

There have also been a number of researches on the identification and eradication
of pathogens inwastewater usingNBMs.Using the photocatalytic capabilities of zinc
sulphide (ZnS) nanoparticles, sulphate-reducing bacteria were selectively discovered
(Qi et al. 2013). These nanoparticles exhibited potential antibacterial activity against
infectious species such as Staphylococcus aureus, Vibrio cholerae, Bacillus subtilis,
Syphillis typhus, Pseudomonas aeruginosa, and Escherichia coli. TiO2 nanoparticles
obtained from Hibiscus rosa sinensis shown excellent antibacterial efficacy against
both Gram-negative and Gram-positive strains of bacteria (Kumar et al. 2014).

Additionally, the potential of green synthesized Al2O3 NPs in development of
inorganic membranes and as adsorbent in removal of organic and inorganic contam-
inants including chromium, fluoride, and arsenic (Goutam et al. 2018). Similarly,
silica has been a good desiccant and relative humidity maintainer in gas drying,
during fabrication of inorganic membranes, along with adsorbent for remediation of
other contaminants. Nanozeolites are employed in wastewater treatment, liquid and
gas sweetening, CO2 recovery, and SOx andNOxpollution control by desulfurization
and denitrogenation. Nanoclay is used to purify water and oils, as well as to refine
mineral oils. Membrane development and water treatment both involve polymers.
For efficient desalination, engineers developed a thin-film membrane incorporating
nanopores. Such membrane filtered two to five times more water than contempo-
rary conventional filters. Nanofabric “paper towel” made of ultra-thin potassium
manganese oxide wires that can absorb twenty times its weight in oil for clean-
up purposes has been developed. Further, the applications of magnets to mechani-
cally remove oil from spills with magnetic water-repellent nanoparticles have been
devised. Many aeroplane cabins and air filters use NT-enabled “mechanical filtra-
tion technique”, wherein nanoscale pores in the fibres catch particles larger than their
pores’ size. Charcoal layers may also be present in the filters, which help to eliminate
odours.

1.7.3 Energy Production

Nanotechnology is often being used to improve alternative energy solutions in order
to fulfil the world’s growing energy requirements. Scientists are finding techniques
to produce clean, renewable, and economical energy sources to reduce energy usage
and environmental injuries. Significant advances have been made in designing and
synthesis of nanomaterials (catalysts, adsorbents, membranes, etc.) and processes
for emission control of nitrogen oxides, hydrocarbons, volatile organic compounds,
hydrogen sulfide, carbon monoxide, soot particles etc. from mobile and stationary
sources, along with CO2 capture and transformation to methane and renewable fuels
to generate clean energy. Through improved catalysis, efficient fuel synthesis from
crude petroleum is being facilitated by NT. Due to enhanced combustion efficiency
and reduced friction, it also reduces fuel consumption in automobiles and power
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plants. NT used in oil and gas extraction has been clearly exemplified by application
of NT-enabled gas lift valves in offshore operations and detection of fractures in
down-well oil pipeline. Besides, applications of CNTs, membranes, and scrubbers
in extraction of CO2 from power plant exhaust are another arena of its significance.
NT can also be used into solar panels to upgrade the efficiency of sunlight being
converted to energy, resulting in more affordable solar power for days to come.
Nanofabricated solar cells have been manufactured using print-like methods and
flexible rolls in place of discrete panels, which could be less expensive for production
and installation. Novel batteries are already being developed usingNT that are lighter
in weight, charge faster, and have better power density for longer duration. Apart
from that, epoxy-containing CNTs are in use to create longer, stronger, and lighter
windmill blades, and thus allowing windmills to generate more electricity.

In photocatalytic applications, NPs are frequently used to generate energy from
photoelectrochemical and electrochemical splitting of water in the field of energy
harvesting. Apart from water splitting, advanced energy generation alternatives
include electrochemical CO2 reduction to fuel precursors and piezoelectric gener-
ators. NPs are also employed in energy storage applications at the nanoscale to
store energy in various forms. Nanogenerators that transform mechanical energy
into electricity using piezoelectric technology have recently been developed; this
is a novel way of generating energy. Similarly, numerous NT-based possibilities
for transforming waste heat in autos, homes, power plants, computers, and other
devices to useful electrical power are being explored. NT is facilitatingmore efficient
lighting systems, lighter and stronger car chassis materials, less energy usage in elec-
tronics and light-responsive glass coatings, etc. NBT has aided in the development
of batteries with more energy storage for electric automobiles, as well as effective
solar panels that convert more sunlight into electricity, in order to address different
issues posed by climate change and the energy crisis. Nanotexturing or nanomate-
rials are employed in transformation of flat surface into a three-dimensional structure
with larger surface area, allowing more space for reactions and thus enhancing effi-
ciency. Innovative nanomaterials and concepts open vistas to produce energy with
high conversion efficiency from light, movement, temperature fluctuations, glucose,
and so on.

1.7.4 Industrial Applications

As per industry analysts, NT is expected to make “game-changing” breakthroughs
in renewable energy, pollution clean-up, communications, electronics, medicine,
textiles, sporting equipment, cosmetics, sunscreens, batteries, agriculture, food pack-
aging, dietary supplements, and many more. Lighter and stronger materials, like
used in the car industry, will be extremely useful to aircraft manufacturers, resulting
in improved performance. Spacecraft will benefit as well, as weight is a crucial
consideration. As a result, nanotechnology may be able to help minimize the size
of the equipment and, as a result, the amount of fuel necessary to make it airborne.



28 J. P. N. Rai and S. Saraswat

Nanotechnology, which is used in nanolubrication, is also a rapidly emerging scien-
tific field. Nanoparticles may improve tribological qualities such as anti-friction,
anti-wear, severe pressure, flash point, and high-temperature resistance when added
to a base oil or water. Metals such as Au, Ag, and Cu, as well as metal oxides such
as Si, Ti, and ZrO2, are the most often utilized nanoparticles. The direct effect of
the protective nanoparticle film, the ball-bearing effect, and surface augmentation
through nanoparticle deposition, which artificially smooths up the surface, are all
credited with their lubricating action.

NT is being used to develop self-healing and corrosion-resistant coatings for
insulation purposes. Coatings are widely used in construction to paint walls, doors,
and windows. These coatings being hydrophobic repel water molecules from metal
pipes and protect them from corrosion. Furthermore, systems based on nanoparticles
can give improved adherence and transparency. By using a photocatalytic process,
the TiO2 coating absorbs all sorts of air pollutants, making roads more environment
friendly. NT-enabled construction could be made quicker, cheaper, safer, and more
varied. In a nutshell, NT could be used to detect faults in architectural foundations and
dispatch nanobots to repair them.NP-mediated cementwill open up a plethora of new
possibilities in ceramics, high-strength composites, and electrical applications. The
applicationof nanotechnology toglass, another essential constructionmaterial, is also
being studied. Because TiO2 NPs have sterilizing and anti-fouling capabilities, they
are employed to cover glazing. Organic contaminants, volatile organic chemicals,
and bacterial membranes are all broken down by the particles, which catalyse strong
reactions. Being hydrophilic, TiO2 can attract rainfall, which subsequently washes
the filth away. In addition, NT has evolved light- and fire-resistant glasses likely to
be used in windows and other infrastructural development.

NPs are also employed to improve the efficacy of cosmetic and personal care prod-
ucts. In cosmetics, nanosomes, fullerenes, liposomes, solid lipid nanoparticles, etc.,
are used to improve colour and quality, and provide higherUVprotection, deeper skin
penetration, long-lasting effects, etc. These nanoparticles are relatively felt light on
skin and block UV radiation effectively. TiO2 and ZnO are two forms of NPs that are
often used in sunscreen. Pupil correction and laser eye surgery could be more precise
because of nano-optics. Nanotechnological research has also provided sunglasses
with ultra-thin polymer coatings that serve as protective and anti-reflective.

The engineered nanofibers also find their applications in the textile industry
to fabricate advanced clothes having antibacterial, antimicrobial, stain-repellent,
wrinkle-free, water-resistance, and protective properties. Nanotechnologically
finished textiles may be washed at extremely low temperatures. NT-enabled textiles
with nanocarbon particles embedded into the membrane ensure full-surface protec-
tion of the person from electrostatic charges. Silica NPs can aid in the preparation
of textile with stain-resistant, hydrophobic fabrics than can also repel other liquids.
Liquid creates small beads on waterproof clothes, which roll off the fabric instead
of being absorbed.

Sports equipment and products such as soccer, football, tennis balls, and base-
ball can all benefit from nanotechnology. Nanotechnology aids with the retention of
bounce in these balls as well as the strengthening of tennis racquets. New sporting
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shoe materials may be developed to make the shoe lighter. Carbon nanotubes incor-
porated in resin are used to produce baseball bats, which make them lighter and more
efficient. Antimicrobial nanotechnology has been utilized to create other goods for
players, e.g. sports towels andmats for yoga and exercises, to avoid infections caused
by germs such as methicillin-resistant Staphylococcus aureus (MRSA).

Apart from that, the term “nano-weapon” refers to military technology that is
currently in development and aims to harness the strength of NT in present day
(Altmann 2004). The nanoparticles are utilized to make coated polymer threads that
may be weaved into troops’ uniforms to keep them light and comfortable while
stopping bullets, defending against poisons, monitoring vital signs, and giving first
aid. Such polymer threads might be utilized as a means of communication among
soldiers, with coded messages relayed by flashing lights. The uniforms’ threads may
be adjusted to distinct light wavelengths, making it impossible for anybody else to
listen in. Silent communicationbetween soldiers is possible becauseof these specially
coated polymer threads weaved into the outfit. This would reduce the chances of
anything being intercepted by unintended listeners. Furthermore, unique molecules
known as dendrimers are used to guard against chemical and biological threats. The
hazardous compounds cling to dendrimers and are made inert.

Auto-cleaning surfaces on glassware or ceramics are the poplar application of
NT at home. Nanoceramic particles improve the heat resistance and smoothness
of daily used items like flat irons. Similarly, NT is helpful in the production of
flameless furniture. Coating of upholstered furniture foam with CNFs may lower
flammability up to 35%. Adhesives can also benefit from nanotechnology. Surpris-
ingly, the application of nano-glue in place of ordinary glue can better withstand
and enhance stickiness at higher surrounding temperature. Likewise, nanocomposite
coatings provide scratch-resistant surfaces.

1.7.5 Applications in Electronics

1D semiconductors and metals have extraordinary structural, electrical, and optical
characteristics, enabling them a significant structural component in next-generation
electronics, sensors, and photonic materials. The development of printed electronics
is gaining popularity as a low-cost, large-area electronics solution for flexible moni-
tors and sensors. Printed electronics using various functional inks incorporating
NPs, e.g. organic electronic molecules, metallic NPs, CNTs, and ceramic NPs, were
projected to becomeamass productionprocedure for innovative electronic equipment
(Kosmala et al. 2011). The use of CNTs in semiconductor chips and photovoltaics;
use of light-emitting diodes (LEDs) and organic light-emitting diodes (OLEDs); use
of QDs in lasers; use of lithium-ion batteries; and the development of solder-free
assembly technology are some of the conventional and modern NMs’ uses in elec-
tronic industry. Aside from electronics, several nanoparticles are employed as surface
coatings in a variety of electrical items, primarily for antimicrobial qualities.
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Researchers have also looked into using DNA-based computer circuits, or biolog-
ical circuits, made of synthetic DNA as a computing medium. It sounds promising
since DNA has such a high data density: it contains all of the information and instruc-
tions needed to develop and run a human body. Long texts have been encoded in
DNA, and the molecule has also been used to form simple logic gates and circuits,
the fundamental building blocks of computing. DNA computing has a broad range of
medical applications, including cancer diagnosis and the detection of internal injuries
like traumatic brain damage, haemorrhagic shock, and more. Synthetic biological
circuits can also be utilized to deliver medications into cells precisely and at precise
concentrations.

1.7.6 Agricultural Applications

Nanotechnology has paved way to improve and encourage sustainable forms of agri-
cultural production. Preliminary research shows that nanotechnologies can improve
seed germination and growth, as well as crop productivity by using nano-pesticides
and fertilizers. Similarly, using nanomaterials such as SiO2, TiO2, and carbon
nanotubes, nano zeolites and hydrogels have enhanced soil quality while acceler-
ating plant development, plant protection, disease detection, and pesticide/herbicide
residue detection. Aside from that, smart crop monitoring using nanosensors has
been a benefit to it (Khot et al. 2012). Nanotechnology could help soils utilize nutri-
entsmore efficiently, resulting in increased productivity and improved environmental
security. Nano fertilizers are gaining traction as a viable alternative to conventional
fertilizers, allowing for regular nutrient accumulation in soils and therefore lessening
the problem of eutrophication in aquatic water bodies, as well as contamination
of drinking water. It could also facilitate the nutrient transport processes, i.e. ion
exchange, adsorption–desorption, and solubility-precipitation in soil–plant systems,
and would ensure nutrients availability to plants best suited to it.

To boost agricultural production, new nanomaterials based on inorganic, poly-
meric, and lipid nanoparticles have been produced using a variety of processes
(emulsification, ionic gelation, polymerization, oxidation–reduction, and so on). In
order to have hazard-free usage, easy storage, and need-based delivery, nanoformu-
lated materials with plant nutrients can be employed in hydrogel forms and aqueous
suspension. Similarly, the use of zerovalent Fe NPs could be used for cleansing of
soils polluted with heavy metals, pesticides, and radionuclides. Iron nanoparticles,
like calcium carbonate nanoparticles, have excellent soil binding characteristics that
aid in the development of soil micro- and macroaggregates. Plant genetic improve-
ment, allocation of genes and drug molecules at particular site in cells, plant gene
expression to overcome stress, as well as creation of sensors and protocols involved
in precision farming, food contaminants and pathogen detection, smart processing,
packaging, and monitoring in food industries are added advantages of NTs.

Nano-formulations-based pesticides and fertilizers have been found to control
the populations of insects, pests, and host pathogens which in return improve yields



1 Principles and Potentials of Nanobiotechnology 31

with little or no toxicity. Encapsulation of pesticide at nanoscale has improved
the solubility, selectivity, permeability, and stability of the pesticide’s release and
thus controlled-release towards target organisms (Prasad et al. 2017), along with
increased resistance against hydrolysis and photodecomposition (Mishra and Singh
2015; Grillo et al. 2016). Despite this, Oh et al. (2006) found that Ag-SiO2 NPs have
a strong antifungal effect against Botrytis cinerea, and Medda et al. (2015) found
that AgNPs synthesized from Aloe vera leaf had antifungal activity against Rhizopus
stolonifer andAspergillus sp., inhibiting hyphal growth, budding, and conidial germi-
nation. Antifungal activity of Ag NPs against Fusarium oxysporum, Colletotrichum
gloeosporioides,Bipolaris sorokiniana, andMagnaporthe griseawas also discovered
by various researchers. Besides, nanoparticles are useful for the detection of toxins
in the soil as well as for crop disease and their diagnosis. The sensitivity of nanode-
vices can also be used for fast, economical, and efficient detection of phytopathogens,
thereby reducing the chance of large-scale destruction of crops. Nanotechnology is
used for better breeding results, monitoring and improving the health of animals, as
well as for better production. Table 1.3 lists the agricultural applications of several
nanoparticles.

1.7.7 Food Processing and Safety

NTcan tackle a complicated set of scientific and engineering issues in the field of food
bioprocessing for effective production of quality and safe food. Modern researches
are focused on adding antioxidants, antimicrobials, biosensors, and other nanomate-
rials to food packaging. Identification of bacteria, biosensing of food quality, smart
systems of food packaging, and nanoscale encapsulation of bioactive food ingredi-
ents are some of the novel NT uses in the food processing, safety, and packaging
fields. Nanocomposite coating with antimicrobial agents could improve food pack-
aging and mechanical and thermal resistance, and reduce oxygen transfer rates and
fluctuations in gas permeability of various fillers as required for various goods. The
three new/nanofoods, viz. Canola Active Oil, a tea called Nanotea, and Nanoceu-
ticals Slim Smoothie Chocolate, a chocolate diet shake, are the outcomes of the
Project onEmergingNanotechnologies (PEN).As per PEN’swebsite, Shemen Indus-
tries’ canola oil contains a “nanodrops” ingredient that helps vitamins, minerals, and
phytochemicals. The shake industry, viz. RBC Life Sciences Inc., employs cocoa-
infused “NanoClusters” to increase the taste and health advantages of cocoa with no
additional sweetener.

Silver and similar metal nanoparticles have been used in a variety of nano-
based commercial goods due to their antimicrobial properties. According to previous
studies, an increased surface area/smaller particle size improves antibacterial effi-
cacy. According to some scientists, other nanoparticles, such as zinc and sulphur,
also have antibacterial properties. Silver nanoparticles will be combined with water-
soluble biopolymers to develop new antimicrobials. Gum acacia, starch, gelatin,
sodium alginate, and carboxymethylcellulose were among the natural polymers
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Table 1.3 Types, synthesis methods, and application of nanoagroparticles in agriculture

Type of NPs Production Uses References

Crop protection

Cu Chemical Fungicide Kanhed et al. (2014)

Cu and Ag Chemical Fungicide Ouda (2014)

Ag Biological Fungicide Khadri et al. (2013)

Ag Biological Bactericide El-Rahman and
Mohammad (2013)

Ag Biological Pesticide/insecticide Ali et al. (2015)

ZnO Chemical Bactericide Hafez et al. (2014)

Seed treatment

Ag Biological dressing of seeds Anand and
Kulothungan (2014)

Ag Biological Surface sterilize of seed
crops

Morsy et al. (2014)

Herbicide formulation

Carboxymethyl chitosan Chemical Herbicide Yu et al. (2015)

Chitosan Chemical Herbicide Grillo et al. (2014)

Polyepsilon-caprolactone Chemical Herbicide Pereira et al. (2014)

Biosensing

Carbon Chemical Herbicide detection Luo et al. (2014)

Graphene Chemical Herbicide detection Zhao et al. (2014)

Au Chemical Herbicide detection Boro et al. (2011)

Au Chemical Organophosphates
detection

Kang et al. (2010)

Ag Chemical Herbicide detection Dubas and Pimpan
(2008)

Plant growth promotion

Fe, Co, Cu Chemical Increase germination
rate

Ngo et al. (2014)

Ag Chemical Plant growth Syu et al. (2014)

ZnO Chemical Flowering and seed
productivity

Laware and Raskar
(2014)

Source Baker et al. (2017)

employed to create biocompatible polymeric silver nanocomposites. Chitosan, a
natural polymer composed of poly(-(1- 4)-2-amino-2-deoxy-D-glucose is another
most common structural polysaccharide after cellulose in nature. Chitosan readily
interacts with bacteria, binding to DNA, glycosaminoglycans, and the majority of
proteins, boosting the antibacterial activity of silver nanoparticles (Vimala et al.
2011). They also looked at incorporating curcumin into a chitosan-PVA nanoparti-
cles film to see whether it could boost the film’s therapeutic antibacterial activity.
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Furthermore, some study indicates a viable strategy for creating novel antibacterial
drugs by combining silver nanocomposites with a natural polyphenol (curcumin).
These compounds could be used in antimicrobial packaging materials. Curcumin,
having antioxidative, anti-inflammatory, and anticancer effects, is isolated from the
rhizomes of the Curcuma species and used to make a nanogel. Further, the usage of
natural polymeric nanocomposite films in rapid detection of food-borne pathogens,
nanoimmunosensors array for microbial pathogen detection, food packaging for safe
storage, CNTs, and nanoscale TiO2 particles as a UV light protecting agent in plastic
packaging are some of the applications of NT.

Furthermore, nanosensors, undoubtedly, provide smart sensing of food compo-
nents and contaminants, as well as make alert to consumers about the condition of the
food quality inside. Sensors can warn before spoilage of food product and provide
information on the nutritional quality of the foodstuff. Nanosensors can also monitor
physical parameters (e.g. humidity, pH, temperature, light exposure), gas mixtures
(e.g. O2 and CO2), pathogens and toxins, freshness (e.g. ethanol, lactic acid, acetic
acid), and decomposition (e.g. putrescine, cadaverine) in intelligent food packaging.

1.8 Challenges Ahead

Although nanotechnologymay hold the key to healing severe diseases and unlocking
and manipulating the mysteries of the genome, there is still a long way to go
before its full promise is fulfilled. Engineered nanobioparticles are increasingly
being included into consumer items, with the potential to be changed, dispersed,
and carried throughout their life cycle in water, soil, sediment, and air environ-
ments. Such modes of transportation may have a greater impact on NPs’ environ-
mental destiny, bioavailability, and toxicity, aswell as humanhealth. The antibacterial
effect of nanomaterials causes toxicity in living organisms. Various microorganisms,
including fungus and bacteria, produce toxins.Microbial toxins’ health consequences
are determined by the type of exposure (ingestion, inhalation, and skin contact) as
well as the toxin’s chemical structure and physicochemical features. Unfortunately,
despite their widespread use and distribution, engineered nanoparticles’ toxicity and
potential for harm have yet to be properly explored and/or removed.As a result, deter-
mining the fate of nanoparticles and investigating any associated possible dangers
become critical. Studies at the nano-bio interaction are needed to better understand
the risks of materials and design safer nanomaterials. The impact of physicochemical
qualities on cell bioavailability, uptake, and bioprocessing is being investigated in
these studies. Furthermore, the complicated structure of manufactured nanoparticles
made of various materials would very certainly necessitate novel detection systems
to determine their degrees of presence in the environment. Nanotechnologies raise
ethical concerns, such as a lack of knowledge about the potential toxicity and environ-
mental fate of nanobiomaterials. Furthermore, the lack of cost-effective methods for
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mass production of nanoparticles and materials greatly limits the reach of nanotech-
nology. With the growth of nanotechnology, there is also the possibility of large-
scale employment losses in the agriculture industry. Nanotechnology’s potential for
genetic engineering raises ethical concerns. As a result, a scientific evidence-based
strategy is required to comprehend the health, environmental, and safety risks of
nanoparticles.

1.9 Conclusion

Nanobiotechnology offers great opportunities for developing novel biomaterials and
methods that could augment the capacity to solve various environmental problems.
Researchers are increasingly focused on green nanoparticle synthesis, using eco-
friendly techniques and green synthetic routes for nanomaterial synthesis using
plants, microbes, and other natural resources. Due to their cost-effectiveness, harm-
lessmethod, easy availability, and environmentally friendly character, several studies
on the synthesis of biogenic nanoparticles and their prospective uses in diverse indus-
tries are now underway. However, because these nanoparticles might affect the living
biota, including human health, it is critical to analyse the ecological risk and reper-
cussions of their use. Furthermore, research on innovative nano-bioproducts, as well
as their toxicokinetics, must be reviewed in order to prevent these nanoparticles
from having a negative impact on the environment’s flora and fauna. Before these
nanoparticles are used on a large scale, it is necessary to gain a better knowledge of
their environmental fate. Furthermore, the successful and long-term deployment of
nanotechnology will be contingent on the selection of low-cost, environmentally safe
nanotechnology for applications in biomedicine, agriculture, and bioremediation,
among other fields.
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Chapter 2
Application of Nano-biotechnology
in Wastewater Treatment: An Overview

Shweta Saraswat

Abstract Rapid industrial growth, urbanization and increased population are exag-
gerating the problem of polluted wastewater generation. Due to constant rise in
wastewater pollution, the associated health risks to human beings, flora and fauna
are also growing simultaneously. Applications of nanobiotechnology-based methods
have great potential in remediating polluted water systems and improving their treat-
ment efficiency as well. The selection of cost-effective and appropriate nanobioma-
terials having unique characteristics increases the efficiency of their applications in
vivid fields. In the present chapter, novel, fast and efficient plant- and microbes-
mediated nanobio-based technologies have been discussed for effective and nature-
friendly treatment ofwastewater containingheavymetals, dyes, pesticides, pathogens
and so on. The prospects and challenges ahead for large-scale industrial processes
have also been emphasized in this chapter.

2.1 Introduction

Providing a clean, hygienic and affordable water supply to the world’s ever-growing
population is a major challenge in today’s world. Despite this, an extensive discharge
of contaminated wastewater into streams and rivers due to rapid industrialization and
modern agricultural practices has also escalated the problem of clean water. Modern
water treatment technologies, e.g. ion exchange, adsorption, membrane filtration,
coagulation, photocatalysis, microwave and ultrasonic irradiation, reverse osmosis,
etc., are continuously being used to serve the purpose of contaminated wastewater
treatment, but their non-specificity, low efficiency, high energy requirement and oper-
ational cost limit the large-scale applications. Therefore, novel technologies capable
of sensing,monitoring, preventing and treating large amounts of contaminants simul-
taneously are required. In this regard, nanotechnology holds enormous potential to
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purify wastewaters and improve the efficiency of treatment plants. Nanoparticles’
unique characteristics, such as shape and size, vast surface area, mechanical, elec-
trical and magnetic capabilities (Das et al. 2015), make them effective environmental
pollutants sensors and adsorbents. Researchers have synthesized various types of
nanoparticles, nanotubes and nanocomposites through different physico-chemical
processes for fulfilling the objectives of wastewater treatment, but their conventional
ways of synthesis utilize hazardous and volatile chemicals which further creates
secondary pollution. Therefore, attempts have been made to develop biogenic path-
ways and procedures employing plants and microbes, which are comparatively envi-
ronmentally safe and inexpensive. In general, biomolecules such as carbohydrates,
enzymes, proteins, polymers, flavonoids, alkaloids, antioxidants and functional
groups such as carboxyl groups, aldehydes, polyphenols and others obtained from
plants, bacteria, algae and fungi are used in the oxidation and reduction of metallic
ions in the biosynthesis of nanoparticles. Various biomolecules have proven their effi-
ciency and usefulness as capping and reducing agents in the fabrication of nanobio-
materials. The green/bio-synthesized nanoparticles offer several benefits such as
eco-friendly, cheaper, nontoxic, high stability and reusability, feasible large-scale
synthesis. Various plant parts and extracts have been used as reducing and capping
agents for nanobioparticle production, e.g. Catharanthus roseus leaf (Mukunthan
et al. 2011), Nephelium lappaceum peel (Kumar et al. 2015), Azadirachta indica
leaf (Ahmed et al. 2016; Roy et al. 2017) and Cissus quadrangularis (Dhand et al.
2016; Devipriya and Roopan 2017). Several biopolymers, e.g. alginate, cellulose,
starch, dextran, chitosan and so on have received specific attention in the develop-
ment of nanoadsorbents and nanocatalysts for the clean-up of a wide range of pollu-
tants (Mittal and Ray 2016). Potential applications of biosynthesized nanoparticles
in wastewater purification, as well as associated restrictions, have been thoroughly
examined in this chapter. Table 2.1 shows the use of various biogenic nanomaterials
(NMs) for the removal of contaminants from wastewater.

Table 2.1 Role of nanotechnology in wastewater treatment (Chaturvedi et al. 2012)

S. No Pollutants Nano-based techniques used

1 Dye, organic contaminants Carbon nanotubes

2 Heavy metals, radionuclides, dyes Nanoscale metal oxide

3 Pesticides, polychlorinated biphenyls, azo dyes, etc. Nanocatalyst

4 Organic pollutants, microorganisms inactivation Nanostructured catalyst

5 Pathogens Bioactive nanoparticle

6 Salts Biomimetic membranes
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2.2 Nano-based Methodologies for Wastewater Treatment

Because of their persistent and stubborn nature, the various organic and inorganic
pollutants prevalent in waterbodies have now become a serious concern world-
wide. Organic pollutants are mainly composed of carbon and hydrogen, with minor
amounts of halogens, nitrogen, phosphorus and sulphur. Medicines, aromatic hydro-
carbons, halogenated compounds, synthetic dyes, pesticides, insecticides andphenols
are examples of xenobiotics, which are highly poisonous, non-biodegradable, and
detrimental to our environment (Lapworth et al. 2012). Industrial and commercial
discharge, domestic sewage, and agricultural runoff, transport persistent pollutants
to bodies of water, where they bioaccumulate in animal and plant tissues, posing
major health risks, such as cancer and immune system disruption. Nanotechnology
has developed a number of successful approaches to clean filthywastewater in amore
precise and appropriatemanner using a variety of nanomaterials to handle this. Nano-
based technologies offer a wide range of novel nano-adsorbents, catalysts, and coat-
ings for removing organic contaminants effectively. Synthetic azo dyes are of partic-
ular concern among organic pollutants because they are carcinogenic, mutagenic
and allergic to living organisms, as well as blocking light penetration into aquatic
bodies, resulting in reduced photosynthesis and the creation of anaerobic condi-
tions in the aquatic environment. Bioactive nanoparticles, biomimetic membranes,
nanosorbents, nanocatalysts, nanostructured catalytic membranes and molecularly
imprinted polymers are some of the nanomaterials currently being used to remove
inorganic and organic solutes, toxic metal ions, disease-causing microbes and other
contaminants from polluted wastewater (Chaturvedi et al. 2012). The following are
some examples of nanomaterials that are utilized in water purification and treatment.

2.2.1 Nanosorbents (Nano-adsorbents)

Nanoadsorbents are nanoparticles havinguniquephysicochemical characteristics and
high specific surface area with linked sorption sites, which facilitate high chemical
reactivity and adsorption capacity. Varied nature of nanoadsorbents include carbon-
based (carbon nanotubes, carbon nanosheets), silica nanotubes (SiNTs), metal and
metal oxide-based, magnetic polymeric, nanofiltration membranes, nanocatalysts,
fullerene, nano-zerovalent Iron (nZVI) nanosorbent (Panahi et al. 2018), etc. Earlier
studies demonstrated that Ag nanocrystals can remove Ag+ ions from wastewater
(Li et al. 2010), carbon-based nanosorbents can remove nickel (Lee et al. 2012),
toxic dyes and phosphorus content can be eliminated using nanoclays, and organic
pollutants can be treated using the magnetic nature of nanosorbents (Campos et al.
2012). Dendrimers, mesoporous silica and chitosan are also good nanoadsorbents for
removing toxicmetal ions from contaminatedwater because of their highmechanical
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and chemical resistance and specific surface area and (Vunain et al. 2016). The
following sections highlight various types of nanoadsorbents used in wastewater
treatment.

2.2.1.1 C-Based Nano-adsorbents

C-based NMs with increased adsorption potential are used to generate nanoad-
sorbents such as C-nanoparticles (CNPs), C-nanosheets and C-nanotubes (CNTs).
Because of their superior chemical resistance, mechanical strength, electrical char-
acteristics, large adsorption capacity and surface area, CNTs are favoured over other
materials (Lee et al. 2012). CNTs are of two types: single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs). SWCNTs are cylindrical and made up of a
monolayer of graphene, whereas MWCNTs are made up of multiple graphene layers
and are relatively better than SWCNTs in terms of cost, mass production and chem-
ical and thermal stability. During functionalization of SWCNTs, the structural faults
occurred by C=C bond breakage, as a result the mechanical and electrical character-
istics may change. However, chemical modification of MWCNTs at surface being
facilitated by excessive exposure ofMWCNTswalls tomodifiers, which can preserve
the intrinsic features of carbon nanotubes.

Surface modification of carbon nanotubes is done to provide them new qualities
for extremely particular applications that often require organic solvent or water-
solubilization, functionality, dispersion and compatibility, or lessening the toxicity
of CNTs. Common functionalized CNTs, such as MWNT-COOH (Product No.
755125), are made by oxidizing them with acids, ozone, or plasma, which results in
the formation of additional functional groups of oxygen (e.g. –OH, –C=O). Exfoli-
ation of CNT bundles is aided by the presence of oxygen-containing groups, which
also improves solubility in polar fluids and chemical affinity with ester-containing
substances like polyesters. COOHgroups on nanotube surfaces can be used tomodify
them further. Through the formation of amide and ester linkages, many compounds,
such as synthetic and natural polymers, can be grafted.

Aggregates of CNT with interstitial grooves and spaces provide high amount
of energy for adsorption to bind organic moieties in aqueous solutions because to
the hydrophobicity of graphitic surfaces. In this process, especially large organic
molecules are trapped due to high adsorption capacity and large pore sizes of CNTs.
Besides, electrostatic forces, covalent bonding, hydrogen bonding, and pi–pi stacking
are other motives for the separation of polar aromatic compounds and polycyclic
aromatic hydrocarbons in wastewater (Paszkiewicz et al. 2018). Magnetic forces can
easily remove modified magnetic CNTs from wastewater because they have a high
dispersion and regeneration ability (Madrakian et al. 2011).

After modification of functional groups on their surfaces, CNTs are highly useful
in heavy metal removal from wastewater, such as Ni, Cd, Cr, Pb, Hg, Cu, Zn and
Co, as reported by Ren et al. (2011), Bassyouni et al. (2020) and Wang et al (2021).
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Earlier Tang et al. (2012) recorded Cu(II) removal using multi-walled CNTs. Tarigh
and Shemirani (2013) also supported the application of multi-walled CNTs for Pb(II)
and Mn(II) removal.

2.2.1.2 Metal and Its Oxide-Based Nanoadsorbents

Metal oxide-dependent nanoadsorbents are popularly known for their affinity with
metal ions in contaminated wastewater, making them ideal for wastewater treatment.
MgO, TiO2, MnO2, Fe3O4/Fe2O3, MnO2, Al2O3 and CeO2 are examples of metal
oxide nanoparticles that have been studied for their applications in water treatment
by a number of researchers. Strong adsorption, a substantial retardation factor and
resistant desorption are features of iron oxides having large surface area (Shipley
et al. 2010) make them effective for pollution remediation. To optimize their activity
and avoid aggregation, which might reduce adsorption efficiency, it’s critical to
change their surface. Attachment of appropriate active groups such as carboxylic and
phosphoric acid, silanol, amine, thio, polymer, biomolecules and other tiny organic
moieties and metal NPs can be used to modify the material (Dave and Chopda
2014). Another strategy to boost their performance is to have them coexist with
other supporting materials. Another green approach was used to make a novel Fe3O4

nanosorbent utilizing Cucumis sativus, Citrus limon and Vitis vinifera plant extracts
(Venkateswarlu et al. 2013). These Fe3O4 (cucumber), Fe3O4 (lemon) and Fe3O4

(grapes) nanosorbents were used to remove seven antibiotics from water bodies,
including sulfamethoxazole, piperacillin, tazobactam, tetracycline, erythromycin,
trimethoprim and ampicillin. Zn, having weaker redox potential, has been widely
employed in treatment of wastewater (Yan et al. 2013; Fu et al. 2014). Under ambient
settings, Zn NPs have also been shown to efficiently degrade octachlorodibenzo-p-
dioxin into its corresponding congeners of chlorinated nature (Bokare et al. 2013).
In addition, three prescription medications, Diclofenac, Ibuprofen and Naproxen,
were removed from wastewater samples utilizing biosynthesized Cu NPs made from
aqueous Tilia extract residues, where 10.0 mg of Cu NPs exhibited elimination effi-
ciency 91.4, 74.4 and 86.9%, respectively at pH 4.5 and temperature 298 k for 60min
(Husein et al. 2019). Various biosynthesized metal oxide nanoparticles for organic
pollutants removal are exemplified in Table 2.2.

2.2.1.3 Polymeric Nanoadsorbents

Large surface area, improved durability, processability, economic feasibility and
selectivity to remove varied pollutants from wastewater are all advantages of poly-
meric nanoadsorbents (Pandey et al. 2017). The most prominent advantages of
polymeric nanoadsorbents are their high adsorption capacity and excellent heat
stability over a wide pH range. Polysaccharides, such as nano-magnetic polymers,
cyclodextrin, extracellular polymeric compounds, covalent organic polymers and
other polymeric adsorbents are all inexpensive and widely employed (Reddy and
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Table 2.2 Biosynthesized metal oxide nanoparticles for organic pollutants removal

Biosynthesized
metal oxide
nanoparticles

Size range
(nm)

Organic
pollutant

Exposure
time (min)

Efficiency (%) References

ZnO from
Moringa
oleifera leaf

52 Titan yellow
dye

60 96 Lee et al. (2016)

ZnO from
Catharanthus
roseus

38 Phenol red
dye

480 – Hassan et al.
(2013)

ZnO from Ulva
lactusa

10–50 Methylene
blue dye

120 90.4 Glory et al.
(2019)

ZnO from
Allium sativum

14–70 Methylene
blue dye

180 100 Raja et al. (2018)

TiO2 from
Tamarindus
indica

20–40 Titan yellow
dye

120 95 Suresh et al.
(2015)

TiO2 from
Euphorbia hirta
leaves

20–50 Methylene
blue, Methyl
orange and
crystal violet
dye

360 95.8, 77.5 and
86.7,
respectively

Hiremath et al.
(2018)

FeO from
Amaranthus
spinosus leaves

91 Methylene
blue and
methyl
orange

– – Muthukumar
and
Matheswaran
(2015)

CuO from
Citrus grandis
peel extracts

22–27 Methyl red 135 96% Sinha and
Ahmaruzzaman
(2015a)

Lee 2013; Alaba et al. 2018). Nanocellulosics have the characteristics of being ubiq-
uitous, nontoxic, easily adsorbable and modifiable on the surface, making them
ideal for wastewater treatment (Abdi and Abedini 2020). The creation of lignin-
derived nanoparticles has recently been introduced, and it has shown great promise
for wastewater treatment. They’ve been discovered as efficient catalytic degraders
of nitroarenes and dyes and removal of heavy metal (Chen et al. 2018).

Nanocellulose (NC)

Because of its remarkable adsorptive qualities, NC has sparked a lot of attention. NC
is a large potential component inwater filtrationmembranes due to its intrinsic fibrous
character and amazing mechanical capabilities, including low cost and biocompati-
bility (Carpenter et al. 2015). NC ismade seriallywith the steps includingmechanical
fibrillation of cellulose, chemical purification or removal of hemicellulose, lignin and
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other impurities. Strong acids are used to hydrolyze alkali-treated, delignified cellu-
lose fibres to produce cellulose nanocrystals (CNCs). Cellulose, on the other hand,
is chemically pre-treated before being sheared to produce nanoscale cellulose fibres,
also known as cellulose nanofibrils (CNFs). Based on origin and preparation tech-
nique, cellulose nanocrystals (CNC) and nanofibrils (CNF) are prepared by acid
hydrolysis employing HCL and H2SO4 d into rod-like NPs having length range from
100 to 2000 nm and widths from 2 to 20 nm. H2SO4 combines with the –OH groups
on the cellulose surface to generate sulphate halfesters, which result in negatively
charged CNC nanoparticles that are electrostatically stabilized. When hydrochloric
acid is used, the surface hydroxyl groups remain unaltered, resulting in CNC parti-
cles with an extremely low surface charge density. Unlike CNFs and CNCs, bacterial
nanocellulose (BNC) is produced through bacterial synthesis and hence devoid of
lignin or hemicellulose. Owing to their low cost, high surface-area-to-volume ratio,
abundance and intrinsic inertness, NCs are efficient polymeric adsorbents for heavy
metals, dyes, viruses and other contaminants (Gopakumar et al. 2016). Further, the
surface NC possesses highly functionalized –OH groups, which makes it easier to
incorporate chemical moieties that could improve pollutant binding effectiveness to
nanocellulosic materials (Carpenter et al. 2015). Asper et al. (2015) demonstrated
that green nanocellulose-made filter paper having high retention value (i.e. LRV
> 5.25) could eliminate xenotropic leukaemia virus by size exclusion against the
virus. This suggested that biosynthesized nanocellulosic filter paper could be effi-
cient in removal of endogenous rodent retroviruses and like particles during recombi-
nant protein production. Biosynthesized CNFs prepared fromCladophora glomerata
algae and bleached Eucalyptus pulp were also used to make the nanofibres (Xiang
et al. 2016). Nanocellulose isolation from renewable sources is becoming a hot topic
among scientists all over theworld.CNFshave also been extractedmechanically from
various plants’ cell using techniques such as grinding, cryocrushing, high-pressure
homogenization and high-intensity ultrasonic treatments for cleaving cellulose fibres
transversely. Zhang et al. (2014a) employed (poly)acrylic acid grafting to function-
alize the surface of bamboo CNFs and used to remove Cu(II) from aqueous solu-
tions. Modified bamboo CNFs have a threefold greater adsorption capacity than pure
bamboo CNFs. For Cd and Pb adsorption, Jalali and Aboulghazi (2013) employed
cellulose produced from sunflower stalks. Liu et al. (2015) found that enzymatically
phosphorylated CNCs and CNFs had a high adsorption capacity for Ag(I), Cu(II) and
Fe(III) in aqueous medium. In other study,Ma et al. (2011, 2012) reported that CNCs
loaded electrospun nanofibrous membranes could be employed to remove bacteria
(Brevundimonas diminuta and Escherichia coli) and virus model (bacteriophage
MS2).

Nanochitin (NCH)

Chitin, the second most natural predominant polymer, is present in the structural
components of exoskeleton of arthropods, and cell walls of fungi and yeast (Barikani
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et al. 2014). Chitin is extracted from crab and shrimp shells and degraded by chiti-
nase to generate NCH with a significant surface area (Goodrich and Winter 2007).
Chitin is an antibacterial, nonallergic, nontoxic, biodegradable and insoluble inwater.
Chitin and cellulose are polysaccharide molecules that are almost identical, with the
distinction that cellulose has –OHgroupswhile chitin has –C2H5NOgroup.Chitin is a
high-molecular-weight polymerwith high crystallinity andmechanical strength. As a
result, the surface area ofNCHand the abundance of functional groups (–NHCO–and
OH)make it an efficient chelating agent for heavymetal removal from polluted water
(Liu et al. 2013; Lofrano et al. 2016). Nanochitin is an excellent candidate for rein-
forcing polymer nanocomposites. Earlier studies reported thatNCHhas been isolated
from a number of sources, including shellfish, fungi and insects. These biopolymers
have been used to remove dyes and pigments from wastewater, as well as metal ions,
such as Hg, Cu, Fe, Ni, Cr, Pb, Zn, Cd, Ag and Co. Wu et al. (2019) developed
nano-hybridized hydrogels with high ability of high metal ion removal and potential
for remote magnetic separation by encapsulating nanochitin (i.e. metal ion adsor-
bent) andmagnetic microparticles (i.e. magnetic controller) into poly(vinyl alcohol)-
enhanced chitosan hydrogels (PVA/CTS). They also demonstrated chitosan hydrogel
beads containing biodegradable nanochitin for quick and effective Cu(II) removal
from aqueous solution. As a consequence, nano-surface modified nanopolysaccha-
rides prove as excellent biosorbents for trapping heavy metal ions from wastewater,
which has wide application in industries to further improve next-generation water
purification technologies.

2.2.1.4 Carbon Nanotubes (CNTs)

CNTs have a wide range of purity, length, functionalization and surface interac-
tions with plasma proteins, which can influence their cellular toxicity. CNTs exhibit
antibacterial activity primarily through twomechanisms: chemically interactingwith
pathogens and physically preventing pathogens from passing through filters. CNTs
have been proven to kill microbial cells either by physical interaction or oxidative
stress, which affects integrity of cell membrane and causes disintegration. By physi-
cally preventing the movement of pathogens such as bacteria and even viruses across
filters and membranes, CNTs can be very successful at filtering them out. SWCNTs
(single walled carbon nanotubes) with very small dimensions ranging from 2 to 5 nm
are capable of filtering out practically all known diseases. CNTs have good antimi-
crobial activity against various microorganisms, including both gram-negative and
gram-positive bacteria, i.e. E. coli, Staphylococcus aureus and Salmonella enterica,
as well as other fungal strains. Through physical, physiological and genetic alter-
ations, CNTs can kill or limit the growth of microbes (Amiri et al. 2016). Despite
this, CNTs are frequently used as an electrode in biosensor applications.

CNTs can damage a cell’s plasma membrane, compromising cell integrity and
impairing the selective transport of nutrients across the cell membrane (Amiri et al.
2016; Morsi et al. 2017). CNTs can kill bacteria by destroying important biological
molecules like coenzymes and cell wall proteins (Ong et al. 2010). CNTs also act as



2 Application of Nano-biotechnology in Wastewater Treatment … 49

strong oxidants in microbial cells, causing oxidative stress among critical proteins
both outside and inside the cell membrane (Geng et al. 2014). Thus, the functional
group of CNTs interact with molecules present on the cell membrane and suppress
microbial growth (Yang et al. 2013). At intracellular level, CNTs interact with the
bacterial cells’ nucleic acids (RNA and DNA) and destroy genetic components.
CNTs have also gained a lot of attention as effective adsorbents for a several organic
molecules, e.g. dyes, dioxin, polyaromatic hydrocarbons, polybrominated diphenyl
ethers, chloro-phenols and benzenes, trihalomethane, phthalate esters, insecticides
(DDT and its metabolites, thiamethoxam, imidacloprid and acetamiprid), and herbi-
cides (e.g. sulfuron derivatives, atrazine, dicamba, nonylphenol and bisphenol A)
(Yang et al. 2006; Gotovac et al. 2006; Yang and Xing 2007).

2.2.1.5 Magnetic Nanobioparticles

Magnetic NMs have also been proposed as a means of removing water pollu-
tants such as dyes, pesticides, aromatics, chlorinated hydrocarbons, heavy metals
and microbiological contaminants. Magnetic NPs with good magnetic properties
showed significant promise for water resource rehabilitation, which might allow
dispersion in massive water systems followed by retrieval and potential reuse using
a magnetic field. While investigating appropriate magnetic NPs and nanocompos-
ites for prospective use in wastewater treatment, the characteristics such as strong
magnetic response, high contaminant removal rate, quick recovery and reuse, stability
should be addressed. Strong magnetic response allows the quick recovery of NM
from suspension and prevents its further loss to the environment. High contami-
nant removal rate could be owing to the contaminant’s efficient adsorption or high
enzymatic activity against the contaminant species. NMs can be quickly recovered
and reused with minimal processing. Adsorbent nanoparticles may require adsorbed
pollutants to be removedor desorbedby elution or other procedures,whereas catalytic
nanomaterials may be reusable right away. It is also required that the NMs should
remain stable and functional even after multiple recycling stages.

Biosynthesized magnetic NPs produced from several plant species have been
used in wastewater treatment processes to remove hazardous textile dyes, heavy
metals, pigments, pharmaceuticals, cosmetics, pesticides and organic contaminants
from household wastewater (Venkateswarlu et al. 2016; Lingamdinne et al. 2017;
Srivastava et al. 2017). Owing to have functional groups (e.g. amino acids, polyphe-
nols, sugars, proteins, terpenoids, alkaloids, carboxyl, carbonyl and polysaccharides),
unique morphology and superparamagnetic behaviour, the plant-derived magnetic
nanoparticles (PDMNPs) undergoes electrostatic attractions and thus helpful in
contaminant removal and heavymetal ions recovery fromwastewater. PDMNPs have
beenused to adsorb heavymetals such asNi(II), Pb(II), Cr(III), Cr(VI),Co(II), Cu(II),
As(III), As(V), Hg(II) and Cd2+ in recent investigations (Fato et al. 2019). Different
researches looked into the adsorption capability and removal of various organic pollu-
tants, total phosphorous (TP), phosphates (PO43−), ammoniacal nitrogen (NH3–N),
nitrates, chemical oxygen demand (COD) andmalachite green (MG) (Ramasahayam
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et al. 2012; Wang et al. 2014; Lingamdinne et al. 2016). Using Tridax sp. leaf
extract, biogenically produced maghemite nanoparticles (Fe2O3) removed 85 and
96% of Pb in 2 and 24 h respectively. In addition, considerable Cd elimination was
detected, with levels falling below the detection level (0.01 ppm in 2 h) (Yadav
and Fulekar 2018). According to Ramasahayam et al. (2014), phosphorus (P) was
mostly adsorbed through an integration of adsorption and surface precipitationmech-
anisms, resulting in randomly distributed multilayer adsorption. On the other hand,
MG adsorption and degradation were caused by a chemical diffusionmechanism and
breaking of benzene ring bonds, respectively (Weng et al. 2013). Despite this, Wang
et al. (2014) observed the nitrate adsorptive removal from residential wastewater due
to chemisorption mechanism. PDMNPs were also employed to remove TP, NH3−N,
COD and PO43− from household wastewater.

Magnetic nanoadsorbents of metals are also appealing as they can be easily
retained and recovered from treated water. In the literature, Fe and its oxide NPs have
been extensively reported for decontamination of various heavy metals, including
Co2+ (Hooshyar et al. 2013), Ni2+, Cu2+ (Poguberovic et al. 2016) and Cd2+ (Ebrahim
et al. 2016), and the remediation of organic solvents of chlorinated nature (Han and
Yan 2016; Guo et al. 2017). Donation of electron from the zerovalent Fe core can
decrease both chlorinated chemicals and heavy metals. In addition, the shell part of
the NPs can help with the decontamination of pollutants viz. heavy metals with a
larger standard reduction potential (E0) than the Fe2+/Fe pair.

2.2.2 Nano-photocatalysis

Nano-Photocatalysis is a novel green technology for water decontamination which
depends upon advanced oxidation processes (AOPs) and capable of generating
various reactive species such as reactive nitrogen species (RNS), reactive oxygen
species (ROS), hydroxyl radicals (OH•) and oxygen radicals (•O–2O2−). It shows
potential application for degradation of organic wastes present in wastewater
(Cavassin et al. 2015; Waiskopf et al. 2016; Nosaka and Nosaka 2017). Photocatal-
ysis is defined as “Alteration in chemical reaction rate or its initiation in the presence
of a substance i.e. the photocatalyst which absorbs the light and chemically transform
the reaction partners under the action of UV, visible, or IR radiation.” A semi-
conductor material serves as the catalyst medium in a conventional photocatalysis
system, forming an electron–hole (e–h) pair when exposed to light with a wavelength
larger than its bandgap energy. The e–h pair generated in presence of light in water
gives rise to most reactive oxidizing and/or reducing radicals like superoxides
(•O2), hydroxyl ions (•OH) and others. The produced hydroxyl radical is a powerful
oxidizing agent that totally destroys the dye into non-hazardous compounds (CO2,
H2O, etc.). When the electrons or holes are generated in response to light are
transmitted directly from the catalyst to contaminant moieties, water pollutants can
be broken down. As most of the photo-genic electrons and holes are present at the
surface of the nano-photocatalyst, nanostructured semiconductor materials are more
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suitable for photocatalysis than their bulk counterparts. To enhance the efficiency
of photocatalyst, the semiconductor should have a broad bandgap so as to produce
an e–h pair with sufficient energy to undertake secondary processes, including
recombination of an e–h pair up to the minimum extent possible. High photoactivity,
photostability, biological and chemical inertness leading to nontoxicity, and with
low cost should be vital characteristics of an ideal photocatalyst. Some examples of
commonly used nanostructured semiconductor photocatalysts include TiO2, ZnO,
Fe2O3 and sulphides of Zn and Cd.

Small (≤10 nm), medium (≤50 nm) and large (≤100 nm) biogenic NMs have
been shown to interact with light in some situations and adsorb UV–V is, which
can be defined by plasmon bands and surface effects. The photocatalytic activity
of composite NPs like TiO2 and ZnO is dependent on their ability to absorb light
and generate reactive oxygen species on their surfaces. For generating photocatalytic
effects, solar radiation is more efficient than other radiation sources. The electrons
on the surface of NPs are excited and move from valence to the conducting band
on exposure to the desired wavelength of radiation. Charge carriers are electrons
that migrate and create a deficiency as a result of their migration. The excited elec-
trons are accepted by the H2O molecules adsorbed on the NP surface, which are
transformed into –OH radicals, which breakdown organic pollutants into simpler
inorganic molecules. In the presence of UV radiation, TiO2 exhibits excellent photo-
catalytic activity. The antibacterial activity of TiO2 is mostly due to the production
of ROS, particularly hydroxyl free radicals and peroxide, which are produced by
sequential oxidation and reduction processes within a cell on UV exposure. One of
the most essential characteristics of TiO2 nanoparticle disinfection is their capacity
to demonstrate photocatalytic activity even in the presence of visible light. The
photocatalytic degradation of dyes viz. Eosin Y, methyl orange, methylene blue,
Bromophenol blue and Orange G was found to be time-dependent employing Ag
NPs made using Hibiscus sabdariffa extract fixed on cellulose. Nanoscale materials
are advantageous because of having high surface area to volume ratio which facil-
itates trapping of organic and microbial contaminants even at extremely low NM
concentrations. Silver anobioparticles undergo photocatalytic activity in colloidal
water, where photons interact with AgNPs and activate electrons at their surface.
The excited electrons are accepted by the H2O–O2 molecules and transformed into
oxygen anion radicals, which have a wide range of interactions with organic moieties
and thus break down of organic dyes takes place into simpler inorganic molecules,
causing fast degradation and decolourization of dyes. As photocatalysis is primarily
surface phenomena, charge carriers are generated on the surface of the NM after
interaction with the proper wavelength of radiation. Charge carriers react with O2

or H2O molecules adsorbed on the photocatalyst’s surface to form reactive oxygen
species, which aid in the redox process of organic pollutant destruction. Presence
of surfactants, capping agents or other chemical moieties on the surface of nanobio-
materials might compete with O2 or H2O molecules for charge carrier interaction,
thereby preventing the photocatalytic process. Table 2.3 lists some applications of
nanobiomaterials for photocatalytic decontamination of organic pollutants. Due to
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Table 2.3 Biogenic nanomaterials used for photocatalytic degradation of organic pollutants

Contaminant Biogenic
nanoparticles

Outcomes References

Methylene blue Ocimum tenuiflorum
Ag/ZnO
nanocomposites

Methylene blue
degradation ranged
49–74% based on
Ag/ZnO dose

Panchal et al. (2020)

Azo dyes Escherichia sp. Cu
nanoparticles
(22–39 nm)

Congo red degradation
up to 97%, malachite
green up to 90.5%,
direct blue-1 up to
88.4% and reactive
black-5 up to 83.6%

Noman et al. (2020)

Evans blue dye Limonia acidissima
NiO NPs (20 nm)

Evans blue degradation
up to 91%

Kannan et al. (2020)

Rhodamine B dye Ferulago angulata
ZnO and CuO NPs
(44 nm)

Rhodamine B
degradation up to 83%
and 93% by using CuO
and ZnO NPs,
respectively

Mehr et al. (2018)

Methylene blue dye Abelmoschus
esculentus CdO NPs
(18–89 nm)

dye discoloration
ranged 70–85%

Somasundaram and
Rajan (2018)

Methylene blue and
4-Chlorophenol dye

Capsicum annuum L.
TiO2−C–O
nanohybrids
(8–15 nm)

Methylene blue
degradation up to 75%
and 4-chlorophenol
degradation up to 70%

Rajeswari et al.
(2018)

Rhodamine B dye and
chlorpyrifos pesticide

Fennel vulgare
Ag–ZnO
nanocomposites

>90% photocatalytic
degradation of
Rhodamine B and
chlorpyrifos within
35 min

Choudhary et al.
(2019)

Source Bandala et al. (2020)

the photocatalytic impact of visible light, Ag nanocomposite dopedwithZnOdemon-
strated improved methyl orange degradation, with approximately 65% dye elimina-
tion after an hour (Zhang and Zeng 2010).Methyl orangewas degraded photocatalyt-
ically by 90%utilizingAgNBPs prepared from unriped Solanum nigrum fruit extract
(Malaikozhundan et al. 2017). In another study, green production of silver nanoparti-
cles using Sapindus mukorossi extract soaked into chitosan-based hydrogels resulted
in photocatalytic methyl orange decomposition. Further, dyes like Methylene Blue,
Methyl violet 6B and Rose Bengal were found to be degraded >95% in the presence
of sunlight using Ag NBPs and Au–Ag bimetallic nanostructures synthesized from
Anas platyrhynchos finely powdered eggshell extract (Sinha and Ahmaruzzaman
2015b). Methyl orange and 4-nitrophenol degradation by Ag NBPs adsorbed on
biosynthesized nanocomposites Rostami-Vartooni and Moradi-Saadatmand (2019),
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while that of Methylene blue by ZnO–Ag nanocustard apple mono-dispersion was
recorded up to 95% efficiency (Kaviya and Prasad 2015).

The destructive effects of photocatalysis on a wide range of microorganisms,
including bacteria, viruses, fungus and protozoa, demonstrate its utility for water
disinfection (Ray et al. 2017; Laxma Reddy et al. 2017). The efficiency of photo-
catalytic disinfection is affected by factors viz. pH, the chemical composition of
the bacterial suspension medium, type of photocatalyst, size, surface morphology,
specific surface area, high surface energy, zeta potential and atomic ligand deficiency,
light intensity, concentration and exposure duration. When microorganisms undergo
photocatalysis, the cell wall material is exposed with –OH radical created during
catalysis. These radicals, as the most powerful agent, can disrupt various organic
covalent bonds in biomolecules like carbohydrates, amino acids, proteins, nucleic
acid and even DNA, such as C–C, C–H, C–N, C–O and H–O (Wu et al. 2016; Laxma
Reddy et al. 2017; Xu et al. 2018).

Gram-negative and gram-positive bacteria are varied in their peptidoglycan
composition. The reactive species formed during photocatalysis assaults the phos-
pholipid bilayer of the cell membrane, causing ions leakage, lipid peroxidation,
structural and functional degradation of enzyme and nuclear material damage as per
Saravanan et al. (2021). Photocatalytic disinfection involves lipid peroxidation of
phospholipid bilayers especially made up of fatty acids that are susceptible to perox-
idation. In intact cell membrane, the possibility of radicals penetrating intracellular
components is minimized. Once generated, such radicals would attack the target
moieties directly. Peroxide radical, in addition to hydroxide radical, has been proven
to be more prominent owing to its long-lasting properties. Table 2.4 highlights the
applicability of several nanobioparticles for microbial disinfection.

2.2.3 Nanocatalysts

Nanocatalysts utilized in wastewater treatment have a large surface area and thus
exhibit high catalytic activity in terms of degradation and pollutants reactivity rate.
Nanocatalysts such as zero-valence metals, semiconductor materials and bimetallic
NPs can degrade environmental toxicants, e.g. azo dyes, polychlorinated biphenyls,
halogenated aliphatics, nitro-aromatics, halogenated herbicides and organo-chlorine
pesticides (Xin et al. 2011). Microbial pollutants are efficiently degraded by Ag
nanocatalysts, ZrO2 NPs and N-doped TiO2 catalysts. They also have the advan-
tage of being reusable nanocatalysts (Chaturvedi et al. 2012). Cr(IV) removal from
wastewater is done by using TiO2-AGs as their absorption band shifted from UV
to visible. Other recalcitrant contaminants such as halogenated organic compounds
are treated with Pd nanocatalysts prior to their biodegradation in the treatment plant.
As the nanocatalyst utilized has ferromagnetism, it can be easily removed from the
recycled (Hildebrand et al. 2008). WO3 nanocatalysts and palladium-incorporated
ZnO nanoparticles were used to eliminate E. coli cells (Gondal et al. 2009; Khalil
et al. 2011). In other study, Omole et al. (2009) also showed that Pd NPs can reduce
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Table 2.4 Photocatalytic disinfection and/or antibacterial action using biogenic nanoparticles

S. No NBM type/biogenic
source

Photocatalytic
disinfection of
microbial species

Study outcomes References

1 Ag NPs from
Helicteres isora root
extract

E. coli, V. cholera,
S. typhi, P.
aeruginosa, B.
subtilis, M. luteus

Non-photocatalyzed
antibacterial activity of
Ag NPs against
Gram-negative and
gram-positive bacteria.
S. typhi and P.
aeruginosa

Bhakya et al.
(2016)

2 Ocimum tenuiflorum
Ag/ZnO
nanocomposites

E. coli E. coli was completely
photocatalytically
inactivated

Panchal et al.
(2020)

3 Camellia sinensis Ag
NPs

S. aureus, P.
aeruginosa,
Klebsiella
pneumoniae, E.
coli, S. enterica

Non-photocatalyzed
antibacterial activity of
Ag NPs against S.
enterica was the
highest, with no
damage to HaCaT
mammalian cells

Rolim et al.
(2019)

4 Cinnamomum verun
Mn NPs

S. aureus, E. coli Nonphotocatalytic
antibacterial activity of
Mn NPs was assessed
in petri dishes as an
inhibitory zone

Kamran et al.
(2019)

5 Abelmoschus
esculentus CdO NPs

S. aureus, B.
subtilis, E. coli, S.
paratiphi, A. niger,
C. albicans, A.
fumigates

Nonphotocatalytic
antifungal activity of
CdO NPs was higher
than antibacterial
activity assessed as an
inhibitory zone in petri
dishes

Somasundaram
and Rajan (2018)

6 Abutilon indicum
CuO NPs

E. coli, Klebsiella,
B. subtilis, S.
aureus

Inhibitory zone created
in petri dishes due to
bactericidal action

Ijaz et al. (2017)

7 ZnO NPs from
Monsonia burkeana

S. aureus, E.
faecalis, E. coli, P.
aeruginosa

Non-photocatalyzed
antibacterial activity
was found in ZnO NPs
against gram-negative
and gram-positive
bacteria, as well as an
inhibitory effect on
A549 lung cancer cell
lines

Ngoepe et al.
(2018)

8 Theobroma cacao
Ag NPs

B. subtilis, E. coli Nonphotocatalytic
antifungal and
antibacterial activity of
Ag NPs was assessed
in petri dishes as an
inhibitory zone

Thatikayala et al.
(2019)

(continued)
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Table 2.4 (continued)

S. No NBM type/biogenic
source

Photocatalytic
disinfection of
microbial species

Study outcomes References

9 Se NPs from
Monascus purpureus

P. aeruginosa, K.
pneumoniae, E.
coli, S. aureus, C.
albicans, A.
solani, A. niger, F.
oxysporum

When compared to
amoxicillin/clavulanic
acid, Se NPs had
nonphotocatalytic
antibacterial action and
reduced microbial
growth including
antifungal activity
against examined
fungus species

El-Sayed et al.
(2020)

Source Bandala et al. (2020)

Cr(IV) to Cr(III). Nanocatalysts could be coupled with nanosorbents for pollutants
sorption and degradation. Activation of Ag and amidoxime fibre nanocatalysts with
tetrahydrofuran has also been adopted for remediation of organic dyes (Wu et al.
2010).

2.2.3.1 Nanoscale Catalytic Membranes (NCMs)

NCMs are preferred because of their ability to optimize, their restricted catalyst
contact time, consistent catalytic sites, ease of industrial scale-up and the capacity to
perform sequential reactions. Membranes exposed to UV radiation and nanostruc-
tured TiO2 coatings help in inactivating the microbes, reducing biofouling activity,
separation of contaminants and breakdown of organic pollutant in wastewater (Choi
et al. 2009). Metallic NPs could be immobilized on a variety of membranes including
chitosan, cellulose acetate, polyvinylidene fluoride, polysulfone and so on. Excellent
reactivity, lack of agglomeration, organic portioning and reduced surface passiva-
tion are some of the advantages of immobilized metallic NPs. Nanocomposite films
prepared from palladium acetate and polyetherimide were investigated for interac-
tions between H2 and Pd-dependent NPs, demonstrating their capability in polluted
water treatment (Sandra et al. 2010). Pollutants detection in water samples have also
been done utilizing nanosensors based on TiO2 nanowires or Pd NPs.

2.2.3.2 Magnetically Separable Nanocatalysts

Magnetically separable nanocatalysts provide a simple and cost-effective approach
for enhanced water treatment by allowing the catalyst to be recovered and reused
after being exposed to a magnetic field. Despite this, the application and recovery
of these catalysts in water treatment systems are now a design issue. Magnetic
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separation plays a key role in improvement of such methods. Magnetic separation
enables the safe deployment of active NPs ans NMs by coating these compounds on
a magnetic particle core process, which pave the way for an efficient, cost-effective
and ecofriendly water purification. Magnetic separability, which allows for the appli-
cation of catalytic or adsorptive materials, is a significant technology adopted in
advanced water treatment systems. In the realm of water treatment, magnetic sepa-
ration has observed as a vital attribute for the easy deployment of sub-micro and
microparticles into solution. The problems arise after post-treatment can be overcome
by attaching such materials to magnetic compounds, as extraction of active materials
from contaminated water merely requires magnetic field application. Magnetic sepa-
ration technique will allow the use of contaminant removing chemicals andmaterials
to save enough time and operating cost. Magnetic separation promises to be a signif-
icant feature in these improved approaches, permitting the safe deployment of active
materials.

2.3 Nanocomposite Membranes and Nanofilters

Advanced water purification, desalination and sewage treatment technologies rely
heavily on filter and membrane-based processes. Membrane fouling, particularly
organic and biofouling, is a major drawbacks of such processes. Biofouling is caused
by the addition and proliferation of microbial strains on the membrane, which even-
tually form a biopolymeric environment on the membrane shell referred as a biofilm.
Nanocomposites are divided into groups based on their extraordinary structure and
type of matrix. The nanocomposites are of two types: polymer-based and non-
polymer-based (Paul and Robeson 2008). Metal-polymer nanocomposites have been
widely used among various forms of polymer-based nanocomposites. Polymer-based
nanocomposites are typically made up of organic polymers with an embedded inor-
ganic nanofiller. Some metallic nanocomposites are being researched extensively
owing to be multifunctional, ecofriendly, biodegradable and biocompatible (Wang
et al. 2015; Al-Jumaili et al. 2019). Implanting hydrophilic NPs in membrane models
to alter themembrane shell characteristics and reducing fouling is one of the acknowl-
edged methods. Ag and TiO2 are widely used NPs for reducing biofouling. AgNPs
were employed to construct minimal biofouling ROmembranes using a phase inver-
sion technique, according to a few studies (Basri et al. 2011; Mollahosseini et al.
2012; Koseoglu-Imer et al. 2013). Membranes impregnated with photoactive NPs
become reactive rather than a simple physical barrier, allowing several treatment
goals to be accomplished in one reactor while minimizing fouling. Shawky et al.
(2020) also tested thin-film composite membranes with AgNPs in the polysulfone
support layer (PSF) for non-adherence and repellence of bacteria and found that thin-
film nanocomposite Ag/PSf membranes have huge potential for usage as a promising
anti-biofouling membrane for groundwater desalination.
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2.4 Potential Applications of Nanobioparticles
in Water Treatment

2.4.1 Pesticide Remediation Employing Nanobioparticles

Herbicides, insecticides, fungicides, weedicides and rodenticides repellents are most
extensively used agrochemicals in developing nations, while in developed countries
herbicides are used widely (Peng et al. 2020). Rani and Shanker (2018) developed
green metal hexacyanoferrate NPs incorporating aqueous extract of Sapindus muko-
rossi (family Sapindeae) and showed chlorpyrifos remediation of 85–98% under
photocatalytic reduction. Budarz et al. (2019) observed the photo-reactivity of TiO2

NPs during the photodegradation of chlorpyrifos (CPF) employing photoreactive
TiO2 NPs as a photocatalyst. Because of its self-regenerating and reusable quali-
ties, TiO2 was exploited as a photocatalyst. After 24 h, 80% of the chlorpyrifos was
photodegraded to chlorpyrifos oxon or TCP (3,5,6-trichloropyridinol). Das et al.
(2017) assessed CPF degradation by 99% utilizing laccase (a microbial enzyme)
mounted on magnetic Fe NPs at pH 7 and 60 °C temperature with continuous stirring
upto 12 h. Laccase immobilized on magnetic Fe NPs also showed good reusability,
with 95% activity after five regeneration cycles. Apart from that, lindane, an organic
contaminant found in drinking water, is degraded and scavenged using FeS-NP of
size 200 nm (Paknikar et al. 2005). FeS-NPs were biosynthesized using a wet chem-
ical method and stabilized using basidiomycetes derived polymer (Ramasamy et al.
2010). After few hours, the stabilized NPs decomposed lindane substantially at a
concentration of 5 mg/L. In subsequent stages, the remaining lindane, its partially
degraded components and stabilizing polymers were entirely destroyed by microbial
treatment.

Further, Samy et al. (2020) developed a photocatalytic reactor that uses a coating
of zirconium vanadate (ZrV2O7) and graphene nanoplatelets (GNPs) mixture to
destroy CPF. ZrV2O7 was used as photocatalyst due to its narrow band gap and good
absorber of visible light. The use of graphene nanoparticles together with ZrV2O7

has solved the problem of semiconductor recombination. CPF can be transformed
into less hazardous end products using the reactive oxygen species created during the
photocatalytic process. The GNP/ZrV2O7 nanocomposite had a high chlorpyrifos
breakdown efficiency of 96.8%, even after five repeated cycles, demonstrating its
high durability and pesticide remediation potential. Hydro-dehalogenation on Pd-
based NPs can be used to biodegrade halogenated organic contaminants (Nutt et al.
2005). Pd NPs and bimetallic NPs such as Pd/Au have also been discovered to
function admirably in the hydrodechlorination of trichloroethylene from aqueous
solutions. Immobilized NPs, such as metalloporphyrinogens, have also been utilized
to dehalogenate chlorinated organic molecules in a reductivemanner. Another poten-
tial method for removing persistent pollutants has been the use of nanoparticles to
degrade them. Herbicides and pesticides viz. chlorpyrifos, atrazine and molinate
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have been reported to be destroyed utilizing iron nZVI (Tripathi et al. 2018). Thus,
nanobiotechnology proves its potential to detoxify pesticide-contaminated water in
the future.

2.4.2 Dye Removal

Many countries are grappling with high dye concentrations in natural water sources
and industrial effluent streams. The dyes are known for their long-term stability, high
toxicity and carcinogenic impurities, aswell as vomiting,mutagenic and reproductive
problems in humans. Anionic, cationic and nonionic dyes are the three types of
dyes. Anionic dyes are divided into direct, acid and reactive dyes that dissociate
in aqueous solution to produce a -ve charged ion, whereas cationic dyes are basic
in nature which dissociate into positively charged ions. Cationic dyes interact with
the negatively charged groups on fibre molecules to form salts, which can be firmly
attached to the fibres for staining. For treatment of dye-laden wastewater, chemical
degradation, membrane separation and adsorption technologies are being used at
present day, but the high maintenance and operating costs hamper their suitability
for macroscale applications. As a result, for dye environmental cleanup, unique and
low-cost technologies with adequate removal performance are required.

Lignin is a natural aromatic polymer that comprises ether linkages, aromatic
hydroxyl, aldehyde and methoxyl groups, which make it feasible for a variety of
alterations and potentially interacting with dye molecules for future dye removal.
Many researchers have recently demonstrated that lignin, in either its natural or its
modified form, can be used to remove dyes (Zhang et al. 2016; Fang et al. 2021).
Lignin NPs are considered as good adsorbents owing to have high surface area,
but their high stability in solution makes separation difficult, limiting their use as
an efficient adsorbent. Enrichment of LNPs with important functional groups could
destabilize the LNP and encourage their separation and adsorption. Fan et al. (2009)
observed 90% dye removal within an hour exposing nZVI with 200 ml of dye at pH
9. Chen et al. (2011) also recorded 99.75% dye degradation in 6 h on exposure of
25 ml dye at pH 8.3 in the presence of nZVI.

2.4.3 Heavy Metal Removal

Heavy metal pollution in water reservoirs is one of the world’s most susceptible
environmental issues since it cannot be easily reduced in situ to nontoxic end prod-
ucts. Toxic metal ions viz. Cd(II), Pb(II), Ni(II), Hg(II), Cr(III), Cr(VI), Co(II),
Cu(II), Ag(I), As(III), As(V), etc. contaminate water, posing enormous risks on
public health and environment. The oxidized CNTs have a high adsorption capacity
for heavy metal ions. The functional groups (e.g. carboxyl, hydroxyl and phenol)
present on CNTs’ surface are the primary locations for metal ion adsorption, which
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takes place by electrostatic attraction and chemical bonding.Owing to the high acces-
sibility of adsorption sites and low diffusion distance within the particle, CNTs have
a quick adsorption kinetics. Concerning this, Jain et al. (2015) biosynthesized SeNPs
utilizing anaerobic granular sludge for Zn(II) reduction in wastewater. Within a short
time span, approximately 70% of Zn(II) get adsorbed with maximum removal at an
equilibrium period of 4 h. Suganthi and Kandasamy (2017) used biosynthesized Fe
NPs generated from Streptomyces thermolineatus culture supernatant to remove Cu
ions frompigment industry effluents by 85%.Srivastava et al. (2015) used biocompat-
ible Acacia gum to make flower-shaped magnesium oxide nanoparticles (MgO NPs)
and proved their capacity to remove numerous divalent heavy metals from synthetic
wastewater, including Cd(II), Pb(II), Co(II), Cu(II), Zn(II), Mn(II) and Ni(II).

Earlier, Kostal et al. (2005) demonstrated the usage of NBT to generate functional
materials and design recyclable protein-based NMs with metal-binding domains.
The production of biopolymers containing polyhistidine tail as the metal-binding
agent for Cd(II) and a metal regulatory protein to bind Hg has been emphasized
by workers. By simply heating and chilling water solutions containing metal ion-
laden biopolymers, the biopolymer chelating agents can be recovered and recycled.
Ehrampoush et al. (2015) used tangerine peel extract to biosynthesize Fe2O3 NPs
of size 50 nm and observed Cd(II) removal by 90% from wastewater at pH 4 and
0.4 g/100 ml adsorbent dose.

Fazlzadeh et al. (2017) biosynthesized ZnO NPs employing Peganum harmala
seed extract to remove Cr(VI) from wastewater upto 97.59% within 30 min at pH 2,
1000 mg/l initial concentration of Cd and 2 g/l load of ZnO NPs. Shikha and Sharma
(2017) also biosynthesized CuO NPs using Calotropis procera latex and recorded
substantial removal of Cr(VI) from aqueous solution. CuONPs were shown to have a
99.99% removal effectiveness at an adsorbent dosage of 18.84 g/L. By utilizing zero
valent Fe NPs ranged 50–80 nm and Eucalyptus globules leaf extract, Madhavi et al.
(2013) removed Cr(VI) by 98.1%. Lingamdinne et al. (2017) used Cnidiummonnieri
(L.) cuss seed extract for biosynthesis of magnetic Fe NPs and applied for significant
Cr(III) and Pb(II) removal from aqueous systems. Lunge et al. (2014) also removed
As(III) and As(V) through magnetic FeO NPs synthesized from tea waste with
maximum adsorption capacities, i.e. 188.69 mg g1 and 153.8 mg g−1, respectively.
Furthermore, bio-reducing agents obtained from eucalyptus extract were also used to
prepareFe2O3 NPs,whichwere embedded in chitosan to construct a reusable organic-
nanoiron hybrid of magnetic nature for the remediation of arsenic from contaminated
water (Martínez-Cabanas et al. 2016). Mukherjee et al. (2016) used Aloe vera leaf
extract to biologicallymanufacture rod-shapedFe2O3 NPs thatwere used to sequester
arsenic in the aqueous phase. The active function of anthraquinones and polysaccha-
rides derived fromAloe vera extract for Fe2O3 NPs productionwas validated by FTIR
analysis. Andjelkovic et al. (2017) used a chemoautotrophic bacteriaMariprofundus
ferrooxydanson to naturally generate iron oxide nanowires in a bacterial biofilm and
used as adsorbents for As(III) and As(V) removal with maximum adsorption capa-
bilities as 104.53 mg g−1 and 48.06 mg g−1, respectively. Silveira et al. (2017) also
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synthesized Fe2O3 NPs for adsorption of fluoride ion from wastewater utilizing leaf
extract of Moringa oleifera as a template. During investigation, the adsorption of
fluoride ion was found to be favourable with maximum adsorption at pH 7. It’s now
become obvious that a single sort of bioengineered NP may eliminate multi-metals.

2.4.4 Disinfection and Microbial Control Through
Nanobioparticles

The disinfection procedures employed in drinking water purification can efficiently
reduce microbiological infections, but produce hazardous by-products (DBPs).
Strong oxidants employed in drinking water purification, such as ozone, free chlo-
rine, chloramines react with diverse elements present inwastewater to generate DBPs
(e.g. trihalomethanes, haloacetic acids and aldehydes), which are carcinogenic. As
some infections are resistant to standard chemical disinfectants, exceptionally high
disinfection dosages are required, resulting in increased DBP production. Therefore,
novel replacement methods that improve disinfection reliability and resilience while
preventingDBP generation are required. Nanoparticles are also known to be effective
antibacterial agents that are low in oxidants and largely inert inwater. As a result, they
don’t produce any toxicDBPs.The activity of antibacterial nanoparticles is dependent
on their ability to destroy germs or halt their growth without causing harm to the cells
around them. Bacterial responses to antibiotic agents range from one bacterial strain
to the next. Their antibacterial efficacy is dependent on the bacterial species, initial
bacterial concentration, physicochemical features of nanoparticles and nanoparticle
concentration. NPs can act upon microbial cells, disrupt or penetrate the cell enve-
lope, interrupt trans-membrane transfer of electrons, oxidize cell constituents and
even produce cell damaging secondary products (e.g. ROS and/or dissolved heavy
metal ions). Biosynthesized NPs made up of natural chitosan and peptides could
be useful in low-cost disinfection of aquatic systems. Natural peptides act upon
bacteria by causing osmotic collapse in bacterial cell membranes through creation
of nanoscale channels. Various methods have been proposed to explain the antibac-
terial activities of chitosan nanoparticles. The main antibacterial mechanism of NPs
involves the contact of positively charged chitosan NPs with negatively charged cell
membranes, which cause an increase in permeability of cell membrane leading to the
disruption and leakage of intracellular components. Another concept suggests that
chitosan made NP penetrates cell membranes, binds to DNA, inhibits RNA synthesis
in cells and consequently check microbial growth. Nanoscale chitosan and peptides
could be used for inside coating of water storage tanks and as antibacterial agents in
sponges and membranes.

Further, many modern water filtration and disinfection systems use nanoscale
Ag-impregnated membranes. Due to strong antibacterial activity, less toxicity and
ease of use, nano-Ag is a popular antimicrobial NM for wastewater disinfection.
AgNPs, with a diameter of <10 nm, have been reported to be highly poisonous to E.
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coli and Pseudomonas aeruginosa (Salomoni et al. 2017). By interacting with thiol
groups in enzymes, Ag+ ions produce ROS within the cells, rendering respiratory
enzymes ineffective and resulting in cell death. Under UV exposure, Ag+ ions exhibit
photocatalytic activity, which is important for disinfection of bacteria. Apart from
this, Ag+ can also bind to the glycoproteins of viruses which block the viruses from
binding to host cells. Comparatively, smaller and triangular AgNPs have shown
stronger antibacterial effects than Ag nanorods and nanospheres, suggesting the
importance of NPs size as well as their chemical form in eliciting desirable effects
(Morones et al. 2005).

The antibacterial effectiveness of Chenopodium murale leaf extract-based silver
nanoparticles against S. aureus (gram +ve) was also demonstrated (Abelaziz et al.
2014). As reviewed by Jain et al. (2021), various antibacterial and antifungal activi-
ties of biosynthesized NPs have been tested for bacterial species viz. Escherichia
coli, Enterococcus faecalis, S aureus, Streptococcus pneumoniae, Pseudomonas
aeruginosa, Bacillus subtilis, K. pneumoniae, Staphylococcus enterica, Salmonella
paratyphi and some fungal strains Aspergillus niger, Alternaria alternata, Rhizopus
oryzae, Rhizopus stolonifer Phomopsis asparagi, etc. (Zhong et al. 2007; Guerra-
Sanchez et al. 2009). Leela andVivekanandan (2008) have previously investigatedAg
bio-reduction utilizing several plant extracts such asOryza sativa, Helianthus annus,
Saccharum officinarum, Basella alba, Zea mays and Sorghum bicolor. Some weeds
viz.Enhydra fluctuans, Ipomoea aquatica, Partheniumhysterophorus, Chenopodium
murale and Ludwigia adscendens were also employed as precursors.

Ag nanoparticles attached to the bacterial cell surface of Lactobacillus fermentum
have been shown to have antibacterial and anti-biofouling capabilities (Zhang et al.
2014b). Murugesan et al. (2017) used the disc diffusion method to assess the antibac-
terial activity ofAgNPs developed from Salpa fusiformis against bacterial pathogens,
i.e. S. aureus, E. coli, P. aeruginosa and K. pneumoniae, with inhibition zone corre-
sponding to the AgNP’s antibacterial activity. In other experiments, the extracellu-
larly generated AgNPs containing Pseudomonas deceptionensisDC5 showed excel-
lent antibacterial potential against Vibrio parahaemolyticus, followed by Candida
albicans, S. aureus, S. enterica and Bacillus anthracis (Murugesan et al. 2017).

Similar to AgNPs, TiO2 NPs may produce highly reactive oxidants such hydroxyl
radicals, which can be used to sterilize microorganisms including fungi, bacteria,
viruses and algae (Foster et al. 2011). Owing to have relatively low photocatalytic
activity, TiO2 is doped with other transition metal ion to improve its activity. In addi-
tion, nanoscale ZnO has a high photocatalytic activity and UV absorption efficiency.
The formation of hydrogen peroxide within the cells, which oxidizes the cell compo-
nents, is one of the key processes of photocatalytic degradation by ZnO. Another
theory proposes that interaction with ZnO NPs inhibits bacterial growth through cell
envelope penetration and disruption of bacterial membrane. Bhuyan et al. (2015)
used leaf extract of Azadirachta indica to synthesize ZnO NPs and assessed their
antibacterial efficacy. The study revealed that ZnO NPs were extremely efficient
against bacterial sp., e.g. S. aureus and Streptococcus pyogenes. The highly soluble



62 S. Saraswat

nature of ZnO, however, limits its use in drinking water treatment because it is toxic
to aquatic species.

Further, Sankar et al. (2014) observed that CuO NPs produced from Origanum
vulgare leaf extract inhibited the colonial cyanobacterium, e.g. Microcystis aerugi-
nosa up to 89.7% with 50 mg l−1 NP dose. The Biosynthetic Fe NPs have a lot of
potential for removing As(V) from the environment (Wu et al. 2019). Furthermore,
MgO NPs and cellulose acetate fibres with embedded Ag NPs exhibited highly
efficient biocidal activity against bacterial spores, gram-positive and gram-negative
bacterial species (Nora and Mamadou 2005).

2.4.5 Ammonia and Phosphate Removal

Excessive addition of phosphates and nitrates in naturalwater bodies leads to eutroph-
ication, causing significant degradation of freshwater ecosystems. This situation
necessitates the development of innovative and cost-effective restoration technolo-
gies for affected aquatic ecosystems. In an study, biologically produced Fe2O3 NPs
by Eucalyptus leaf extracts doped onto zeolite were used to simultaneously elimi-
nate 99.8% PO4−3phosphate and 43.3% NH4+ from aqueous solutions at an initial
concentration of 10mg l−1 for eachof the twoco-existing ions. Themaximumadsorp-
tion capacity of the Fe2O3 NPs for NH4+ and PO4

3− was 3.47 and 38.91 mg g−1,
respectively (Xu et al. 2020).

2.5 Sensing and Monitoring of Pollutants
by Nano-bioparticles

Presence of extremely low concentrations of contaminants, absence of rapid detec-
tion of pathogens and the great complexity of the wastewater matrices make water
quality monitoring a difficult task. Novel sensors with high sensitivity and selec-
tivity, as well as being cost-effective, small and environmentally friendly, are needed
to address these concerns. Using innovative nanofabrication and green synthesis
processes, nanotechnology produces leading biosensors. Nanobiosensors (NBSs)
detect contaminants with extremely high sensitivity and response quickly during
real-time analysis. The contaminant detection limits at nano to picomolar range have
been well described in the literature. Nanosensors are devices or materials that are
very sensitive to environmental changes, such as concentration, heat, volume, chem-
ical and mechanical stress, gravitational and magnetic forces, electrical forces and
are employed to transmit information regarding behaviour and properties of NPs
(Vikesland and Wigginton 2010; Kurbanoglu and Ozkan 2018). The construction of
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NBSs for environmental monitoring takes place by utilization of biological entities in
combinationwith functionalizedNMs.NBSs involve a bioreceptor (enzyme, protein,
antibody, bacterium and DNA impregnated nanometals, nanotubes, nanowires, NPs
and so on) is coupled to a transducer (amperometric, voltammetric, conductometric,
spectrophotometric, etc.) and a display for real-timemonitoring. Biosensors are cate-
gorized into three groups on the basis of transduction methods: optical, electrochem-
ical, calorimetric andmass-basedbiosensors (Riquelmeet al. 2017;Talari et al. 2021).
The nanomaterial-related signal transduction achieves sensitivity and rapid respon-
siveness when a recognition event occurs. Antibodies, aptamers, polysaccharides
and antimicrobial peptides have all been created as recognition agents (Vikesland
and Wigginton 2010). The selectivity is provided by recognition agents that engage
specifically with antigens or other epitopes on the pathogen surface. Nanomaterials’
unique physicochemical features, particularly electrochemical, optical and magnetic
capabilities boost detection sensitivity and speed, allowing formultiplex target detec-
tion. These sensors can identify entire cells as well as macromolecules (Vikesland
and Wigginton 2010; Theron et al. 2010). Magnetic NPs, Quantum dots, dye-doped
NPs and CNTs are the extensively employed NMs in pathogen detection, while for
sample concentration and purification purposes, magnetic NPs and CNTs are used.
Dynabeads, a commercial magnetic nanocomposite, have been developed recently
that could be used for various disease detection assays.

Further, antibiotic-resistant microorganisms and the antibiotic-resistant genes
(ARGs) are continuously increasing in wastewater, posing a serious threat to
public health. Methicillin-resistant S. aureus (MRSA) is a tainted antibiotic-resistant
organism, in which mecA, an ARG, provide antibiotic resistance. For environ-
mental monitoring of mecA ARG, Au NPs were functionalized with complementary
oligonucleotides (Riquelme et al. 2017). The detection ofARG spikes using synthetic
nanosensors revealed a high selectivity for ARG, with a detection limit of 70 ppm
(Riquelme et al. 2017).

Pesticides (organophosphorus chemicals) have also becomemore concentrated in
agricultural runoff, industry effluent and waterways. Their presence in water, even
in tiny amounts, is dangerous since they are neurotoxic. Talari et al. (2021) used
reduced grapheme oxide quantum dots (rGQDs) and MWCNTs to develop aptamer-
based optical nanosensors to detect organophosphorus chemicals (e.g. diazinon) in
potablewater, agricultural discharge and rivers. In another investigation, the nanosen-
sors showed diazinon selectivity and were able to detect it quickly and accurately.
Triclosan (TCS), a common antifungal and antibacterial compound, is found in
cosmetics and cleaning products. Its widespread usage and subsequent discharge into
sediments, surfacewater and other aquatic sources causes toxicity to aquatic flora and
fauna. Concerning this, Atar et al. (2015) developed a chemical nanosensor based on
molecular-imprinted surface plasmon resonance (SPR) to detect TCS in wastewater.
Further, caffeine is a medication and personal care product that is widely distributed
in the environment through pharmaceuticalwastes, tea, coffee beans, colas and drugs,
for which Hu et al. (2018) developed a chemical nanosensor by doping AgNPs in
molecularly imprinted polymers (MIP) with the detection limit of AgNPs@MIP as
100 ng l−1.
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The strong discrimination of variousmetal ions (Pt2+, Pd2+, Co2+ and Pb2+) except
ionicmercury (Hg2+)was reported in a study formetal ion detection utilizing peptide-
AuNPs probes, assisting the use of Flg-A3 fusion peptide (-Asp-Tyr-Lys-Asp-Asp-
Asp-Asp-Lys-Pro-Ala-Tyr-Ser-Ser-Gly-Pro-Ala-Pro-Pro-Met-Pro-Pro-Phe-) as a
multitasking agent. For production and stabilization of AuNPs from tetrachloroauric
acid (HAuCl4), the Flg-A3 (AYSSGPAPPMPPF) method was used. At the same
time, the peptide’s N-terminal portion (-Asp-Tyr-Lys-Asp-Asp-Asp-Lys-) allowed
non-covalent interactions to form complexes with metal ions (Slocik et al. 2005).
A colorimetric technique was also described for detection of Hg2+ ions by Alam
et al. (2015), which consists the combination of a NBM prepared from Ag NP and a
Baccaurea ramiflora extract as a biological agent. The method involves slow addi-
tion of NPs to an ionic mercury-containing solution in a wide pH range (3.73–11.18)
at room temperature, and the presence of ionic mercury was depicted by change
in colour. The use of Au NPs stabilized by Xanthoceras sorbifola extract is another
method for recognition of ionic chromium (Cr3+). Ha et al. (2014) presented amethod
that has an ionic chromium detection limit of 3 M concentrations. In addition, the
nanobiosensor proved to be very successful in detecting Cr3+ in biological and envi-
ronmental samples. An extract ofAnacardiumoccidentale leaveswas used to develop
a novel Cr3+ detection method (Balavigneswaran et al. 2014). The results showed
that a NBSmay be highly specific and sensitive to the presence of Cr3+ and Cr+6 ions,
with a detection limit of 1 M. Cr3+detection was carried out by secondary metabo-
lites present in the extract which reduced Cr6+ ions in Cr3+. The presence of Cr3+

is indicated by a change in the sample’s hue. Recently, Akhondi and Jamalizadeh
(2020) also demonstrated the synthesis of silver NPs, sodium dodecyl sulphonate-
AgNPs and sodium dodecyl sulphonate-β-cyclodextrin modified AgNPs as simple,
fast, sensitive and selective colorimetric sensors with excellent potential for quick
on-site detection of Mn2+ and Cr2+ ions in aquatic systems.

Further, awide range of single enzyme nanoparticles (SEMs) are also available for
specific contaminants detection along with no by-products generation as no microor-
ganisms are involved. Chemical conversions, biosensing and bioremediation are just
a few of the applications for SENs. They are far more effective than synthetic cata-
lysts because of their targeted effectiveness and specificity. However, enzymes are
short-lived and unstable in harsh environments, their direct application in contami-
nation detection is restricted. Nanotechnology is critical in enhancing the stability of
SENs. SENs are enzymes that are protected by a nanometre-thick protective cage.
The synthesis of SEN is a three-step procedure which involves covalent modification
of the surface of enzyme through vinyl groups creation and dissolution in a non-polar
solvent followed by addition of silane monomers with free trimethoxysilane groups
to form vinyl group polymers attached to the enzyme surface and finally hydrolysis of
trimethoxysilane groups to form a thin silicate shell. Such shell extends the enzyme’s
life by sheltering it fromharsh environmentswhile enabling some enzyme active sites
to bind with target pollutants. In terms of pollutant recognition, nanobiosensors have
demonstrated great performance and dependable data.
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2.6 Challenges and Future Prospects

NBT is progressing in the field of remediation of harmful contaminants including
dyes, heavymetal ions and even pathogenic microorganisms fromwater andwastew-
aters. Application of NBT for wastewater treatment is promising for low-income
nations, as it can achieve zero effluent discharge while consuming little energy
and expense. Novel NPs having broad spectrum of organic functional groups
must be synthesized by altering plant metabolites for selective and sensitive multi-
contaminant removal simultaneously fromcontaminatedwaterwayswithout compro-
mising the quality. Various biological entities viz. plant, bacteria, fungi and algae
have yet to be investigated for their ability to produce NPs. To improve specificity,
yield, cost-effectiveness and removal efficiency for a variety of pollutants, exten-
sive research on optimizing biosynthetic production of NMs and their application
in wastewater decontamination is required. Besides, the mechanistic features, cost-
effectiveness, high adsorption capacity, high selectivity of fabrication processes, and
recyclability and reusability of green-fabricated nanocatalysts and nanomaterials are
still need to explored critically. Before using desorbed pollutants, the toxicity of long-
term exposure to biosynthesized NPs to humans should be evaluated. Despite the
straightforward synthesis of NBPs, the volume of extract and solution, temperature,
pH, solvent type, functional groups and precursor strength from plant metabolites
need to be well optimized to evade any alterations in the magnetic behaviour and
saturation magnetization value of NBPs. Further, some crucial and critical concerns
relating to toxicity and biosafety, such as the effects of NPs in different mediums,
pH levels and reaction products with various pollutants, must be taken into account.
CNTs, Ag and TiO2 NPs, in particular, are the most suitable for water treatment
applications, but are most poisonous to the cells. The safe use of such NMs in
water purification must be approved and governed by regulatory organizations along
with general public acceptance for their usage. In order to commercialize the use of
biosynthesized NPs and methods in the detoxification and purification of contami-
nated water and wastewater systems, more research in the area of cost-benefit anal-
ysis is required. As such, NPs have enormous potential for wastewater treatment
and purification by developing innovative nanostructures, improving existing treat-
ment methods, increasing process efficiency and reusability of NMs, all of which
can reduce the operating cost of the treatment plant at great extent.

2.7 Conclusions

The use of biosynthesizedNBPs andNBSs to eliminate organic, inorganic andmicro-
bial pollutants from wastewaters has shown to be very promising. The biologically
produced nanoparticles are long-lasting, low-cost, energy-efficient and environmen-
tally friendly, and they can be used to decontaminate both drinking water and indus-
trial effluent. Nanotechnology applications, in general, emphasize on the develop-
ment of novel functionalized materials with innovative capabilities and specialized
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affinity for specific pollutants in a cost-effective and environmentally benignmanner.
Even in the presence of co-existing cations or anions, the biosynthesized NBPs could
work effectively under wide temperature and pH range, and could be regenerated
without losing much of their catalytic or sorptive activity. The manufacturing proce-
dures of NBPs also reduce environmental impacts and serve as a valuable tool in the
field of water treatment. However, improving and developing innovative nanobioma-
terials in terms of selectivity, stability, affinity, size control, aggregation and toxicity
remains a major problem before they can be used in large-scale wastewater treat-
ment under any operating conditions. Further, the application of NBSs to detect
target pollutants and toxic materials, such as heavy metals, pesticides and pathogens
in wastewater, has demonstrated their good performance in terms of high sensitivity,
cost-effectiveness, size and portability.
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Chapter 3
Emerging Nano-Bio Material
for Pollutant Removal from Wastewater

Dheeraj Rathore, Anoop Singh, Shiv Prasad, Piyush Malaviya,
and Surajbhan Sevda

Abstract Industrial and domestic processes are generating huge quantity of organic
and inorganic pollutants into the environment through releasing wastewater into
the environment. The unimpeded dumping of these pollutants not only risks the
human and animal health but also deteriorates land and water quality. This gener-
ates demand to remove/utilize these pollutants in sustainablemanner before releasing
wastewater into the environment. Several physical–chemical and biological technolo-
gies are available to remove the organic and inorganic pollutants from wastewater.
However, some of these technologies are not so efficient in removing the pollutants
from wastewater, whereas other technologies either not economically viable or not
too suitable to the environment. Development of nanotechnology has provided new
paradigm to the several fields including wastewater treatment technologies due to its
unique and exceptional characteristics such a superhydrophilicity, high surface area,
surface functionalities. Nanomaterials showed a great potential to address all the
flaws in removal of pollutants from wastewater. The present chapter enlightens the
applicability of bionanomaterials for removal of organic pollutants from wastewater
and its sustainability.
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3.1 Introduction

Freshwater is a fundamental necessity for existence of the life on the earth and sustain-
able development of society (Sajid et al. 2018). The accessibility to clean water is a
global environmental problem since it becomes serious confutation to supply clean
and inexpensive drinking water to all (Sharabati et al. 2021). The proliferation of
industries and urbanization has created inevitable effects on the environment (Singh
et al. 2002) as a consequence of amplified contamination with hazardous mate-
rials such as acidic and basic pollutants including persistent inorganic and organic
compounds and heavy metals (Singh and Rathore 2019, 2021; Chung et al. 2022),
which directly and indirectly harms the water quality. The potential hazards caused
due to unchecked disposal of industrial effluent have prompted to limit the untreated
effluent discharge in the environment (Singh and Rathore 2018, 2020). The avail-
ability of clean/potable water is a challenge for all water supply practices and the
regularization in standards tomaintain thewater quality has developed new paradigm
for current water treatment and distribution system (Mehta et al. 2021).

Available traditionalwastewater treatment regime is confined to three-step process
viz. primary, secondary, and tertiary treatment. Prior to primary treatment screening
of the wastewater is required to prepare the wastewater for primary anaerobic treat-
ment by maintaining pH or temperature and to filter out the larger sized particles
which can go for further treatment at other facility or land filling. Primary treatment
process involves microbial degradation of organic waste material under anaerobic
condition, while secondary treatment process depends on the microbial decompo-
sition process that removes suspended solids from the wastewater under aerobic
condition. Tertiary treatment was carried out to further improve the water quality by
microbial activity before discharging into the environment or recycled for utilization
to other purposes such as agriculture, industrial, or household purpose (Singh 2021).
Advanced oxidation, biodegradation, flocculation, use of bioadsorbents or activated
carbon adsorption, coagulation, ion exchange, membrane separation, etc. are some
of the widely used processes (Abhinav et al. 2021).

Current available techniques used for treatment of wastewater have limitation to
offer potable or palatable class of water that can be used for different domestic or
industrial uses to reduce the burden on natural water resource and reduced commo-
tion to environment. Advancement on the traditional wastewater treatment technolo-
gies is a continuous process to get an improved and efficient treatment technology
(Mehta et al. 2021). Being environmental friendly, low cost, simple in design, opera-
tional fluidity and higher effectiveness for removal of pollutants from the wastewater
streams (Kubra et al. 2021) made adsorption process highly promising and sustain-
able way for wastewater treatment (Zhao et al. 2019; Sharabati et al. 2021). The
pollutants present on the wastewater streams adsorb on the surface of the adsorbing
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material and thus removed from the wastewater stream. Several absorbent mate-
rials such as activated carbon, zeolite, clay minerals, chitosan, etc. are actively in
use for treatment of wastewater (Yu and Han 2015; Al Bsoul et al. 2021). Among
these, the activated carbon is oldest known and the most popular and commonly used
absorbent. Its large surface area and porous structure is highly efficient to remove the
pollutants (Yu and Han 2015; Al Bsoul et al. 2021). Its surface area can reach 500–
2000 m2 g−1 and is efficient to adsorb various heavy metals present in wastewater
(Carrott et al., 1997; Gabaldon et al. 2006). However, higher cost, low competency
for several other metals and poor removal of hydrophilic organic pollutants, etc.
restrict its industrial use for wastewater treatment (Alsbaiee et al. 2016; Sharabati
et al. 2021). Similarly, low permeability and pretreatment requirement of zeolite and
lower efficiency of clay particles restrict its industrial use (Stojakovic et al. 2011; Yu
and Han 2015). Therefore, the researchers are focusing on the developing absorbent
with improved performance with low cost and wider availability to improve the
effectiveness of water treatment (Kurniawan et al. 2006; Sharabati et al. 2021). A
superlative adsorbent ought to have multiple characteristics, e.g., large surface area
that increases the adsorption capacity, economical, environmental friendly, reusable,
well-suited, and high selectivity toward water pollutants (Nasar andMashkoor 2019)
which increase the efficiency of water treatment and thus improve its industrial appli-
cation.Nanotechnology is expected to provide the highly efficient techno-economical
elucidation for wastewater treatment problems (Mehta et al. 2021).

3.2 Extraordinary Properties

Nanomaterials have gained prominence in research and development due to their
exceptional tunable properties (Sadegh and Ali 2018). The importance of this class
of materials was realized when scientist found that the size can influence the physic-
chemical properties of material (Khan et al., 2019). The unique characteristics of
nanomaterials, i.e., size in nm, exceptionally large surface to volume ratio, higher
capacity and efficiency than thematerial itself, simplicity of fictionalization, stability,
reuse potential, and antimicrobial structure make them attractive substances to
be used in different industrial and engineering applications including wastewater
treatment (Ponnusamy and Saththasivam 2021; Sharabati et al. 2021). The efforts
have been made in this chapter to summarize the recent advancements in nano-bio
materials for wastewater treatment in sustainable way.

3.3 Nano-Bio Materials

Focus of the nanotechnology is on the design of newmaterials, structures, and devices
that having minimum one dimension fitting the nanoscale, i.e., less than 100 nm
(Mohmood et al. 2013; Rienzie et al. 2019), which could be an effectivemeans to treat



80 D. Rathore et al.

wastewater contaminated with pollutant ranging from metallic ions to organic and
inorganic solutes, andmicrobial pathogens (Aguilar-Perez et al. 2020), because nano-
materials contains unique physical and chemical properties due to their nanoscale
size. Unique physic-chemical properties of nanomaterial included large surface to
aspect ratio, topography, aggregation state, strong solution mobility, surface chem-
istry such as optical property, reactivity, catalytic potential, porosity, strong adsorp-
tion, dispersibility, and enhanced redox ratio (Mohmood et al. 2013; Yaqoob et al.
2020), which enables them to interact with the pollutants through increased binding
sites causing them inactive or degrade (Saharan et al. 2014; Aguilar-Perez et al.
2020). The nanomaterial-based water treatment applications of nanotechnology can
be grouped in to three categories, viz. water filtration, water remediation, and purifi-
cation or disinfection of water (Fig. 3.1). Water filtration is mainly based on the
use of semi-permeable nanoporous membranes to remove the organic and micro-
pollutants. Membrane used for this technology is highly stable, easy in operation,
and low cost and low energy consuming (Santhosh et al. 2016; Ali et al. 2019a).
In recent years fullerene, carbon nanotubes and graphene-based material is gaining
attention for water filtration and desalination (Bodzek et al. 2019). Focus of the
water remediation is on the adsorption phenomenon of the nanosorbents to remove
a broad range of pollutant from the wastewater streams with high compatibility to

Nano-based 
water 

treatment

Water filtration
Semi-permeable 

nanoporous membranes 
with high stability, easy and 

cheap operation and low 
energy consumption, to 

remove unwanted organic 
compounds and micro 

pollutants

water purification or 
disinfection

Effective control of 
pathogens without the 

formation of toxic 
disinfection residues by the 

use of nanomaterials

Water remediation
Adsorption to eliminate a 
broad variety of chemical 

pollutants through 
nanosorbents

Fig. 3.1 Classification of nanotechnology-based water treatment application (adopted from
Aguilar-Perez et al., 2020)
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specific organic or inorganic pollutants (Cincinelli et al. 2015; Santhosh et al. 2016).
Recently, numerous studies reported promising results for zeolites, carbon-based,
bio-based, and metal oxide-based materials (El-Sayed 2020). Water purification or
disinfection targeted on the effective control of microbial pathogens without gener-
ation of harmful residues by the use of nanomaterials with antimicrobial activity as
graphene-basedmaterials, metallic, and bioactive composites (Mohmood et al. 2013;
Morsi et al. 2017; Aguilar-Perez et al. 2020).

Synthesis of metallic nanoparticles can be exercised using physical processes
such as evaporation–condensation, laser ablation, electrolysis, pyrolysis, diffusion
plasma arcing, sputter deposition, and high energy balling, chemical processes such
as chemical reduction,microemulsion, electrochemical, thermal decomposition, sol–
gel process and coprecipitation, and biological processes such as exploitation of
biological mass, e.g., plant, fungi, microbes, etc. (Aguilar-Perez et al. 2020). Number
of metallic nanoparticles-based nanosorbent materials is being produced through
physical and chemical methods to remove dyes and antibiotics such as Rhodamine,
amoxicillin, doxorubicin (Aguilar-Perez et al. 2020). However, biological methods
are preferred over other methods because these methods are easy, cost-effective,
ecofriendly, and convenient. Further, due to slow kinetic reaction, it is convenient to
control the growth and stabilization (Singh et al. 2021).

The investigation of biomaterials up to the nanoscale turn out to be practicable
due to the methodical improvement in sophisticated instrumentation technologies,
especially on neutron, X-ray, light scattering, diffraction methods, and spectroscopic
techniques, including atomic forcemicroscopy/spectroscopy, orRaman spectroscopy
(Gadomski 2008). Bionanomaterials are molecular material composed partially or
completely from biological active molecules (Honek 2013), are multifaceted and
generally nonlinear viscoelastic and stochastic structure (Gadomski 2008) obtained
from plants, animals, fungi, peptide, nucleic acid, agricultural waste, etc. (Singh et al.
2021; Barhoum et al. 2022).

The formation of nanoparticles from or with the presence of bioactive molecules
such as peptides, enzymes, vitamins, alkaloids, phenolics, along with others derived
fromvariable biological sources (e.g., plants, bacteria, fungi, etc.) is depending on the
character of the precursor material and the end use (Ali et al. 2019b). Debnath et al.
(2020) have successfully synthesized zirconia nanoparticles using microbial green
technology which can be used for remediation of tetracycline fromwastewater. They
reported that bacteria Pseudomonas aeruginosa enable the production of secondary
metabolites during the bacterial growth in the synthesis activity, that bestowed
the capping and stabilizing agents for the development of zinconia nanoparticle,
which showed high adsorption capacity for tetracycline and enable them suitable for
practical applications.
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3.4 Utilizations of Nano-Bio Materials in Wastewater
Treatment

Manna et al. (2019) synthesized a value-added nanomaterial from carbonaceous
industrial waste. They coated the carbonaceous industrial waste with graphene oxide
and activated it at 800 °C and characterized the graphene oxide and graphene
oxide-coated biochar with various microscopy, spectroscopy, and x-ray diffraction
methods. This graphene oxide-coated biochar was tested for phenol removal capacity
in wastewater. They reported that the graphene oxide-coated biochar (nanocompos-
ites) showed improved separation potential than that for the graphene oxide. They
also claimed that the availability of salt showed positive effect on phenol sever-
ance by the nanocomposites process. They concluded that the nanocomposites have
promising separation capacity for wide range of sorption parameters.

Goswami et al. (2020) assessed the potential of an up-flow packed bed bioreactor
(UFPBBR) with immobilized bacteria Rhodococcus opacus onto biochar loaded
polyurethane foam (PUF) as the packing material for treating biomass gasifica-
tion wastewater. They reported that a maximum 81 ± 2.65% COD removal was
obtained with 1820 mg L−1 of influent COD concentration in 24 h of HRT when
the bioreactor was operated with PUF only as the support material, while more
than 95 ± 1.27% COD removal was obtained when biochar loaded PUF was used
as the support material. They also concluded 96.2% detoxification by the applica-
tion of novel biochar-based bionanomaterial for biomass gasification wastewater
remediation.

During his research Zheng et al (2021) recently explained functional microbiome
linkages and method implicated in aromatic ring breakdown on coke enhanced
nano-Fe3O4 activated bio-system (FEBS) under limited-oxygen state for proficient
remediation of aromatic organic compounds in coal pyrolysis wastewater. They
also identified that the efficiency of biodegradation with the FEBS supplementation
presented excellent organic removal (average 92.29%) and biodegradability contin-
uance (>40%) then control reactors. They concluded that the enhanced biodegrada-
tion in the FEBS is principally due to enriched functional species. Another study by
Muthukumar et al. (2020) found photocatalytic dilapidation of caffeine in syntheti-
cally produced wastewater of coffee industry by silver ferrite nanoparticles produced
with extract ofAmaranthus blitum leaf. Furthermore,Abbasi et al. (2020) found effec-
tive cationic dye remediation of crystal violet from aqueous solution using Keratine
nanoparticles obtained from human hair. This could also be a suitable use of wasted
hairs.

In a recent study, Deng et al. (2022) designed a highly efficient and stable
microsphere-immobilized bacterial strain of Bacillus velezensis to remediate organic
substance and suppress the growth of unsafe microorganism the course of slaughter
wastewater treatment. Immobilization of Bacillus velezensis was done at the surface
of sodium alginate (SA)/Polyvinyl alcohol (PVA)/Nano-Zinc Oxide (Nano-ZnO)
microsphere. Adhesion of the bacterial strain was managed by direct physical
adsorption. The researchers reported inhibition of Escherichia coli on SA/PVA/ZnO
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and SA/ZnO microspheres with addition of 0.15 g/L nano-ZnO without affecting
Bacillus velezensis strain. Process reported 16.99% removal rate of the chemical
oxygen demand (COD) of SA/PVA/ZnO microsphere-immobilized cells, followed
by 13.69% COD removal rate of SA/ZnO and free bacteria (7.61%) from 50%
concentration slaughter wastewater within 24 h on 37 zC temperature and 7.0 pH
at 120 rpm. From the results of the study, Deng et al. (2022) also reported that the
strategy design could enhance the degradation potential to a greater extent, inhibit
the growth of other bacteria without affecting the activity of protease in slaughter
wastewater. Thus it was concluded that thewastewater treatment systemof nano-ZnO
hydrogel immobilization Bacillus velezensis is an imperative alternative technique
to remediate pollutants from slaughter wastewater with a novel and ecofriendly and
low-priced investment.

3.5 Sustainability and Future Perspectives

Nanotechnology is an economical, efficient, and trustworthy approach to improve the
eminence and reliability of wastewater treatment. Nanomaterials have already been
successfully utilized in several area, like medical, catalysis, agriculture, etc. owing to
their exceptional attributes like nano in size, increased surface area than mass, higher
reactivity, mobility, sturdy mechanical strength, highly porous surface, hydrophilic
and dispersible nature (Khan et al. 2018; Yaqoob and Ibrahim 2019; Wu et al. 2019).
Environmental experts have designated application of nanomaterials for wastewater
remediation as a superior strategy than the other individual classical wastewater
treatment techniques due to its potential to eradicate hazardous elements like Pb,
Mo, Co, other organic and inorganic contaminants, and pathogenic microorganisms
harmful for human health, present in water (Umar, 2018, Mohammad et al., 2019,
Sekoai et al. 2019; Khan et al. 2021). Nanotechnology sector is expected to expand
further with the increase in its application for domestic and industrial purposes due to
lower energy consumption and reduced production cost, boosting quality, and better
environmental control (Patil 2015).

Nanotechnology is established its success in a variety of manufacturing applica-
tions including wastewater treatment, and it has capability to enhance wastewater
treatment as the materials may be controlled and altered at the nanoscale. Further the
nanomaterial obtained through biological sources could be controlled and stabilized.
It also has several unique qualities, e. g., low size-specific surface energy, affinity and
reactivity with other material, stability, and transferrable atomicity. These features
are peculiar for decontamination of drinking water and improved wastewater treat-
ment technologies (Khan and Sengül 2016, Samanta et al. 2016, Khan et al. 2018,
Khan et al. 2021). Further, the nanoscale bioadsorbents obtained fromwaste biomass
sources are renewable, sustainable, cost-effective, and environmental friendly mate-
rial for wastewater treatment (Solangi et al. 2021). Potential to increase efficiency of
wastewater treatment plant contribute in development of nanotechnology sector and
its application and research for domestic and industrial use.
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Bionanomaterials may composed of proteins, DNA, or other biological origin
material, and although these biomolecules are “natural” compounds, they may have
harmful effects ranging from no toxicity to high toxicity (Honek 2013). Although
nanoparticles in water have no instantaneous consequence on human health but
there is a possibility of nanoparticle ingestion through bio-magnification, hence the
effect of nanomaterials on aquatic organisms is essential to address (Khan et al.
2021). Pernicious effects of nanomaterials in biological world are by the fact that
such exposed nanomaterials are contemplated as the potential body “invaders” alike
viruses or bacteria, nonetheless, their baneful effects depends on the interactions
to immune cells. Interactions of the nanomaterials with biomolecules may lead to
inflammation. However, no mandatory guidelines were specified by the regulatory
agencies specifically for nanomaterials, its abrupt use could pretense threat to the
environment and society. Thus the sustainable nanotechnological development may
be ensuredbycompellingdifferent regulatoryguidelines suggestedbyEnvironmental
Protection Agency (EPA), Toxic Substances Control Act (TSCA), and Federal Insec-
ticide, Fungicide, and Rodenticide Act (FIFRA). The commercialization of nano-
materials requires an inclusive considerate on Ecological and societal, effects of
the exposed engineered materials predominantly at bio-nanointerface (Karak 2019;
Goodman et al. 2004).

Aguilar-Perez et al. (2020) concluded that nanotechnology is attracting the
researchers for wastewater treatment because of its imperative properties like small
size and large surface area, which changed the physic-chemical property of the mate-
rial including chemical reactivity, catalytic property, adsorption capacity, etc., that
enables them to potentially decontaminate wastewater from several common and
specific organic and inorganic pollutants. The biogenic nanomaterials are considered
as ecofriendly and they can also be produced from waste. There is an inevitability
to evaluate the performance of bionanomaterials under controlled environments.
Further, more thorough and careful research ventures are also require to optimize its
contrive. The challenges and issues with the bionanomaterials are to address the fate
and its toxicity in the environment and the administrating policies and protocols for
appropriate disposing or recycling.
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Chapter 4
Application of Plant-Based Nanoparticles
in Wastewater Decontamination

Sudhir Kumar and Jaspal Singh Chauhan

Abstract Wastewater treatment is an important challenge of this century as it safe-
guards the health of our environment and living being.Wastewater is always regarded
as a significant source of environmental pollution due to its potential to harm both
living and non-living beings. Many physical, biological, and chemical modes of
treatment are implied to comply with the standards of wastewater discharge, given
by competent national agencies for protecting the environment. Researchers from
all over the world have recently become more interested in the synthesis of plant
nanoparticles and their application for wastewater decontamination since it is an
environmentally benign, cost-effective, and efficient technology. Parts and extracts
of various plants are being explored for the synthesis of nanoparticles. Green synthe-
sized nanoparticles are highly efficient for recycling and removal of toxic contami-
nants fromwastewaters andmake it reusable in different aspects. However, synthesis,
regeneration, and reusability are themajor obstacles thatmust be addressed before the
technology transferred from laboratory to commercial applications. In this chapter,
we focused on the different approaches of plant-based nanoparticle synthesis and
their applications in wastewater treatment. Further, important challenges in the field
of plant-based nanoparticles in the wastewater treatment are also discussed.
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4.1 Introduction

Water is the most important as well as valuable environmental resource required
for the existence of various living organism on the earth. The amount of water
present on the earth is approximately 70% and further divided into Freshwater,
Marine water, and Saline water. The freshwater system is categoried into two groups,
Lentic system (lakes, ponds) and Lotic system (streams, rivers, springs) which are the
important source of water to satisfy the daily need for mankind (Mishra et al. 2016,
2015). In present time, the water quality is influenced by both natural and manmade
effect such as local climatic conditions, irrigation practice, topography and geology,
etc. (Harman et al. 2012). Physicochemical properties of water such as temperature,
dissolved oxygen, pH, transparency, conductivity, water current and some chemical
parameters as nitrate, phosphate, heavy metals, organic matter, etc., are important in
distinguishing effects of pollution on the water quality (Awasthi and Tiwari 2004)
and it provides a direct and indirect manifestation of stream condition which support
communities of various biological entities (Harman et al. 2012).

At present, the world is in the phase of meeting the rising demands of clean water
for various purposes like drinking, agriculture and industrial use. The major reasons
for depletion of fresh water are extended droughts, population growth and pollu-
tion. Unavailability of sufficient clean water which is free from any contamination
is leading to deteriorated health of living organisms especially human beings. Indus-
trialization coupled with improper or inefficient treatment process has led to water
pollution with a number of organic and inorganic pollutants, mostly persistent, toxic,
and hazardous to the living organisms. Developing countries are themajor one to face
the problem due to water contamination by wastewater. The unavailability of suit-
able technology for wastewater treatment seems to be the prime reason for contam-
ination of water. High operational and maintenance cost, high energy requirement
for conventional methods of wastewater treatment which includes adsorption and
biosorption, chemical precipitation, chemical oxidation or reduction, filtration, elec-
trochemical treatment, reverse osmosis, ion exchange, membrane technologies, and
evaporation recovery are the main constraints in the developing countries (Agency
2011; Dimapilis et al. 2018; Kunduru et al. 2017).

Ensuring safe and clean water by proper treatment of water and wastewater is a
prime concern of the present era. Nanotechnology is considered as the new promising
technology opted for removing the contaminants of organic and inorganic nature
from water. Nanotechnological approaches have shown potential in improving water
and wastewater treatment with a little financial change. Many types of nanoparti-
cles are derived from various sources like plant, bacteria, and algae, which keep the
synthesis in environmentally friendlymode. In the current scenario, nanoparticles like
SiO2, TiO2 and ZnO are widely advocated for the wastewater treatment process. The
properties like larger specific surface area, nontoxic, stability, efficient, environment-
friendly, regeneration, and reusability make nanoparticles suitable for environmental
applications (Venkateswarlu et al. 2016). Till date nanoparticles are successfully
practiced in wastewater treatment for detection and removal of various categories of



4 Application of Plant-Based Nanoparticles … 91

pollutants. They have been found efficient in removing both organic and inorganic
pollutant fromwastewaterwhich otherwise could pose serious threats to living organ-
isms and environment. The nanoparticles derived from various sources have shown
better results when implemented in different process of water treatment like photo-
catalysis, adsorption, filtration, and electrochemical oxidation. These nanoparticles
are used as nanowire membranes, carbon nanotubes, polymer membranes, ceramic
membranes, submicron nanopowder, metal oxides, magnetic nanoparticles, boron
doped diamond to improve water quality (Qu et al. 2013; Sushma and Richa 2015).

The chemically derived nanoparticles are harmful to environment and living
organisms. Further, their synthesis requires highly complex methodology and hence
results in expensive process (Saha et al. 2013). Contrastingly green nanoparticles
synthesized from biogenic sources are eco-friendly, less toxic, biodegradable, and
less expensive in nature. These are basically developed from the parts of plant or
microbes (Saha et al. 2013; Singh et al. 2019). Among these biogenic nanoparticles
plant extracted nanoparticles are considered to be a better option for solving problems
of environmental pollution (Singh et al. 2019). A list of plant-based nanoparticles
used for treatment of contaminants of environment is given in Table 4.1.

4.2 Green Nanotechnology

Green nanotechnology includes the use of environmentally affable methods for the
manufacturing of nanomaterials. The chemical synthesis of nanomaterials is gener-
ally not environmental friendly and produces harmful byproducts (Nasrollahzadeh
et al. 2019). The benefits of the nanoparticles are particularly dwarfed by the poten-
tially dangerous byproducts that may form upon absorption by humans, animals,
and plants, etc. It is therefore important that the environmentally sustainable and
natural nanomaterials are produced which reduce the burden of pollution as well
as risk of side effects (Corradini 2010). The course of manufacturing of nanoparti-
cles is based on heavy use of unsafe chemicals which are extremely harmful to the
environment. Therefore, the technology using plants and other biological entities for
synthesis of nanoparticles is one way to reduce this problem (Shanker et al. 2016).
The biological intervention to generate the nanoparticles leaves no harmful material.
The technologies employing green chemistry also rely on biodegradable materials
which do not cause any harmful side effect to the environment (Hutchison 2008).
Chemical methods of nanoparticle synthesis use hazardous reducing and capping
agents which are generally non-biodegradable and remain in environment for long
time. Since most of these chemicals are hydrophobic they need organic solvents for
their dissolution which are harmful to both flora and fauna including humans. Apart
from the synthesis, some of the heavy metal NPs like mercury, lead, tin, etc., them-
selves are dangerous for the environment (Khan et al. 2019). Metal NPs also tend to
cause health conditions in plants, animals, and humans (Hristozov andMalsch 2009).
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Table 4.1 List of plant-based nanoparticles used in removal of pollutants

S.
No

Plant/plant part Nanoparticle Pollutant
removed

Efficiency References

1. Camellia
sinensis and
Punica
granatum/plant
leaf extract

Fe NPs Textile
wastewater

95% color removal
and almost 80%
dissolved organic
carbon

Ozkan et al.
(2018)

2. Jatropha curcas
L/ plant leaf
extract

TiO2 NPs Photocatalytic
treatment of
tannery
wastewater

COD removal,
82.26%; Cr
removal, 76.48%

Goutam et al.
(2018)

3. Ficus benjamina/
plant leaf extract

Ag NPs Cd removal
from aqueous
solution,

85% Al-Qahtani
(2017)

4. Citrus grandis/
peel extract

Cu NPs Degradation
of methyl red

96% Sinha and
Ahmaruzzaman
(2015)

5. Eucalyptus sp./
plant leaf extract

Fe NPs Treatment of
eutrophic
wastewater

N-71.7%;
P-30.4%;
COD-84.5%

Wang et al.
(2014)

6. Punica
granatum/ peel
extract

Nickel–iron
nanocomposite

Tetracycline
removal

99% Ravi kumar
et al. (2020)

7. Tangerine/ peel
extract

Iron oxide NPs Cd removal 90% Ehrampoush
et al. (2015)

8. Piliostigma
thonningii/ plant
leaf extract

Ag NPs Heavy metal
removal
activity

Iron-96.9%;
copper-89%;
lead-97.89%;
magnesium-93.6%

Shittu and
Ihebunna
(2017)

9. Azadirachta
indica, Magnolia
champaca,
Mangifera
indica, and
Murraya
koenigii /

Fe NPs Treatment of
domestic
wastewater

Phosphate-98.1%;
ammonium
nitrogen-84.3%
COD-82.4%

Devatha et al.
(2016)

10. Padina
pavonica/beads

Fe3O4-NPs Pb solution 91% removal of Pb El-Kassas et al.
(2016)

These engineered nanoparticles are now routinely been used in cosmetic products,
ready to eat food products and their packaging, drug delivery systems, therapeutics,
biosensors, etc. and hence a large number of population is exposed to them on daily
basis (Contado 2015; Patra et al. 2018). The effects of this exposure are not fully
understood and may need more detailed studies (Ray et al. 2009). Olga V. Morozova
reviewed the toxicity of silver nanoparticles involving biological macromolecules
like RNA and DNA by “Trojan horse,” inductive, and quantum mechanical modes
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(Morozova 2021). Kowalczyk et al. also reviewed the toxicity of silver nanoparticles
in animal tissues, bacteria and viruses and calls for detailed safety studies in light of
their extensive use (Kowalczyk et al. 2021).

4.3 Plant-Derived Nanoparticles

Generally, metal is used for the generation of nanoparticles. Many metals like gold
(Shankar et al. 2014), silver (Krithiga et al. 2015), copper (Murthy et al. 2020),
titanium oxide (Dobrucka 2017), zinc oxide (Naseer et al. 2020), iron oxide (Bhuiyan
et al. 2020), etc., are used. Different parts of the plants and herbswhich include stems,
leaves, fruit, flowers, and roots have been found useful for this purpose (Fig. 4.1).
Plants can reduce themetal ions in cells at various locations like leaves, flowers, fruits,
etc., and have been used for phytomining, a plant-based bio-sequestering technique.
It was noticed that during bioaccumulation in plants, majority of metals are stored

Fig. 4.1 Plant-based nanoparticles. Plant extracts have the potential to reduce many metal ions
into the nanoparticles in environmental friendly way. Nanoparticles can also be derived from
macromolecules and metabolites produced by plants
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as nanoparticles. The plants can take up the metal ions and deposit them at various
places which can then be harvested. The major obstacle with this technique is that
the size, shape, and quantity of the nanoparticles cannot be controlled. Therefore, the
invitro reduction technique using the plant extracts has been developedwhich ismore
flexible, fast, and high yielding (Makarov et al. 2014). Metabolites like ployphenols
(flavonoids) and phenolic acids, alkaloids, terpeniods, etc., and proteins, enzymes
can potentially catalyze reduction of metal ions into stable nanoparticles of varying
shape and size (Begum et al. 2009;Mittal et al. 2013; Shamaila et al. 2016; Velusamy
et al. 2016).

4.4 Mechanism

There are two ways of biological synthesis of nanoparticles, a) Bio-reduction and
b) Bio-absorption or Biosorption; the former being used frequently due to its ease
of operation (Al-khattaf 2021). The first step in nanoparticle formation is reduc-
tion of ions followed by the cluster formation and growth (Jain and Mehata 2017).
As already mentioned, polyphenols, terpenoids, carbohydrates, alkaloids, phenolic
acids, and other plant metabolites including proteins are potential bioreducing agents
that can reducemetal ions into nanoparticles. SinghA.K. et al. suggest that Eugeniol,
a terpenoid found in clove extract, can reduce AU and Ag ions and proposed a mech-
anism for this reaction. They proposed that the hydroxyl group (-OH) attached to the
benzene ring of eugeniol is deprotonated to anionic form (O−). This anionic form is
stabilized by the resonating structures, which are then stabilized by the release of 2
electrons which go on to reduce Au1+/Ag4+ ions (Singh et al. 2010). The flavonoids
like quercetin and taxifolin have three ringed structure named A, B and C where B
ring is a catechol moiety containing –OH groups at 3’ and 4’ positions (Fig. 4.2).
Quercetin shows tautomerism and exists in keto and enol forms. It changes into keto
form as the H from the 3’-OH is removed and plays important role in reduction
of nanoparticles (Trouillas et al. 2006). Quercetin having armed with these –OH
groups can chelate metal ions like Pb2+, Fe2+, Cu2+, Zn2+, etc. (Makarov et al. 2014).

Fig. 4.2 Chemical structure of flavonoids quercetin and taxifolin
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Monosaccharide like glucose and fructose also has the capacity to reduce metal ions
to nanoparticles. The conversion of aldehyde group of sugar into a carboxyl group
by addition of -OH leads to the reduction of metal ions into nanoparticles (Panigrahi
et al. 2004). Huang J. et al. observed that there was a substantial decrease in the
concentration of flavonoids and monosaccharides in solution after the reduction of
AgNO3 during silver nanoparticles formation (Huang et al. 2011) signifying their
role in the reduction.

Amino acids with charged side chain like Lysine and arginine (+ve charge),
Methionine and Cysteine (–SH group) can bind and potentially reduce metals to
form nanoparticles (Clem Gruen 1975). Aspartate (Mandal et al. 2002) and trypto-
phan (Tan et al. 2010) were also found to be suitable for reduction of chloroauric acid
(HAuCl4) into Au nanoparticles. Individual amino acids showed different behavior
than the peptides in reduction of the metals. Amino acids that can bind strongly to
the metal ions can reduce them efficiently but excess binding inhibits the reduction
efficiency (Makarov et al. 2014; Tan et al. 2010). Apart from the nature of macro-
molecules, physical conditions like pH, time of exposure, temperature, and concen-
tration have substantial effect on the nanoparticles formation by plant extracts (Dada
et al. 2018; Jeevanandam et al. 2020; Kredy 2018). The reduction of metals in plant
extracts generally proceeds very fast and is completed within few minutes (Dada
et al. 2018). As the pH approach alkaline range, nanostructures become more stable
with lower tendency to aggregate. This might be attributed to the repulsive electro-
static/electrosteric interactions that come into play as the nanoparticles clusters are
completely charged (Traiwatcharanon et al. 2015).

Silver: AgNO3 solution (1-mm) is taken and is mixed with aqueous extract from
leaves (Banerjee et al. 2014; Begum et al. 2009; Hemlata et al. 2020; Krishnaraj et al.
2010b), fruits (Lakshmanan et al. 2018; Masum et al. 2019; Niluxsshun et al. 2021),
roots (Dangi et al. 2020; Ilahi et al. 2021; Singh et al. 2020), flowers (Devanesan
and AlSalhi 2021; Mahmoodi Esfanddarani et al. 2018; Mathew et al. 2020; Padalia
et al. 2015), and stems (Bharathi et al. 2018; Karthiga 2018; Subha et al. 2018). The
mixture is kept in dark for incubation to reduce chances of photoactivation of AgNo3.
As the AgNO3 is reduced to metallic silver nanoparticles, the color of the mixture
changes to colloidal brown. In some cases, the nanoparticles appear as fast as 30 min
of the incubation (Krishnaraj et al. 2010a). The nanoparticles are characterized by
XRD, FTIR, SEM, etc.

Gold NPs: Similar to the silver nanoparticles, gold is also the favored choice for
the nanoparticle formation because of its inert nature. Extracts from several plants
have been used for the reductive formation of the AuNPs of varying shape and sizes
(Aboyewa et al. 2021; De Canha et al. 2021; Fanoro et al. 2021; Hassanisaadi et al.
2021; Rahman et al. 2021). These include Ipomoea carnea (Abbasi et al. 2015),
Cassia fistula (Daisy and Saipriya 2012), citrus plants (Rao et al. 2017; Sujitha and
Kannan 2013; Yuan et al. 2017), Azadirachta indica (Dharmatti et al. 2014; Pandey
et al. 2013; Rao et al. 2017), Cocculus hirsutus (Bar et al. 2012), etc. J. L. Gardea-
Torresdey et al. utilized the bio-absorption for fabrication of AuNPs by growing
alfa alfa plants in AuCl4 rich medium (Gardea-Torresdey et al. 2002). Plant extracts
contain metabolites like flavonoids, phenols, protein, etc., which can reduce Au4+
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ions to form gold nanoparticles. Shankar et al. used geranium leaves extract for
production of gold NPs from AuCl4 and hypothesized that possible reducing agent
in extract could be citronellol and geraniol, terpenoids present in many aromatic
plants (Shankar et al. 2003).

4.5 Plant-Based Nanoparticles

Macromolecules present in plants are gaining popularity to be used as nanomaterials
as they are readily available and biodegradable. Some of the important plant-derived
nanomaterials include (but not limited to) protein based NPs, polysaccharide based
NPs, carbon based NPs, exosome-like NPs, adhesive based NPs and lipids based
NPs (Mohammadinejad et al. 2016) (Table 4.2). Plant-derived nanostructures and
nanomaterials have been proposed as therapeutic agents (Zhang et al. 2016) and
many have found their way into potential anti-cancer treatments (Verma et al. 2021).
Apart from these their use and efficacy as antimicrobial agents (Mostafa 2021), anti-
larval and crop protection agents (Karny et al. 2018; Shang et al. 2019), targeted drug
delivery and therapeutics using miRNAs (Iravani and Varma 2019), and biosensors
(Cavalcante et al. 2021) are well documented (Verma et al. 2021).

4.6 Plant Proteins as Nanoparticles

Proteins have unique properties that make them a popular choice for nanopar-
ticles synthesis. Protein nanoparticles are biodegradable and biocompatible
(Lohcharoenkal et al. 2014). Proteins sourced from plants which include Zein (corn
storage protein), gliadin (wheat gluten derived protein), legumin (legume storage
protein), etc., have been used to make nanoparticles with varying uses. Joye et al.
prepared gliadin NPs using an antisolvent precipitation method in which gliadin
extract (in 70% ethanol (v/v)) was mixed into water in 1:5 ratio at room tempera-
ture. The NPs were later hardened with glutaraldehyde treatment before use (Joye
et al. 2015). Chen et al. modified this protocol to get gliadin—phospholipid hybrid
nanoparticles which were more stable and have better foaming capacity (Chen et al.
2019). Xu et al. fabricated hollow Zein nanoparticles which can be loaded with drug
of choice for intracellular delivery (Xu et al. 2011). Mirshahi et al. prepared legumin
protein nanoparticles and studied their loading with methylene blue as hydrophilic
drug model. They observed that glutaraldehyde cross linking increased the stability
of the legumin NPs but decreased the release of the dye (Mirshahi et al. 1996).
Nanoparticles prepared from other proteins like fibroins, albumin, gelatine, and
ferritin proteins have also been prepared for diverse uses (Hong et al. 2020). The
applications of protein nanoparticles range from food industry to drug delivery and
targeted therapies.
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4.7 Plant Carbohydrates as Nanoparticles

Cellulose, a polysaccharide that is in abundance in plants has been extensively studied
for its use as nanomaterial. Cellulose is composed of microfibrils which in turn are
made of nanofibrils about 2–20 nm wide and few micrometers long (Rojas 2015).
Lin et al. documented the studies in nanocellulose, which is extracted from cellulose
(Lin and Dufresne 2014). Nanocelluose is extensively used in drug related studies
(Hasan et al. 2020; Salimi et al. 2019), tissue substitutes (Pereira et al. 2018), and
antimicrobial materials (Kupnik et al. 2020). Lignin, which is technically not a carbo-
hydrate, is also used extensively in nanoparticles formations for its applications as
nano-reinforcer for increasing the antibacterial, anti-oxidant, radiation protector, and
catalytic properties of various nanomaterials (Low et al. 2021).

4.8 Other Plant-Based Nanoparticles

Plants and plant waste can also be used to synthesize specialized structures like
graphene, carbon nanotubes, and carbon dots. Supriya et al. established a simple
method of graphene formation using rice husk and KOH (Muramatsu et al. 2014).
Magnabosco et al. reported a successful use of A. thaliana plant as bioreactor for the
entrapment of single wall carboxylated carbon nanotubes (SWCNT-COOH) by roots
and fabrication into bionic nanocomposite (Magnabosco et al. 2020).Waghmare et al.
demonstrated the synthesis of water soluble carbon dots by pyrolysis of kitchen tea
waste and found that it has positive effect on overall growth of plants (Waghmare
et al. 2021).

Exosomes which are small nanosized microvesicles (50–100 nm) secreted by
variety of cells and can potentially activate ormodulate endocrine system have poten-
tial applications in many fields (Ju et al. 2013). Suharta et al. reviewed the prepa-
ration methods, characterization, and applications of the plant-derived exosome-
like nanoparticles (PDENs) and observed their potential in health and food industry
(Suharta et al. 2021). Gioia et al. mentioned the potential use of PDENs in variety
of fields like tumor growth suppression, anti-inflammation, drug and gene delivery,
etc., (Di Gioia et al. 2020). Differential ultracentrifugation is preferred method for
the isolation and purification of the exosomes in which the plant extract undergoes
series of centrifugation with gradual increase in speed and time to remove the larger
and higher-density components leaving behind the exosome nanoparticles (Akuma
et al. 2019). Exosomes secreted by tumor cells can be modified by injecting then
with adjuvants which potentially show anti-tumor properties (Théry et al. 2009).

Additionally, lipids derived from plants are another favorite source for nanopar-
ticles that can be used as potential drug carriers. Nano scale vesicles isolated from
edible plants known as Plant-derived edible nanoparticles (PDNPs) are finding their
way into the nanomedicine field. These PDNPs are preferred because they do not
show any noticeable toxicity or immune reaction in body and have efficient uptake
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capacity (Yang et al. 2018). Tenchov et al. recorded the use of lipids as nanoparticles
and their diverse applications ranging from liposomes to m-RNA vaccine delivery
(Tenchov et al. 2021). Lipid based nanoparticles are also a medium of choice when
the drug delivery has to be done across blood brain barrier (Fernandes et al. 2021).
Glutathione PEGylated nanoliposomes based on egg yolk or hydrogenated soy phos-
phatidylcholine were developed by Hu et al. for delivery of methotrexate to the brain
(Hu et al. 2019).

4.9 Application of Plant-Based Nanoparticles
in Wastewater Treatment

Wastewater is amajor culprit responsible for contamination ofwater resources. Treat-
ment or removal of pollutants (organic and inorganic) released from the industries and
domestic sources aremajor concern of scientists. For this scientist are exploring plant-
based nanoparticles for their efficiency to treat the different pollutants of wastewater.
Conventionally wastewater from different sources is treated in the treatment plants,
which follows preliminary screening, primary, secondary, and tertiary treatment. The
basic process of wastewater treatment plant is illustrated in Fig. 4.3.

The primary treatment is the physical method of removing most of the heavier
solids that will be settled in the settling or sedimentation tank due to gravity.
Secondary treatment of wastewater is basically the biological methods designed to
degrade the biologically active content of the waste by means of aerobic processes.
The final phase is the tertiary treatment in which the quality of the water is improved
up to the standard of domestic and industrial use or to meet specific requirements
so that the safe discharge of treated water can be done. The disinfection of treated
water is also conducted in tertiary treatment to remove the pathogens, which makes
that water safe for drinking purposes.

Fig. 4.3 Illustration of typical wastewater treatment process
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Fig. 4.4 Nanotechnological processes in the wastewater treatment

Nanotechnology has provided some of the efficient techniques that can improve
the wastewater treatment process. The reasons for efficient treatment include high
surface to volume ratio, small size, organized structure, stability, competence of
filtration, and reusability (Gawande et al. 2011). Some of the nanotechnology
methods used in treatment of wastewater are Nano adsorbents, Nanomembranes, and
Nano-catalysts (Fig. 4.4).

4.10 Nano-Catalysts

Nano-catalysts are photocatalyst that involves photocatalytic activities, which
include light energy interacting with metallic nanoparticles. By reacting with
hydroxyl radicals, photocatalytic activities reduce micro-organisms (bacteria) and
organic compounds. Inorganic materials such as metal oxides and semiconductors
are commonly employed in nano-catalysts. In recent years, photocatalysts have been
widely used in the degradation of pollutants in the environment or aquatic systems
owing to its sustainable nature (Bagheri et al. 2017; Shak et al. 2018; Wang et al.
2018). Various photocatalysts are used for the degradation of pollutants from the
different ecosystems of environment (Yao et al. 2021), like Zalerionmaritimum (Paço
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et al. 2017), Titania nanotubes (Ali et al. 2021), ZnO (Tofa et al. 2019a), N-doped
TiO2 (Ariza-Tarazona et al. 2020), Pt/ZnO (Tofa et al. 2019b), Graphitic carbon
nitride (g-C3N4) (Liu et al. 2021), etc. Photocatalytic degradation of pollutantsmainly
occurs due to the absorbance of light energy by semiconductor to become excited and
produce electrons (e−) and holes (h+) pairs. Both the electrons and holes react with
water (H2O) and oxygen (O2) or hydroxyl ions (OH−) to generate superoxide anions
(•O2−) and hydroxyl radicals (•OH). These anions/radicals are called reactive oxygen
species (ROS) and are very efficient in degrading organic pollutants. Recent studies
on the pollutant degradation illuminated that photocatalysts can be ideal choices for
treatment of wastewater (Pham et al. 2021; Sharma et al. 2021).

The surface functionalization of TiO2 by Au NPs, which aids in improved charge
separation and improves the interfacial charge-transfer process (Dawson and Kamat
2001), can enable photocatalytic oxidation ofwater contaminants such as thiocyanate
ions (Dawson and Kamat 2001; Subramanian et al. 2004), azo dyes (Arabatzis
et al. 2003), and 4-chlorophenol (Orlov et al. 2004). A study used cumin seed
extract (Cuminum cyminum) to assess the catalytic characteristics of biogenically
produced AgNPs. Using AgNPs as a nanocatalyst, industrial wastewater pollutants
as methylene blue, methyl red, rhodamine-B, and 4-nitrophenol were efficiently
destroyed (Choudhary et al. 2018). Another study used a greener technique to
make Anatase TiO2 NPs doped with iron, using an aqueous extract of lemongrass
(Cymbopogon citratus), and these Fe-TiO2 NPs showed promise for photocatalytic
wastewater treatment and organic pollutant degradation (Solano et al. 2019).

4.11 Nano Adsorbents

This treatment employs highly adsorbent organic or inorganic nanoparticles. Nano
adsorbents are extremely effective in removing a wide range of pollutants. The ideal
absorbent is always small in size, has a large surface area, wide catalytic potential,
and high reactivity. Metallic nanoparticles, magnetic nanoparticles, nanostructured
mixed oxides, and metallic oxide nanoparticles are all types of nano adsorbents
characterized by their adsorption method. For example, green nanoparticles were
made from eucalyptus leaf extract and were used to treat swine water with high levels
of nitrogen and phosphorus. Iron nanoparticles effectively eliminated total nitrogen
(71.7%), total phosphorus (30.4%), and chemical oxygen demand (COD) (84.5%)
from water, preventing eutrophication (Wang et al. 2014). Similarly, the ability of
green-fabricated amorphous iron NPs to remove highly poisonous and carcinogenic
arsenic (As) from damaged resources was also investigated. As a result, arsenate was
shown to be equally adsorbed on the surfaces of iron NPs. This indicated that green
synthesis of iron NPs has a great application potential for removing As(V) while also
being simple to make (Wu et al. 2019).

Another work used polyphenol-rich pomegranate (Punica granatum) peel extract
to make nickel–iron nanocomposite, which was then immobilized on to biocompat-
ible and biodegradable alginate to make nanocomposite beads (GS-NiFe beads). In
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a batch reactor, 99 percent removal of tetracycline was achieved utilizing optimal
conditions, with adsorption and degradation processes in the cleanup (Ravikumar
et al. 2020). A green technique was used tomake a novel Fe3O4 nanosorbent utilizing
cucumber (Cucumis sativus), lemon (Citrus limon), and black grapes (Vitis vinifera)
plant extracts. The as-prepared Fe3O4 (cum), Fe3O4 (lem), and Fe3O4 (grp) nanosor-
bentswere used to remove seven antibiotics fromwater bodies, including piperacillin,
sulfamethoxazole, tetracycline, trimethoprim, erythromycin, and ampicillin. The
adsorption of selected antibiotics was observed, with an excellent clearance rate
of >90% for the majority of these antibiotics (Stan et al. 2017).

4.12 Nanomembranes

Membranes are physical barriers that use their size to separate solutes from solvents.
Furthermore, becausewastewater comprises a variety of solid components of varying
dimensions, membrane processes aid in the more efficient purification of water.
Nanomembranes are used to remove contaminants from wastewater during the treat-
ment. Heavy metals, dyes, and other pollutants are frequently removed with these
devices. Nanotubes, nanoribbons, and nanofibers are some of the most frequent
nanomembranes used. Membrane fouling, on the other hand, is a significant nega-
tive in the membrane filtration process, posing a substantial problem that calls into
question the feasibility ofmembraneuse (Nasrollahzadeh et al. 2021). Silver nanopar-
ticles are antibacterial agents used in the treatment of wastewater that contains a lot
of germs. Biofouling prevention (disable bacterial cells) and microbial attachment
reduction (due to their hydrophilic nature) are two functions of silver nanoparticles
and graphene oxide nanoparticles (Yu et al. 2021).

Depending on the pore size and molecule size, contaminants can be eliminated.
Filtration capacity can be increased by employing the right chemicals, nanoparticles,
or a mix of the two. For yeast filtration, Parham et al. (Parham et al. 2013) developed
a CNT-ceramic composite filter. The constructed filter had a high filtration effec-
tiveness for yeast (98%) and nearly 100% removal efficiency for heavy metal ions
fromwater (Nair et al. 2012). Electrospun chitosan nanofibers can be used to remove
arsenate traces from water. Electrospinning a polymer, poly (ethylene oxide), Fe3+,
and chitosan combination, followed by crosslinking with ammonia vapor, produces
nanofibers. At neutral pH, this iron-doped chitosan nanofiber shows a high adsorp-
tion affinity for arsenic, i.e., As (V). The surface area of chitosan is increased by
fabricating it over nanofibers. The adsorption rate of these nanofibers was boosted
by the inclusion of functional groups such as –NH, –OH, and C–O. This is easily
regenerated with NaOH solution and can be reused (Lee et al. 2013a, b). Another
study found that electrospinning a single layer of polystyrene (PS) nanofibers onto
a stainless-steel mesh produced superhydrophobic-superoleophilic membranes that
help separate oils like mineral oil, diesel, and gasoline from water. Because of the
entanglement of the nanofibers, all of the holeswere interconnected, and porositywas
increased. The non-wetting of water is enhanced by this three-dimensional network
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structure with low free energy PS, while the inherent wetting of oil is maintained.
As a result, it is easier to separate oil from water (Min et al. 2016).

4.13 Conclusion

Nanoparticles can significantly influence the mode of wastewater treatment as these
are efficient and low energy option in comparison to conventional chemical methods.
Green synthesis of nanoparticles is considered a better alternative for the chemical
and physical synthesis of nanomaterials. The biologically synthesized nanoparti-
cles have immense potential to adsorb, degrade, catalyze and filter the major pollu-
tants from wastewater. These green nanoparticles can easily be separated and reused
because of their specific nature and high stability and hence are more suitable and
economical to the low income countries. As these are biological in origin these
are considered to be eco-friendly in nature. Yet their potential toxicity to living
organisms still needs to be considered before implementation at large scale. Further,
studies are required on different aspects like cost–benefit analysis, commercializa-
tion impact, environment constraints, challenges, safer application, the profitability,
and feasibility, etc.
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Chapter 5
Microbial Synthesis of Nanoparticles
for Wastewater Remediation

Shailja Singh, Shiv Shankar, and Shikha

Abstract The wastewater originating from the industrial and domestic sector with
potential hazardous organic and inorganic pollutants when discharged into the water
bodies causes undesirable effects on the aquatic environment and human health. It
is therefore desirable to treat wastewater prior to its disposal. Recently, the applica-
tion of nanostructured materials for water remediation has gained attention due to
their unique size-dependent properties like large surface area, stability, remarkable
reusability and recyclability. Nanoparticles represent a promising new technology for
wastewater remediation, not only because of their high treatment efficiency but also
for their cost-effectiveness, as they have the flexibility for in-situ and ex-situ appli-
cations. Several conventional physical and chemical procedures have been reported
for the synthesis of metallic and non-metallic nanoparticles. But the environmental
hazards associated with the conventional methods restrict the large-scale production
and application in water remediation. It is therefore desirable to synthesize nanopar-
ticles using environmentally safer, rapid and inexpensive biogenic approaches based
on microbes. Carbohydrates, proteins, polyphenols, vitamins, polymeric substances
and several antioxidants obtained from bacteria, fungi and algae have proven their
effectiveness as capping and stabilizing agents during greener synthesis of nanomate-
rials. Application of microbially synthesized nanomaterials for wastewater treatment
is a relatively newer but rapidly escalating area of research. The present book chapter
outlines the information on recent advances on the microbial synthesis of different
types of metallic and non-metallic nanoparticles, their characterization and role in
the removal of different types of organic and inorganic pollutants from wastewater.
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5.1 Introduction

The present situation of pollution in aqueous streams has become a major problem
for the society (Lu et al. 2016;Moustafa 2017).Water is very essential for the survival
of the living beings as well as for the industrial and economic growth of the country.
It has been estimated that around 1.1 billion people do not have access to adequate
drinking water (Cassivi et al. 2021; Chen et al. 2021; Price et al. 2021). This is
due to the increasing cost of potable water, rapidly growing populations and various
climatic and environmental concerns. Many harmful chemicals such as pesticides,
fertilizers, insecticides, organic compounds, heavy metals, industrial effluents and
sewage wastewater are the major environmental contaminants (El-Gendy and Nassar
2021;Mandeep 2020). These contaminants are disposed of in freshwater bodies such
as water streams and rivers which leads to water pollution and affects the aquatic
ecosystem. The effluent coming out of industrial units are disposed directly in the
rivers without treatment due to inefficient wastewater treatment plant. The use of
synthetic dyes in excess amount for various industrial activities is also responsible
for water as well as soil pollution.

Modern ways of industrialization has increased the tremendous pressure for water
usage due to its application in production process. High production resulted in gener-
ation of enormous amount of industrial effluents and it requires sustainable and cost-
effective technique for achieving sustainable development in case of wastewater
treatment. Many electrochemical, valourization techniques and advanced oxidation
processes have been utilized to decrease the toxicity of effluents from wastewater
and making it fit for drinking and household purpose (Lu et al. 2016). But the tech-
niques mentioned here are not very cost-effective for many industries. Moreover,
these conventional methods of wastewater treatment has certain other limitations
like energy intensive, excessive cost, requirement of high temperature and pressure,
generation of toxic chemicals that are hazardous in nature (Khin et al. 2012; Shankar
and Nill 2015). These are uneconomical method because they do not completely
purify the wastewater, and it do not give any option to reuse the material. The biolog-
ical method of wastewater treatment is also applied but they are normally slow, and
sometime they cause toxicity to the microorganism due to some hazardous toxic
contaminants (Aghalari et al. 2020; Bhat et al. 2020). The physical processes like
filtration has tendency to remove the contaminants by changing one phase to another
phase but it produces highly concentrated sludge,which is poisonous and it is difficult
to dispose in environment.

So, in the aforesaid mentioned context, the wastewater treatment requires more
efficient and powerful technology to treat municipal and industrial wastewaters. This
can be done either by developing new methods or by improving the techniques that
exists. Among several technologies, nanotechnology has emerged as an incredible
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way for remediating wastewater and certain other environmental related problems.
The nanotechnological ways are more effective than their conventional counter-
parts owing to their small size, excellent chemical properties, high reactivity and
large surface area (Aragaw et al. 2021; Kumari et al. 2019; Magalhães-Ghiotto et al.
2021). Synthesizing green nanomaterials from the microorganisms and their extracts
have opened the doors towards the environmentally friendly treatment of wastewater
pollutants. Nanomaterials possess exceptional surface chemistry in comparison to
other conventional methods, due to which they are able to target contaminants with
the help of their functional groups for remediation. The properties of nanomaterials
such as absorptive capacity, shape, size and chemical components can be altered to
enhance the performance of nanomaterial for treatment of contaminants. Application
of nanomaterial will help in promoting green technology because there will be less
production of a sludge, and it can be the safer option for the remediation of envi-
ronmental pollutants (Gehrke et al. 2015; Lu et al. 2016; Yaqoob et al. 2020). Iron
nanoparticles are the well-known green nanoparticles that are used in remediation of
pollutants due to their nontoxic nature, magnetic susceptibility and redox potential.
Another type of nanomaterial involved in effective removal of effluent are membrane
associated nanomaterial. Nanomaterial are known to improve the permeability of
membrane, mechanical and thermal strength for pollutant degradation.

The size of nanoparticles range between 1 and 100 nm. Production of nanopar-
ticles is generally done through top-down and bottom-up methods. In case of top-
down method, large structures are converted into small ones by means of physical
methods whereas in bottom-up method small atoms, and molecules are utilized to
produce nanoparticles by supra-molecular chemistry or self-assembly. The commer-
cial synthesis of nanoparticles is generally carried out by various chemical and phys-
ical routes. Among the chemical approaches, the most common methods are sol-gel,
coprecipitation, hydrothermal and solvothermal (Ganachari et al. 2017).

The biological method of synthesizing nanoparticle through bottom-up approach
has gained popularity as a novel green strategy. The synthesis of nanoparticles biolog-
ically is less toxic, biocompatibe, eco-friendly and energy efficient process which
produces less sludge. The biological synthesis of nanoparticles is the best alterna-
tive method which will overcome the drawback of the abovementioned problems.
Among the biological methods, microbial-based synthesis of nanoparticles is of
utmost importance due to its cost-effectiveness, ease of synthesis and eco-friendly
nature (Singh et al. 2016; Prasad 2016). Microorganisms which are found in contam-
inated environment have tendency to modify and adapt themselves for degrading
xenobiotic compounds and exhibit immense catabolic activity towards polluted envi-
ronment. Number of studies have been done that shows the efficiency of many newly
developed nanomaterials. So, the present chapter focuses upon microbial synthesis
of nanomaterials for the application of wastewater treatment.
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5.2 Water Pollution: Sources and Environmental Concerns

Water is the most important material for the support of life process in organism. It is
the basic need of humans and all the living beings on earth. It is the most precious
reserve among all natural resources. Earth is considered as a blue planet as it contains
plenty of water on its surface. It is the most valuable asset among all form of natural
resources. Freshwater is very important for sustenance as it is needed for household
purposes and also for industrial as well as farming purpose. The water used by
humans for their day to day activity should be safe i.e. colourless, odourless and free
from harmful chemicals and pathogen. The quality of water is a very important issue
because decrease in water quality reduces its application for human beings and other
living organisms.

Any alteration in the chemical, physical and biological features of water which
causes a destructive result on human health and living beings can be called as water
pollution. Water plays a vital role in range of human activities like drinking, bathing
and other household use. Plenty of water is required for irrigation purpose, and it is a
crucial part of agriculture without which the crop production may be affected. Water
also plays a major role in biogeochemical reaction that occur below the surface.
In the last few decades, scarcity of freshwater has been observed due to rapidly
growing population, increased urbanization and farming activities. The industrial
revolution has been responsible for rapid industrialization among fast developing
countries which has been a major issue as large amount of water is required in
industrial processes. Presently, the problem of water scarcity is being observed all
over the world among which less developed countries are likely to be more affected
(Anderson et al. 2007; Madhura et al. 2019; Shan et al. 2009; Weng 2021).

Many industrial units like thermal power plants, fertilizer, distilleries, oil
refineries, cement industries, pulp and paper industries, tanneries, sugar mills, phar-
maceuticals, pesticides and textiles along with dye and dye-intermediates generate
problem of water pollution through their effluents (Chatterjee et al. 2013; Khan et al.
2005; Sharma et al. 2021; Singh 2001; Solomon 2005). These manufacturing units
dispose their effluent containing wastewater into the nearby water bodies or sewage
system that create the environmental crisis.

5.2.1 Sources of Water Pollution

Sources of water pollution are broadly classified under two categories:

i. Point source: In point, the harmful substances are directly emitted into the
aquatic body e.g. water pollution created by industrial unit discharging its
effluent directly into a river. Point source pollution can be monitored and regu-
lated. The strict policies designed and efforts by the government of countries can
tackle the problems related to point source water pollution in efficient manner.
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ii. Nonpoint source: In nonpoint source, the water pollution occurs through diffuse
sources. It negatively affectswater bodies. Its example includes runoff fromagri-
cultural land draining into a river. Nonpoint source pollution have many sources
which makes it difficult to manage. It is very difficult to control nonpoint source
water pollution it comes from daily activities of different people, using pesti-
cide, or constructing activity. The major sources of nonpoint source wastewater
include nutrient loss from grassland, crop fields, road surfaces and forest. The
two major nutrients phosphorus and nitrogen are of great concern. Phosphorus
is main part of fertilizers used in agriculture. It is transported to aquatic water
bodies through soil erosion. Nitrogen is the other crucial component of fertil-
izers, and it is amajor pollutant of saltwater or brackish estuarine systemswhere
nitrogen is considered as a limiting nutrient. Large amounts of nitrogen causes
eutrophication and algal blooms

The major sources of water pollution are described below.

5.2.1.1 Sewage (Wastewater)

Sewage refers to the wastewater generated from domestic and industrial processes.
Sewage disposal is a major concern in developing countries because many people
in such countries don’t have access to hygienic sanitary conditions and clean water
(Kiguchi et al. 2016; Nazeer et al. 2016; Shrivastava et al. 2020). Untreated sewage
water can contaminate the environment thus, causing diseases like diarrhoea. Sewage
treatment is done in water treatment plants and is often disposed in the sea. Sewage
is biodegradable, and it is easily broken down in the environment.

5.2.1.2 Agricultural Pollution

The agriculture sector contribute a major portion of water pollution. Agricultural
processes like spreading of manure and slurries, tillage, ploughing on land, pesticide
and fertilizers use on land causes water pollution (Evans et al. 2019; Logan 1993).

5.2.1.3 Oil Pollution

Oil spillages severely affects the quality of water in many ways. Oil makes drinking
water unsafe for drinking. Large amount of oil released into the oceans and seas can
destroy aquatic life and ecosystems that sustain them (Hernández Ruiz et al. 2021;
Ukhurebor et al. 2021). Oil spills reduces oxygen in the water environment. The
main reason for oil related water pollution are:

• Leakage from storage facilities
• Spillage during oil delivery
• Disposal of waste oil into drainage systems
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5.2.1.4 Radioactive Substances

Radioactive waste is also among one of the source of water pollution. Radioac-
tive substances are mostly used in nuclear power plants. They are also used
medical, industrial and other scientific processes. These substances are also used
in making watches, x-ray machinery and television sets. If the radioactive substance
are not properly disposed of, they could result in severe water pollution incidents
(Radioactive Pollution 2014).

5.2.1.5 River Dumping

Many people dump their household waste such as discarded bicycles, garden waste
and electronic waste into the nearby river. River dumping is not only responsible for
water pollution but it also affects wildlife and lead to occurrence of severe floods.

5.2.1.6 Marine Dumping

The Worldwide Fund for Nature (WWF) estimated that substantial amount of waste
is dumped into the sea every year. The waste dumped into the sea generally include
plastics and other non-degradable materials that is blown or washed from the land.
These plastics get fragmented into microplastics and engulfed by the aquatic fauna
which affects their metabolism severely.

5.2.2 Concerns of Water Pollution

Infectious diseases of humans are one of the most serious effect of water pollution.
Developing countries are much affected by such infectious disease of water pollution
because of poor sanitation practices followed by the people. Waterborne diseases
affects human beingswhen parasites or othermicroorganisms responsible for causing
disease are transmitted through contaminated water, mainly the water contaminated
by pathogens from excreta (Some et al. 2021). Waterborne diseases include typhoid,
intestinal disease, enteric and diarrheal diseases that are caused by various bacteria,
viruses, and, parasites. The most severe parasitic diseases are ascariasis, amoebiasis
and giardiasis. Water-based diseases are similar to waterborne diseases but they are
not directly an effect of water pollution. They occurs from infectious agents that
occur in water and naturally spend a part of their life cycle in water. Humans become
infected when intake such water or come in contact with it (Abia et al. 2015; Akita
et al. 2021; Seurinck et al. 2005; Teklehaimanot et al. 2014). Major water based
disease is schistosomiasis, which currently infects many people around the world.
Water pollution causes nutrient pollution which is the major, chronic environmental
problem of aquatic ecosystem. Nutrients like nitrogen and phosphorus comes from
agriculture, waste disposal and fossil fuel use. Once these nutrient reaches into the
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aquatic water bodies, they stimulates overgrowths of algae, and causes harmful algal
bloom, which is very harmful and have direct toxic effects on aquatic flora and fauna.
It causes depletion of oxygen in the water body. Zooplankton engulfs the toxic algae
and passes these toxins up the food chain, thus, affecting seabirds, marine animals
and humans. This results in illness and sometimes proves to be fatal.

Some other sources of pollution like sewage, industrial waste, chemicals, oil
spills destroys the marine as well as terrestrial biodiversity. A new emerging threat is
hormone-disrupting chemicals. The effects of hormone-disrupting chemicals include
thyroid system disorders; reduced immune response; inability to breed and abnormal
mating and parenting behaviour. In humans, endocrine disruptors lead to weaken
immune function, mental impairment, decreased fertility and increases in some types
of cancers.

5.3 Wastewater Remediation: Existing Technologies
and Recent Advances

The choice of technology for the treatment of wastewater depends upon its nature.
One of the primary reason behind the development of new technology for wastewater
treatment is heavy fines which are levied on the industries and factories for the
disposal of wastewater that does not meet the standard limits. This has negative
impact on the financial aspect of industries that fuelled the need for new and improved
wastewater treatment technologies. Some of the commonly used technologies are
explained below.

5.3.1 Membrane Technology

Membrane technology (MT) utilizes the scientific as well as engineering approach
for the transport of components, through the membranes. This technique is basically
adopted for the mechanical separation of gaseous or liquid streams. Membranes are
the thin layer barrier for the separation of substances having different size (Santoro
et al. 2021). This technology is then combinedwith chemical and biological treatment
processes. In a typical membrane technology, the driving force is a semi-permeable
barrier that controls the movement rate of substances by fractional permeation and
rejection through pores of various sizes. The permeation and selective rejection
depends upon the membrane pore size and chemical affinity that allows for a product
stream containing no target components. The major advantages for the usage of
membrane technology in wastewater treatment are as follows:

1. It is energy saving and clean technology.
2. It has tendency to replace conventional process of treatment.
3. It has flexible system design
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4. It is easier to use

This technology is used in many industries, pharmaceutical process, metallurgical
process including treatment of water for domestic use, biological, chemical and in
various separation processes.

5.3.2 Microalgal Wastewater Treatment (MWWT)

Phytoremediation is an eco-friendly technique to remove residual pollutants from
wastewater and make it potent for re-introduction in the water supply system. The
microalgae-based wastewater treatment system has been used for domestic, agricul-
tural, commercial and industrial wastewater. The advantages of microalgae-based
wastewater treatment system are as follows:

1. reduces pollutants and pathogens
2. recover nutrients as biomass
3. energy savings
4. mitigate CO2 gas emissions
5. recovery of metabolites

Microalgae-based wastewater treatment technology has many advantages but it also
have some challenges. These include requirement of land, environmental and opera-
tional condition influence, harvesting of biomass and valourization. Some other limi-
tations are algae biomass separation of algae biomass from water, and less ability
of the algae biomass to reduce and remove micropollutant content in wastewater
discourages the use of technology at large scale (Abdel-Raouf et al. 2012; Alcántara
et al. 2015; Molazadeh et al. 2019).

5.3.3 Microbial Fuel Cells for Wastewater Treatment

Microbial fuel cells are considered as the sustainable way ofmanaging the increasing
energy demands for wastewater treatment. It is the promising technique to deal with
environmental pollution (Guo et al. 2020). An MFC is basically a device which
converts organic matter into electricity by utilizing microbes as biocatalyst. Gener-
ally, MFCs consists of three main components: electrodes, electrogens and sepa-
rator. MFCs have two electrodes, which, can be separated either into one or two
chambers. These chambers are known to operate as mixed reactors. Below, each
electrode a proton exchange membrane (PEM) or the cation exchange membrane
(CEM) is placed. The anode faces towards the chamber that contains the liquid
phase, whereas cathode faces towards the chamber that is contained with air. Cation
exchange membrane or a salt bridge is used as a separator to keep the chamber.
The potential difference which develops between the two chambers make electrons
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move through the circuit and the microbial degradation of wastewater acts as the
substrate to produce bioelectricity. Use of MFCs in treatment of wastewater include
a number of advantages like use of renewable resources, long-term sustainability,
bio-hydrogen production, degradation of organic and inorganic waste and removal
of certain compounds like nitrates (Gude 2016).

5.4 Nanoparticles as a Promising Tool of Remediation
of Wastewater

Clean water is a basic need for human and for multi-dimensional development of
society and emerging economy. Rise of population, expansion of industries, exten-
sive agriculture practices and urbanization resulted in wastewater generation. This
has made water polluted and deadly for drinking purpose. Many people die due to
diseases through consumption of contaminated water. Even though several methods
are available for wastewater treatment but their use is limited due to number of limita-
tions due to harmful chemicals used, formation of disinfection by-products (DBPs),
consumption of time and costly approach (Khin et al. 2012; Shankar and Nill 2015).
Nanotechnology is a science of manipulating matter at molecular or atomic level
to design new structures and devices that possess excellent electronic, conductive,
optical, magnetic and mechanical properties. It is gaining importance as a promising
technology, that has shown remarkable results in various areas including wastewater
treatment. Nanomaterials possess high surface to volume ratio, a high reactivity and
sensitivity, high capacity of adsorption and easy functionalization that makes them
appropriate for usage in wastewater treatment (Santoro et al. 2021).

5.5 Nanoparticles: Types, Properties and Synthesis

Nanoparticles are materials which have size ranging from 1 to 100 nm. They are
classified into various categories based on their properties, sizes or shapes. The
different groups of nanoparticles include fullerenes, metallic nanoparticles, ceramic
N nanoparticles and polymeric nanoparticles. Nanoparticles have unique chemical
and physical properties due to large surface area and its nanoscale size (Kshtriya
et al. 2021; Shukla et al. 2021). The optical properties of nanoparticle are dependent
on size, which gives different colour because of absorption in visible region. Their
properties like reactivity, toughness are dependent on their size, shape and structure.
Due to such character, they are suitable formany commercial and domestic usage, that
include catalysis, imaging, energy-based research, medical-based applications and
in environmental applications. Heavy metal nanoparticles of lead and mercury have
been reported to be very rigid and stable. Their degradation is not easily achieved,
and it can lead to several environmental toxicities.
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5.5.1 Types of Nanoparticles

Nanoparticles are divided into many categories based on their size, morphology and
chemical properties. On the basis of physical and chemical character, some of the
popularly known classes of NPs are as follows:

5.5.1.1 Carbon-Based Nanoparticles

Fullerenes and carbon nanotubes are the two main classes of carbon-based NPs.
Fullerenes consists of nanomaterial made up of globular hollow cage of allotropic
forms of carbon. They are used frequently in various applications due to good elec-
trical conductivity, structure, electron affinity, high strength and versatility (Kokorina
et al. 2020;Maiti et al. 2019; Patel et al. 2019). These nanoparticles are elongated and
tubular in structure, of 1–2 nm in diameter. They are synthesized by the deposition of
carbon precursors mainly the atomic carbons, which are vapourized from graphite by
laser or by an electric arc on metal particles. Due to their unique properties, they are
not only used in pristine form but also they are used in nanocomposites for number
of commercial applications like fillers, as an efficient gas adsorbents for remediation
of environment, and as a support medium for many inorganic and organic catalysts.

5.5.1.2 Metal Nanoparticles

Metal nanoparticles are made up of metals precursors. Due to its localized surface
plasmon resonance (LSPR) character, such nanoparticles showsunique optoelectrical
properties. Nanoparticles of the alkali and noble metals like copper, silver and gold
shows broad absorption band in visible zone of electromagnetic solar spectrum.
Due to their excellent optical properties, metal nanoparticles have many applications
in research areas (Luong et al. 2011; Shnoudeh et al. 2019; Vanden Bout 2002).
Gold nanoparticles coating is used for the sampling in scanning electron microscopy
(SEM), to increase the electronic stream, that helps in getting high quality SEM
images.

5.5.1.3 Ceramics Nanoparticles

Ceramics nanoparticles are the inorganic non-metallic solids, that are synthesized
via heat and successive cooling. They are commonly found in polycrystalline, amor-
phous, dense, hollow forms or porous. These NPs are used frequently in several
applications such as catalysis, photodegradation of dyes, photocatalysis and imaging
applications (De Guire et al. 2006; Thomas et al. 2015).
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5.5.1.4 Semiconductor Nanoparticles

Semiconductor materials shows properties between metals and nonmetals due to
which they are used in various applications. Semiconductor nanoparticles have wide
bandgaps and upon bandgap tuning they show significant alterations in properties.
They are considered as an important materials for photo optics, photocatalysis and
electronic devices (Nayak et al. 2017; Uchida and Matsui 2001; Wang et al. 2003).
Many semiconductor nanoparticles are efficient in water splitting applications, due
to suitable bandgap and band edge positions.

5.5.1.5 Polymeric Nanoparticles

These are organic based nanoparticles. They are nanospheres or nano-capsular
shaped. In nanosphere shaped polymeric nanoparticles, matrix particles are gener-
ally solid and the other molecules are adsorbed over the outer boundary of the spher-
ical surface (Zielińska et al. 2020). In nano-capsular shaped polymeric nanoparti-
cles, the solid mass is encapsulated completely within the particle. The polymeric
nanoparticles are used in numerous applications.

5.5.1.6 Lipid-Based Nanoparticles

These nanoparticles contains lipid moieties. They are used effectively in many
biomedical applications. Generally, a lipid nanoparticles is spherical having diameter
that range from 10 to 1000 nm. Lipid nanoparticles contains a solid core made up
of lipid and a matrix that possess soluble lipophilic molecules (García-Pinel et al.
2019).

5.5.2 Synthesis of Nanoparticles

Various methods have been used for the synthesis of nanoparticles (Fig. 5.1). These
methods are classified into two main classes.

1. Bottom-up approach, and
2. Top-down approach

These approaches are divide into various subclasses on the basis of operation, reaction
condition and protocols adopted.
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Fig. 5.1 Schematic diagram of synthesis of nanoparticle

5.5.2.1 Top-Down Syntheses

This method utilizes destructive approach. A larger molecule is decomposed into
smaller molecules, and then these molecules are converted into nanoparticles. Exam-
ples for this method include grinding/milling, physical vapour deposition (PVD)
(Aryal et al. 2019; Baig et al. 2021). This approach is also used in synthesizing
coconut shell nanoparticles. The colloidal carbon spherical particles with control size
are also synthesized from simple top-down approach. The technique of synthesis
is based on the continuous adsorption of polyoxometalates (POM) chemically on
the carbon interfacial surface. Adsorption transformed the carbon black aggre-
gates into smaller spherical particles. Micrographs revealed that the size of carbon
particles reduced with sonication time. Transition-metal dichalcogenide nanodots
(TMD-NDs) are also synthesized by top-down techniques using their bulk crystals.
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5.5.2.2 Bottom-Up Approach

This approach is in reverse of top-down syntheses as nanoparticles are formed
of simpler substances. So, this approach is also known as building up approach.
Examples of bottom-up approach are reduction and sedimentation techniques. It
includes sol-gel, green synthesis, spinning and biochemical synthesis (Ramanathan
et al. 2021). Through this method, TiO2 anatase nanoparticles are synthesized with
graphene domains. In TiO2 nanoparticles, titanium isopropoxide and alizarin precur-
sors are used to synthesize the photoactive composite for the degradation of methy-
lene blue photocatalytically. Alizarin is used because it provide strong binding
capacity with TiO2 nanoparticles through the axial hydroxyl terminal groups.

5.5.3 Physicochemical Properties of Nanoparticles

Unique properties of nanoparticles such as large surface area, optically active,
mechanically strong and chemically reactive make makes it a suitable material for
various applications. Some of the important properties of nanoparticles are discussed
below.

5.5.3.1 Magnetic Properties

Magnetic property of nanoparticles are of great importance as they are used in number
of disciplines. It is used in heterogeneous and homogenous catalysis, magnetic fluids,
biomedicine, magnetic resonance imaging (MRI) and in environmental remediation
for water decontamination (Akbarzadeh et al. 2012; Issa et al. 2013).

5.5.3.2 Electronic and Optical Properties

The electronic and optical properties of nanoparticles are interdependent. For
example, noble metals nanoparticles have optical properties dependent on size and
shows a strongUV–visible extinction bandwhich is not found in the spectrum of bulk
metal (Asha and Narain 2020; McConnell et al. 2000). This excitation band is seen
when incident frequency of photon is constant with the excitation of the conduction
electrons and is called as localized surface plasma resonance (LSPR) (Kumbhakar
et al. 2014; Zhang 2009). It is well-known that peak wavelength of LSPR depends
upon the shape, size, interparticle spacing of nanoparticles, its own dielectric prop-
erties and its local environment which includes adsorbates, substrate and solvents.
Gold colloidal nanoparticles are responsible for the rusty colours seen in blemished
glass door and windows, while silver nanoparticles are yellow. These free electrons
over the surface nanoparticles (d electrons in silver and gold) are freely transportable
through nanomaterial.
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5.5.3.3 Mechanical Properties

Due to distinct mechanical properties nanoparticles, they are used in many impor-
tant fields like surface engineering, nanomanufacturing and nanofabrication (Reghu-
nadhan et al., 2018; Wu et al. 2020). Different mechanical parameters studied to
know the mechanical nature of nanoparticle. Beside such parameters coagulation,
surface coating and lubrication are also the mechanical properties of nanoparticle.
Nanoparticles show different mechanical properties when compared to microparti-
cles. Good command over the mechanical features of nanoparticles and their inter-
actions with any type of surface are important for enhancing the surface quality and
increasing material removal. Fruitful outcomes in these fields generally need a deep
insight into the basics of the Some of the mechanical properties of nanoparticles like
elastic modulus, hardness, friction and interfacial adhesion, movement law and their
size-dependent characteristics (Guo et al. 2014; Wu et al. 2020).

5.5.3.4 Thermal Properties

Metals nanoparticles have thermal conductivities higher than fluids in solid form,
for e.g. thermal conductivity of copper is about 700 times higher than that of water
at room temperature and about 3000 times higher than that of engine oil (Das et al.
2020; Savage and Rao 2004). Oxides like alumina (Al2O3) have thermal conductivity
greater than that of water. Thus, the fluids that contain suspended solid particles
display significantly higher thermal conductivities compared to conventional heat
transfer fluids. Nanofluids are known to exhibit excellent properties. Nanofluids are
formed by dispersing the nanometric solid particles in the liquid like water, oils or
ethylene glycol. Recently, it has been examined that the nanofluids containing CuO
or Al2O3 nanoparticles in ethylene or water exhibit greater thermal conductivity.

5.6 Microbial Synthesis of Nanoparticle

Number of bacteria, fungi and algae are well-known to produce nanoparticles
(Fig 5.2). These nanoparticles of microbial origin are then utilized in number of
applications. Some of the important bacteria, fungi and algae for the synthesis of
nanoparticles are discussed below.

5.6.1 Synthesis of Nanoparticle by Bacteria

The bacteria are very well-known as for the generation of nanoparticles like gold,
platinum, silver, titanium, palladium, magnetite cadmium sulphide and titanium
dioxide. Bacteria are the important microbes for synthesis of nanoparticles due
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Fig. 5.2 Schematic diagram
of biological synthesis of
nanoparticle

to their characteristic feature of getting adapted to adverse environmental condi-
tions. It has been reported in some study that some bacteria are known to reduce or
precipitate the soluble inorganic toxic ions into nontoxic metal nanoparticles which
are insoluble. Bacteria forms nanoparticles either intracellularly or extracellularly
under certain physicochemical conditions such as exposure period, temperature, pH,
metal salts and concentration of bacteria. The biomolecules which are present in
medium have tendency to reduce the metal ions in extracellular process. But, in
intracellular process, the functional groups found on the cell wall attracts the metal,
metalloids. Metal ions interacts with proteins that are present inside the cells for
producing nanoparticles. Extracellular reduction is more favourable as compared to
the intracellular reduction because the extraction procedure is easy and efficiency is
high. Fang et al. (2019) revealed that dead bacteria can also be used to synthesize
the nanoparticles same as living bacteria. Bacteria can also be used as biocatalyst
because they act as biological platform for the mineralization process (Iqtedar et al.
2019). The bacteria mobilizes or immobilizes the metals and reduces or precipitate
the metal ions. Bacteria catalyses different reactions due to the presence of various
enzymes and produces inorganic nanoparticles. The large amount of nanoparticles
can be produced via extracellular secretion of bacterial enzymes in a pure form. The
bacterial cells possess metal binding capacity and the presence of S-layer makes
them useful for their use in bioremediation. The bacterial cell wall plays important
function as metals could percolate in the cytoplasm through cell wall, and it is trans-
ferred back to wall for the extracellular secretion. The cell wall of bacteria with metal
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binding sites could be changed by chemical reactions for some specific groups, like
amines and carboxyl groups, that converts positive charge into negative charge. Use
of bacteria for production of nanoparticles is profitable process as it do not require
any costly and toxic chemicals for the synthesis and stabilization processes.

5.6.2 Synthesis of Nanoparticle by Fungi

The filamentous fungi are used as a potent source for synthesizing nanoparticles. The
fungus mycelium has high surface area which is known to secrete large amount of
proteins which can participate directly in production of nanoparticles. Nanoparticle
production by filamentous fungi is considered to be better due to the capacity of fungi
to secrete, enzymes, proteins and metabolites, economic feasibility, simple scaling
up and downstream handling, higher surface area due to occurrence of mycelia and
low-cost input for production procedures. Some filamentous fungi species are known
to grow fast and their maintenance is easy at laboratory conditions (Fouda et al.
2018). The nanoparticles production having nanoscale dimension via fungi shows
more monodispersity when compared to those synthesized from bacteria. Fusarium
oxysporum produces gold nanoparticles in presence of aqueous AuCl4 − ions with
NADH-enzyme-mediated reaction that releases reducing agents in the solution and
forms gold nanoparticles. The nanoparticles synthesized show stability for long-
term due to protein binding capacity by association of cysteine and lysine residues
(Das et al. 2017). The filamentous fungi possess greater regenerative ability for
synthesis ofmetal nanoparticles in good amountwith its commercial feasibility.Aure-
obasidium pullulans, Cladosporium resinae, Aspergillus nigerPenicillium species,
Ganoderma lucidum, Funalia trogii, Trametes versicolor and Rhizopus arrhizus
have been studied to absorb heavy metals from polluted sites which was the used
for production of nanoparticles. Salvadori et al. (2013) have studied the uptake of
Cu(II) by Hypocrea lixii dead biomass and then produced copper nanoparticles. The
same fungus was also able to produce NiO nanoparticles by extra and intracellu-
larly both. Fusarium oxysporum showed extracellular synthesis of gold and silver
nanoparticles when treated with the equimolar mixture of silver nitrate and tetra-
chloroaurate ion (Senapati et al. 2005). In the presence of hexachloroplatinic acid,
it produces platinum nanoparticles (Riddin et al. 2006). Aspergillus flavus produced
silver nanoparticles of 9 nm size because it reduces silver ions due to the presence of
sil genes in its plasmid (Vigneshwaran et al. 2007). Salvadori et al. (2014) revealed
that Aspergillus aculeatus dead biomass produced NiO nanoparticles of 5.89 nm
size which were organized in the form of film. Due to the occurrence of metabolites,
fungi are known as the better resource for synthesizing nanoparticles as compared to
bacteria (Singh et al. 2016). Zhang et al. (2011) found that gold nanoparticles have
been biosynthesised in vacuoles of filamentous fungi. They also described the func-
tions of fungal proteins for the capping of gold nanoparticles. Filamentous fungi are
the better candidate for the synthesis of metallic nanoparticles due to the occurrence
of different enzymes in their cells and simple handling procsess (Khandel and Shahi
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2018). Filamentous fungi also showsmetal uptake capacities. It can easily be cultured
in large amount by using solid substrate fermentation. Verticillium species are known
to produce gold nanoparticles intracellularly when it is exposed to chloroauric acid
solution. Gericke and Pinches (2006) discovered the synthesis of gold nanoparticles
by fungus Verticillium luteoalbum. The age do not show any effect on the shape of
gold nanoparticles but the number of nanoparticles decreased significantly when old
cells are used. The biomass of Fusarium oxysporum is also used for production of
silver nanoparticles (Karbasian et al. 2008). Saxena et al. (2014) studied that genetic
modification procedures can be used to increase the properties of nanoparticles.

5.6.3 Synthesis of Nanoparticle by Algae

The algae are the aquatic oxygenic photoautotrophs which are used for production of
nanoparticles (Castro et al., 2013). Chlorella vulgaris, Nannochloropsis oculata and
Dunaliella salina show tendency to produce silver nanoparticles of size less than 15
nm inside the cells in 48 h (Mohseniazar et al. 2011). The bio reduction character of
algae showed significant potential in synthesis of various metal oxide nanoparticles
like gold, silver, palladium, platinum, zinc oxide and copper oxide (Momeni and
Nabipour 2015). Algae produces complex inorganic nanomaterials by using both
intracellular and extracellular process (Sau and Murphy 2004). The gold nanopar-
ticles are synthesized intracellularly in Rhizoclonium fontinale and by extracellular
process in Lyngbya majuscula and Spirulina subsalsa (Chakraborty et al. 2009). The
metal ions can attach to the cell surface through electrostatic interactions between
ions and carboxylate groups. Afterwards, ions are reduced by enzymes which cause
nuclei formation and growth with reduction of metal ions (Parial et al., 2012). Accu-
mulation of gold nanoparticles of size 9–20 nmwas stated inChlorella vulgaris dried
cell suspension (Hosea et al., 1986). Cyanobacteria are also known to reduce gold
(III)–chloride to metallic gold. The intermediates formed are gold (I)–sulphide and
Au (I) (Lengke et al. 2006).

5.7 Mechanism of Microbial Synthesis of Nanoparticles

Microorganisms produces nanoparticles by extracellular and intracellular enzymes
as defined below.

5.7.1 Extracellular Enzymes

The extracellular microbial enzymes play crucial role in production of metallic
nanoparticles and work as a reducing agent in their production. (Subbaiya et al.
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2017). The extracellular enzymes like acetyl xylan esterase, glucosidase and cellobio-
hydrolase D found in fungi play a great role in synthesizing metallic nanoparticles
(Ovais et al. 2018). Rhodopseudomonas capsulata have been studied to produce
gold nanoparticles through extracellular process by electron transfer to NADH-
reliant reductase enzymes from NADH. After acceptance of electrons, gold ions
get reduced to produce gold nanoparticles (He et al. 2007). Fusarium oxysporum
was also utilized as a reducing agent for synthesizing gold and silver nanoparticles.
Fusarium species are known to produce nitrate-reliant reductase and shuttle quinone
which are then used for the production of nanoparticles through extracellular process
(Senapati et al. 2005). Other two species of Fusariumwhich are Fusarium solani and
Fusarium semitectum also produce silver nanoparticles through extracellular process
by using their enzymes (Ingle et al. 2009). Silver nanoparticles are also synthesized
through extracellular process by Coriolus versicolor and Cladosporium cladospo-
rioides (Balaji et al., 2009). Aspergillus fumigatus produced silver nanoparticles
extracellularly in in a time span of 10 min in comparison to chemical and physical
techniques (Bhainsa and D’Souza 2006). Sargassum wightii has been used to reduce
Au3+ ions to gold nanoparticles (Singaravelu et al. 2007). Chlorella vulgaris has
been used to synthesize gold nanoparticles (Lengke et al. 2006).

5.7.2 Intracellular Enzymes

Actinomycetes like Rhodococcus and Thermomonospora, which are alkalo-
thermophilic and alkalo-tolerant, are used for production of gold nanoparticles
through intracellular process (Ahmad et al. 2003). Verticillium species produced
silver nanoparticles when it is exposed to Ag+ ion solution through intracellular
reduction. Samemethodwas used for fabrication of gold nanoparticles usingVerticil-
lium as a good source of reducing enzymes (Ovais et al. 2018). Salvadori et al. (2017)
suggested a natural method for the synthesis of metal nanoparticles intracellularly
using yeasts. Possible mechanism for the production of nanoparticles intracellularly
is the electrostatic interaction between amide groups and metal cations which are
present in enzymes of yeast cell wall and reduction of ions by the enzymes which
then results in metal ions accumulation and nanoparticles formation.

5.8 Characterization of Nanoparticles

Different techniques of characterization have been employed for the analysis
of physicochemical properties of nanoparticles. It includes techniques like X-
ray diffraction (XRD), infrared (IR), X-ray photoelectron spectroscopy (XPS),
Brunauer–Emmett–Teller (BET), Scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM) and particle size analysis.



5 Microbial Synthesis of Nanoparticles for Wastewater Remediation 133

5.8.1 Morphological Characterizations

The morphological attributes of nanoparticles have always gained great interest as
morphology always affects most of the properties of nanoparticles. There are many
characterization techniques for the morphological studies, but some microscopic
techniques like SEM, polarized optical microscopy (POM), and TEM are the impor-
tant one. SEM is based on the principle of electron scanning, and it provides all the
information available about the nanoparticles at nanoscale level. Numerous literature
is available, where researchers have used this instrumentation technique to study the
morphology of nanomaterials, as well as the dispersion of nanoparticles in the bulk or
matrix. Similar to SEM, TEM is based on the principle of electron transmittance, so it
provides information about the bulkmaterial from lesser to highermagnification. The
morphologies of gold nanoparticles have been studied through this technique. TEM
provides important basic information about the layer of material, like, quadrupolar
hollow shell structure of Co3O4 nanoparticle which was observed through TEM.
These nanoparticles are exceptionally active as anode in Li-ion batteries (Wang et al.
2013).

5.8.2 Structural Characterizations

The structural features are of great importance in order to study the nature of
bonding and composition of nanomaterials. Some of the common techniques which
are utilized to study the structural properties of nanoparticles are X-Ray diffrac-
tion (XRD), XPS, energy dispersive X-ray (EDX), BET, Raman, IR and Zieta size
analyzer. XRD is most important instrumentation technique that reveal the struc-
tural properties of nanoparticles. It provides enough information about crystallinity
and phase of nanoparticles (Ullah et al. 2017). In case of nanoparticles having size
less than hundred of atoms, the correct measurement of structure and may be diffi-
cult. Moreover, nanoparticles which have amorphous character different inter atomic
lengths can affect the XRD diffractogram. EDX, which is usually attached with field
emission scanning electronmiscopy (FE-SEM) or TEM instrument, is usedwidely to
know the elemental composition, and it gives a rough idea of weight percent. XPS is
also considered as a most sensitive instrumentation technique to determine the exact
ratio of element and exact nature of bond of the elements in nanoparticle materials.
It is a surface sensitive instrumentation technique and is used for depth profiling
studies to determine the overall composition and compositional variation alongwith
depth. XPS is another instrumentation techniquewhich is based on basic principles of
spectroscopy and a XPS spectrum shows the binding energy (eV) of the electrons on
versus X-axis number of electrons on Y-axis plot. FT-IR and Raman spectroscopies
give information about the vibrational character of nanoparticles (Dablemont et al.
2008).
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5.8.3 Particle Size and Surface Area Characterization

There are many techniques to determine the size of the nanoparticle which include
SEM, XRD, AFM, TEM and dynamic light scattering (DLS). SEM, AFM TEM
and XRD can give better idea about the particle size (Kestens et al. 2016). Zeta
potential size analyser and DLS are used to find the size of nanoparticle at very low
level. But, in case of hydrophilicity and agglomeration, DLS may be incapable of
correct measurement, so in this case other high-resolution technique like differen-
tial centrifugal sedimentation (DCS) should be used (Sikora et al. 2016). Nanopar-
ticle tracking analysis (NTA) is a newer technique, which helpful for dealing with
biological systems like proteins, and DNA. In NTA technique, nanoparticles can be
visualized and analyzed in liquids media. This technique helps us to find the size
distribution profile of nanoparticles with diameter ranging between 10 and 1000 nm
in a liquid medium. BET is one of the best technique to estimate the surface area
of nanoparticle materials. This instrumentation technique works on adsorption and
desorption principle and according to Brunauer–Emme–Teller (BET) theorem.

5.8.4 Optical Characterizations

Optical properties are important in photocatalytic applications and therefore, these
characterizations works on the famous beer-lambert law and the basic principles
of light. These techniques provide information about the reflectance, absorption,
phosphorescence and luminescence properties of nanoparticle. It is very well-known
that nanoparticle, especially metallic and semiconductor nanoparticle show different
colours and thus, best used for photo-related applications (Kumbhakar et al. 2014;
Uchida and Matsui 2001).

5.9 Application of Nanoparticles in Removal of Organic
Pollutants from Wastewater

Natural organic matter (NOM) forms various group of hydrophobic and hydrophilic
organic compounds. Its contribution is significant towards water contamination
(Farrokhi et al., 2013). Number of carbon-based adsorbents are used for the removal
of NOM from the wastewater and many factors affect the sorption of NOM (Farrokhi
et al. 2013; Ye et al. 2019). Some of the nanomaterials used for the removal of such
organic compounds are discussed below.
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5.9.1 CNTs

Number of nanomaterial like nano-sorbents like carbon nanotubes (CNTs), poly-
meric materials, such as dendrimers, and zeolites have shown exceptional properties
of adsorption and are used for removal of organic compound from wastewater (Ye
et al. 2019; Zhang 2009). CNTs have gained special importance because of their
exceptional water treatment capabilities. CNTs have been studied widely. Removal
ofNOMbyusingCNTs is higherwhencompared to carbon-based adsorbents because
of large surface areas and some other factors. CNTs have also proved to be effective
in removal of polycyclic aromatic organic compounds and atrazine.

5.9.2 TiO2 Nanoparticles

TiO2 and CeO2 are the common nanomaterial of metal oxides that are used as a
catalysts for quick and complete degradation of organic contaminant (Farrokhi et al.
2013). TiO2 nanoparticles are used in the treatment of water which is contami-
nated with organic contaminants like polychlorinated biphenyls (PCBs), chlorinated
alkanes and benzenes (Upadhyayula et al. 2009). The addition of TiO2 nanoparticles
in the wastewater enhanced the Removal of total organic carbon. TiO2 nanoparti-
cles have also been used in a ‘falling film’ reactor for degrading microcystins in
water. Functionalization of multiwalled CNTs with Fe nanoparticles proved to be an
effective sorbents for removal of aromatic compounds such as benzene and toluene.

5.9.3 Zero-Valent Iron

Catalysts such as zero-valence metal, bimetallic nanoparticles and semiconductor
materials have shown their usage in degradation of environmental pollutants like
PCBs, azo dyes and pesticides, due to their large surface area alongwith its shape
dependent properties (Kang and Choi 2009; Li et al. 2021; Liu et al. 2021). Magnetic
nano-sorbents have also been used effectively in removal of organic contaminants.
Nanomaterial of iron oxide showed better capabilities of removal of organic pollu-
tants in comparison to bulk materials. They have also been utilized for removal of
coloured humic acids from wastewater.
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5.9.4 Other Nanomaterials

Nanostructured ZnO semiconductor films have been used successfully for the degra-
dation of organic contaminants like 4-chlorocatechol (Yu et al. 2015). The nanocat-
alyst made up of silver and amidoxime fibres have been utilized effectively for the
degradation of some organic dyes. Nanocomposite of Pd- Cu/γ-alumina have also
been utilized for the reduction of nitrate. Hydrogen and the palladium-based nanopar-
ticles have been investigated to biodegrade traces of halogenated organic compounds.
Palladiumnanoparticles andbimetallic Pd/Au (gold) nanoparticles havebeenused for
hydrodechlorination of trichloroethylene (TCE) (Arsiya et al. 2017). Mineralization
of was accelerated in one study by using films of Hydrogen peroxide and manganese
oxide (MnO2) nanoparticles has also been investigated for mineralization of organic
dyes.

5.10 Application of Nanoparticles in Removal of Inorganic
Pollutants from Wastewater

Nanomaterials of different types have been developed for the heavy metals removal
from wastewater. Nano-sorbents like CNTs, dendrimers and zeolites have shown
exceptional adsorption properties (Upadhyayula et al. 2009). The CNTs ability to
adsorb heavy metals has been studied by several researchers. Composites of CNTs
with iron and cerium oxide (CeO2) have been reported for the removal of heavy
metal ions (Amin et al. 2014). Nanoparticles of Cerium oxide supported on CNTs
have been used in effective manner to adsorb arsenic of CNTs are known to have fast
adsorption kinetics due to short intraparticle diffusion distance and highly accessible
adsorption sites (Fausey et al. 2019).

The nanomaterials that are metal based showed better removal of heavy metals in
comparison to activated carbon. TiO2 nanoparticles and nanosized magnetite have
been used for adsorption of arsenic. The usage of TiO2 nanoparticles has been exam-
ined to reduce the toxicmetal ions inwater.NanocrystallineTiO2 has been effective in
removal of different forms of arsenic it has been proven to bemore effective photocat-
alyst as compared to commercially availableTiO2 nanoparticles that showsmaximum
removal of arsenic at neutral pH. Nanocomposite of TiO2 nanoparticles attached on
graphene sheet reduce Cr(VI) to Cr(III) in presence of sunlight. Chromium ions were
removed using palladium nanoparticles in a study. Removal of arsenic was investi-
gated by utilizing high specific surface area of Fe3O4 nanocrystals. Polymer-grafted
Fe2O3 nanocomposite has been used effectively for the removal of divalent heavy
metal ions of copper, cobalt and nickel at a pH range of 3 to 7.

For the removal of radioactive metal toxins like uranium dioxide (UO2
2+) from

water, bisphosphonate-modified magnetite nanoparticles has been used efficiently.
Zero-valent iron or iron nanoparticles (nZVI or Fe0) have shown to be effective in
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transformation of heavy metal ions like As(III), As(V), Cu(II), Ni(II), Pb(II) and
Cr(VI) (Jézéquel and Chu, 2006).

As(V) and Cr(VI) have been shown to be successfully adsorbed by novel self-
assembled 3D flower-like iron oxide nanostructures (Fausey et al., 2019). The
3D nanostructures of CeO2 also proved to be a good adsorbents for arsenic and
chromium. The efficacy of NaP1 zeolites was examined for removing heavy metals
like (Cr(III), Zn(II), Cu(II), Ni(II), and Cd(II)) from thewastewater stream. Dendritic
polymers have also shown their capability for treatment of toxic metal ions. Biopoly-
mers were used for remediating heavy metal from aqueous wastes. Nanoparticles of
chitosan for sorption of Pb(II) were also reported. (Arsiya et al. 2017)

Nanofilters has been examined for removal of arsenic and radioactive waste from
ground and surface waters (Darab et al. 2007). It has also shown its potential to
remove uranium (VI) from the sea water. Novel nanofilter membranes have been
prepared by assembling) negative poly (styrene sulfonate) and positive poly (ally-
lamine hydrochloride on porous alumina. They displayed high retention of Ca2+ and
Mg2+ions. A dendrimer-UF system showed the removal of Cu2+ ion from water.
The addition of iron (hydr)oxide nanoparticles in the porous carbon materials has
successfully removed inorganics and organics. Therefore, these filters can be used
as point-of-use applications.

5.11 Application of Nanoparticles in Removal
of Pathogenic Microbes from Wastewater

Biological contaminants are classified in three categories, such as, natural organic
matter (NOM), microorganisms and biological toxins. Microbial contaminants
contain free livingmicrobes and human pathogens. Removal of cyanobacterial toxins
is a major issue in conventional water treatment methods. Many adsorbents have
shown good removal efficiencies but number of factors affects the removal process.
Despite several development in disinfection technology, waterborne infections are
prevalent in many areas. Therefore, advanced disinfection techniques should be used
to eliminate the pathogens. There are several kind of nanomaterials like silver, zinc
and titanium which are able to disinfect waterborne disease-causing microorganism.
TiO2 photocatalysts and metal oxide nanoparticles are considered among the most
effective nanomaterials which showed antimicrobial properties (Azizi-Lalabadi et al.
2019; Darab et al. 2007; Othman et al. 2014). The potential of metal ions for disin-
fection in water has been investigated by many researchers. Some of the nanoparticle
used for removing microbial contamination has been discussed below.
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5.11.1 Silver Nanoparticles

Silver is widely used metal because of its microbial inactivation property in water
and low toxicity (Pandey et al. 2019). Silver nanoparticles are obtained from its salts
like silver chloride and silver nitrate. Although, the antibacterial effect is dependent
on size, smaller silver nanoparticles (8 nm) have been most effective, while larger
particle size (11–23 nm) showed lower bactericidal activity. Truncated triangular
silver nanoplates showed better antibacterial property in comparison to rod-shaped
and spherical nanoparticles which indicate their dependency on shape. The mecha-
nisms which is involved during bactericidal effects of silver nanoparticles include,
formation of free radicals that damage the bacterial membranes, damaging DNA,
alteration in the properties of the membrane by adhering to the cell surface and by
damaging enzyme.

5.11.2 TiO2 Nanoparticles

TiO2 nanoparticles are the emerging and promising photocatalysts for purification of
water. The basic mechanism of photocatalysts such as low-cost TiO2 that have good
photoactivity and less toxicity involves production of highly reactive oxidants, like
OH radicals, for disinfecting microorganisms (Desa and Kowshik 2009; Senarathna
et al. 2017). TiO2 after simulated solar exposure of 8 hours has been shown to decrease
the viability of many waterborne pathogens. Full inactivation of faecal coliforms in
the presence of sunlight has been reported, expressing the photocatalytic disinfection
potential of TiO2.

5.11.3 CNTs and Others

CNTs have shown their potential in removal of bacterial pathogens. CNTs have
received special attention for their ability of removing biological contaminants from
the water (Al-Jumaili et al. 2017; Kang and Choi 2009; Liu et al. 2018; Teixeira-
Santos et al. 2021). CNTs have shown antimicrobial characteristics against wide
range ofmicrobes including bacteria and viruses.Adsorption of cyanobacterial toxins
over CNTs is also high when compared to the carbon-based adsorbents due to large
specific surface area, large composition ofmesoporous volume and external diameter
of CNTs.
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5.12 Mechanism of Nano-Remediation of Wastewater

Nanotechnology-based pathways, which are being employed for wastewater reme-
diation, are adsorption and biosorption, nanofiltration, photocatalysis, disinfec-
tion and pathological control, sensing and monitoring. The mechanism of the
nano-remediation of wastewater is discussed below.

5.12.1 Adsorption and Biosorption

Adsorption a surface phenomenon and exothermic process, which involves process
of transfer of a phase called adsorbate, on a solid surface called adsorbent to form
a monomolecular layer over the surface through physicochemical or the chemical
interactions under some specific conditions (Sadegh et al. 2017). Biosorption is an
adsorption process in which biological substances like bacteria, fungi and algae act
as an adsorbents. Owing to their intrinsic property they bind up heavy metals, from
a very dilute aqueous solution or by making use of ATP or through spontaneous
physicochemical pathways of uptake. The process of biosorption mainly involves
microprecipitation, cell surface and complexation ion exchange.

5.12.2 Nanofiltration

Water filtration is a process of reducing the amount of particulate matter, like
suspended particles, microbes and other dangerous biological and chemical pollutant
from polluted water to make it safe and clean for drinking, medical applications and
pharmaceutical (Abdel-Fatah 2018; Shon et al. 2013). Membrane technology has
been used widely and the most important development in membrane technology is
the nanofiltration (NF) membrane. NF membranes possess molecular weight cut-off
(MWCO) for the uncharged particles in nanometer range. NF membranes are the
recent and most preferably used technology for wastewater treatment and drinking
water. Nanofilters works on pressure-driven membrane process which lies between
ultrafiltration and reverse osmosis, with a pressure in the range of 5–20 bars and
pore size between 0.5 and 2.0 nm. NF is widely employed techniques for wastewater
treatment due to its exclusive filtrationmechanism and availability of several types of
membranes. NF is are the suitable technique to filter out all the organic and inorganic
contaminants, including harmful microbes from the wastewater.
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5.12.3 Photocatalysis

Photocatalysis is a light-induced reaction accelerated by a catalyst. Photocatalysis
involves a solid material which is a photocatalyst that absorbs radiation and induces
chemical reaction. Photocatalysis is considered as one of the Advanced Oxidation
Processes (AOPs) which comprises of in-situ production of potent chemical oxidants
with the help of Fenton’s reagent, UV light, hydrogen peroxide (H2O2), ozone or
a catalyst. Photocatalysis is basically a surface phenomenon, and its mechanism
involves five steps discussed below:

• Diffusion of pollutants on the surface of photocatalyst
• Adsorption of pollutants over the surface of photocatalyst
• Reaction of the adsorbed pollutants
• Desorption of the products formed, from the surface
• Removal or diffusion of products from the interface Some of the widely used

nanostructured photocatalysts are Fe2O3, TiO2, ZnO, zinc sulphide (ZnS), zirco-
nium dioxide (ZrO2), cadmium sulphide (CdS) and tungsten trioxide (WO3)
(Chimupala et al. 2020; Mustapha et al. 2020; Sagir et al. 2020).

5.12.4 Disinfection and Pathological Control

Nanomaterials possess tremendous ability to inactivate pathogens present in water,
due to its large surface area and the specific reactivity. The mechanism of inacti-
vation for the nanoparticles involves surface-based electrostatic interaction and the
photochemical reactions. It induces the generation of reactive oxygen species (ROS),
disruption of the cell walls and the targeted delivery of disinfecting agents. Due to
excellent surface properties and reactivity of nanomaterials, pathogens inhibition in
water can be done easily. Nanomaterials which are based on CuO, TiO2, silver, poly-
meric nanoparticles andCNTs have been examined for the disinfection ofwastewater
(Deshmukh et al. 2019; Teixeira-Santos et al. 2021).

5.12.5 Sensing and Monitoring

Monitoring of quality water, on large scales, is a challenging work because of low
concentrations of contaminants, variability and complexity of wastewater matrices.
To solve these issues, fast and effective techniques are needed to be developed. In
recent past, the researchers have shown their interest towards development of sensors
based on nanomaterial to monitor quality of water. Due to their excellent properties,
like excellent recognition of trace pollutant, and fast analysis, nanosensors are defined
as a device or material that are sensitive towards alterations in surrounding stimuli,
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like heat, mechanical and chemical stress, changes in volume, gravitational, concen-
tration and the magnetic, as well as electrical forces. They are used to provide phys-
ical, chemical and biological information about behaviour and character of nanopar-
ticle from the nanoscale level to macroscopic level (Deshmukh et al. 2019; Lee and
El-Sayed 2006; Luo et al. 2019; Segev-Bar and Haick 2013; Willner and Vikesland
2018). Nanosensors contains three main parts specifically, a recognizing compo-
nent like nanometals, nanowires, nanotubes, nanoparticles, etc. which is connected
to a transducer (such as amperometric, spectrophotometric, conductometric) and a
display for real time monitoring.

5.13 Constraints in Application of Nanoparticles in Water
Remediation

Commercialization of nanomaterials for wastewater and water technology depends
on their impact on aquatic ecosystem. Several studies like toxicity tests, technology
assessment, life cycle analysis and dispersal of nanomaterial in aquatic water bodies
have been done to evaluate the health risks caused by nanomaterials (Ray et al.
2009; Subramaniam et al. 2019). The findings of such studies have given a better
understanding of behaviour of nanoparticles like CNTs, silver nanoparticles and
TiO2 in aquatic system. Therefore, stakeholders from all fields have supported to
form a new laws and regulations or the modification of present ones. Several studies
have produced contradictory results, because no general standards for experimental
procedures and measurements have been formulated, which slows the necessary
process of decision. Nanomaterials that goes into water, do not affect the humans
directly, but there is a possibility to uptake nanomaterials through consumption of
fish. So the impact of nanoparticles on aquatic organisms should be taken seriously.
Nanoparticles are emitted into the environment through various point sources like
landfill sites, production units andwastewater treatment plants. Nonpoint sources, for
the emission of nanoparticles include washing machines, clothes or other substances
that contain nanoparticles, for example, nanosilver nanoparticles are released from
clothes after washing. Nanosocks that are commercially available leach 25% of its
total silver content at pH 10withinminutes. So, it is necessary to perform the research
on the toxicity of nanomaterials in air, water and soil. Moreover, the impact of
nanoparticles in the food chain should also be studied thoroughly as it will affect
many organism.

5.14 Conclusion and Future Prospectus

The biological resources like microorganisms and their enzymes, when applied
successfully, could help in synthesis of nanoparticles biologically which can be
termed as a potential strategy used in an eco-friendly and eco-incentive manner.
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Microbial possess a significant potential for the synthesis of metal nanoparticles
because they show less toxic nature alongwith high degradation capacity. It has
been found that the mechanism of biologically synthesized nanoparticles are not
clear, despite knowing that the stable nanoparticles are generated by selecting appro-
priatemicroorganisms andoptimizing conditions. Therefore, there is a requirement of
choosing appropriate microorganism or microbial consortia for sustainable produc-
tion of nanoparticles on large-scale or commercial scale. Synthesis of nanoparti-
cles by microorganism can be obtained without the use of pressure, high tempera-
ture, stabilizers, energy and toxic chemicals. More research is required to synthe-
size nanoparticles having wide range of organic functional groups by using micro-
bial enzymes for selective and multi-pollutants removal from the wastewater. The
synthesis of nanoparticles throughmicrobes like bacteria, fungi, actinomycetes, yeast
and algae has number of benefits like easy production, high efficiency, non-expensive
and eco-friendly approach. The nanoparticles obtained from microorganism can be
utilized at contaminated sites for the treatment of various pollutants. The residues
which are left after degradation of pollutants by nanoparticles produced microbially
are biocompatible in nature and can be separated by filtration or by using precipita-
tion technique. The value-added products like construction material can be prepared
using left residues by adding biochar, thus, therewill be nowaste at the end. Synthesis
of nanoparticle opens a new channels for number of biotechnological applications
using greener path. Bio synthesis of metallic nanoparticles has been done at labo-
ratory scale but its production at industrial scale still needs to be investigated for
the mass production. The use of efficient microorganism for nanotechnology can
enhance the industrial economy at commercial level but unfortunately only 1% of
the nanotechnological material have been commercialized. The cost-incentive and
cost-effective production of nanoparticles from microbes is needed to make this
procedure economically viable and sustainable. The cost-benefit analysis also needs
to be conducted for the commercial exploitation of the usage of microbial nanopar-
ticles because no cost related data is available yet. Utilization of salts, chemicals,
stabilizing and reducing agents in chemical synthesis method are costly whereas in
microbial process of synthesizing nanoparticles, the usage of metal salts as well as
media for growth of microorganism is also expensive. The waste biomass that can be
recycled can be prove to be an alternative for producing nanoparticles to reduce the
expenditure. Research investigations about biosynthetic pathways of microorganism
and research in genetic engineering may pave the way for breakthrough development
of nanomaterials for their industrial exploitation as efficient and sustainable strate-
gies in the field of bioremediation. Advanced tools on computation is required to use
the omics derived data for good understanding of microbial processes. Thus, green
chemistry can be applied successfully for the production of nanoparticles bymicroor-
ganism and research efforts in this direction can be a giant step for the adoption of
green nanotechnology.
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Chapter 6
Recent Trends in Synthesis
and Applicability of GO-Based
Nanomaterials in Environmental
Remediation

Rimmy Singh, Sunil Kumar, and Rachna Bhateria

Abstract Graphene oxide (GO) has been discovered as the most attractive mate-
rial for multidisciplinary research. Due to unique physico-chemical properties and
abundance of functional groups, graphene oxide nanomaterials have achieved high
end development for pollution treatment. Go-based nanomaterials have been coupled
time to time with different elements to produce highly advanced GO-based materials
for environmental remediation. GO has a potential of dispersing and solubilizing
in aqueous media and other solvents which are polar and organic in nature. This
enables its wet processing. Despite having various defects, GO-based nanomaterials
can be easily functionalized, cut into pieces, doped, and punched holes. Apart from
this, GO can be assembled into macroscopic materials with a property of living
building block. Sheets of GO can be considered as individual molecule/particle or
soft polymermaterial. Hence, it is important to have an overview of GO as 2Dmolec-
ular structure which will enable us to study its various intrinsic properties and will
also help in the development of this subject. Hence, the chapter is framed to provide
insight about synthesis, structure, and application of graphene oxide nanomaterials
in environmental remediation.

Keywords Graphene oxide · Exfoliation · Luminescent · Remediation · Sensing

6.1 Introduction

Graphene and graphene oxide (GO)-based nanomaterials are often utilized due to
their unique properties. Their various physico-chemical properties include their high
adsorption potential, thermal conductivity, electrical conductivity, and high specific
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area. They possess 2D structure and several atomic layers and bear excellent proper-
ties. Graphene can be easily enclosed into fullerenes (0-dimensional), enveloped as
carbon nanotubes (1-dimensional), or can be heaped as 3-dimesional graphite. It is
2D nanostructures which contribute to its basic structure and responsible for various
allotropic forms which are highly crystalline in nature. These unique and benefi-
cial properties possessed by graphene have attracted the attention of researchers and
enable them to explore its applications in various fields. Graphene is often used indi-
vidually, but nowadays it is used as graphene oxide (GO) due to its better oxidant
properties. Hydroxyl (eOH), carboxyl (eCOOH), and epoxy (CeOeC) are present
in GO which enhances their application and makes their synthesis and processing
easy. GO spreads easily in comparison with graphene thus making its synthesis,
processing, and wide applicability. GO has found its applicability in purification of
drinkingwater due to its imperishable hydrophilicity. GO is also used tomake various
nanocomposites having varied applications owing to its vast surface area. However,
high dispersibility of GO compounds in aqueous media often makes their separation
difficult.

Sulfonated graphene sheets in nanosizewere synthesized byZhao et al. (2011a) for
removal of 1-naphthol and naphthalene. Nowadays the highest potential of sorption
is ∼2.3–2.4 mmol/g in case of naphthalene and 1-naphthol. In carbon nanotubes,
there is a need for oxidation processes of introduction of hydrophilic groups for
improvement in sorption of metal ion, but for making graphene oxide nanosheets
using “Hummer’s method” from graphite, functional groups like COOH, −CdO,
and −OH are introduced on graphene oxide nanosheet’s surface. The introduced
functional groups help in heavy metal (HMs) sorption. However, oxidized graphene
such as graphene oxides has oxygen (O) in their functional groups on their surfaces.
Due to this, graphene oxide has high surface area (2620m2 g−1)which enhances sorp-
tion capacity of GO nanosheets. But for removal of HMs, the use of GO nanosheets
is limited as a sorbent from aqueous solution (Zhao et al. 2011b), specifically in the
presence of humic substances. Humic substances are prevalently available in envi-
ronment and are having the potential to form strong complexation with the metal
ions as they have functional group having attached O. So, to study GO nanosheets
and their sorption mechanism with metal ions is significant in the presence of humic
substances (Zhao et al. 2011c).

Currently, excessively engineered andmodifiedGOhas beenproposed as a sorbent
forwater purification (Perreault et al. 2015a) frommetallic and organic contaminants.
Certainly, the advancement in adsorption of HMs such as cadmium (Cd) and lead
(Pb) in addition to azo dyes, e.g., methylene blue, in wastewater has been reported
using amino-modified GO, EDTA, and sulfonate (Wei et al. 2018).

In current years, GO is one of the carbon nanomaterials as it has strong adsorp-
tion potential with high surface area. GO is a thick sheet of carbon atoms (thickness
0.334 nm, surface area 2630 m2 g−1) as hexagonally arrayed sp2 structures (Schedin
et al. 2007). Graphene oxide is a significant graphene derivative; it is a potential
substance for preconcentrating HMs ions as it has large specific area, various func-
tional groups, as well as high mechanical strength (Chandra et al. 2010). GO is
proved to be much beneficial in removal of HMs solution (like Pb (II)) (Weng
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et al. 2019). However, graphene sheets have sturdy inter-functional bond which
results in reduced surface area, less dispersion as well as high agglomeration, and
reduced adsorption potential (Ramesha et al. 2011). Materials utilizing GO involved
chemically modified GO, fabricating metal/GO oxide, organic/GO compound, and
photocatalytic/GO composites were produced systemically to enhance and remove
different HMs ions from wastewater as outstanding adsorbents of high efficiency.
Although these amazing advances have been made, GO-based composites still face
several important hurdles: (i) The GO-based composite interaction mechanisms with
HMs ions remain unknown due to varied surface characteristics of several GO-based
composites; (ii) great endeavors are required for reuse and recovery of GO-based
composites, since the aqueous solution’s dispersion is high and metal ions strongly
interact with functional groups; (iii) actually familiar of minimal cost, the large
volume along with green synthesis methods, cheap costs continue to be a demanding
challenge.

6.2 Synthesis

Graphene was discovered in 2004 (Novoselov et al. 2004). After that, its exclusive
characteristics attracted considerable interest from several disciplines of research.
GO is a graphene derivative that has gained recognition in the remediation of environ-
mental pollution. Till date, GO techniques of preparation include mainly the Brodie
method (Brodie 1859), Hummers’ method (Hummers and Offeman 1958), and Stau-
denmaier method (Staudenmaier 1898). Synthesis of GO was initially showed by
Brodie (1859) at “University of Oxford.” Some graphite was strongly blended with
potassium chlorate in synthesis (ratio 1:3), in a distiller; this prepared mixture was
cast up. Then, suitable quantities of fuming nitric acid were provided. Distillery was
kept in a water bath and temperature was maintained at 60 °C for some time until
there were no yellow fumes. The material was then put into enough distilled water
and cleaned to get free from acid and salt by decanting. It was dried and oxidized
with an equal amount of nitric acid and potassium chlorate until there were no more
changes. Ultimately, the GO obtained was vacuum dried at 100 °C. The process was
repeated with similar quantity of nitric acid and potassium chlorate till no change
occurs. Then, prepared GO was dried in vacuum at 100 °C.

A naturalmineral, flake graphite is purified to remove heteroatomic contamination
(Fig. 6.1). For chemical reactions, this is the source of graphite (Wissler 2006). This
flake graphite is used to prepareGOso that it can be easily dissolved inwater. Besides,
this can be used on broader scale tomake large graphitic films to bind carbon products
as well as a part of cathode (lithium batteries) (Ishikawa and Nagaoki 1986; Maire
et al. 1968; Ishikawa et al. 1978; Touzain et al. 1986). Furthermore, the hydrophilic
nature of the prepared GO permits its uniform deposition on the substrates as thin
film, which is essential for electronic application (Mkhoyan et al. 2009). Also, it is
most important to transform GO back into its conductive graphitic material, i.e., in
bulk or thin films. However, chemical reduction can be used to partially restore the



154 R. Singh et al.

Fig. 6.1 Preparation of graphene oxide (Yu et al. 2020)

graphitic structure (Li et al. 2008) to chemically converted graphene (CCG). By using
these conditions, graphitic structure cannot be restored and numerous deficiencies
have been introduced (Gomez-Navarro et al. 2010).

Graphite is a “stack of many sheets of graphene” bind together by week van der
Waals force. However, if these bonds are broken possibly, graphene can be produced
from highly pure sheets of graphite. In the process, van der Waals forces are broken
mechanically or chemically by exfoliation and single sheets of graphene can be
obtained. An attempt was made in this field and potassium metal was applied to
introduce a “pure graphite sheet” followed by flaking using ethanol to separate C
sheets (Viculis et al. 2003).

A process of repeating peeling is basically called exfoliation. Novoselov et al.
(2005) subjected a pyrolytic graphite sheet (thickness 1 mm) to dry etching in
“oxygen plasma” for preparation of 5 μm deep mesas having an area of 0.4 to 4
mm2. Further, placed on a photoresist, baked to get them adhered to mesas. Scotch
tape was used to peel off graphene sheets (layers). Flakes of graphene sheets which
were adhered to photoresist got liberate in acetone and then channelized to silicone
substrate. Graphene sheets ranging from “single to few layer” could be seen in them.

Single- to few-layered graphene sheets were prepared by exfoliation and disper-
sion of pure graphite in N-methyl-pyrrolidone (Hernandez et al. 2008). The mono-
layer yield from 1 wt% to 12 wt% could be enhanced with processing. The energy
needed for exfoliating graphite into one-layered graphene was anticipated by the
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Fig. 6.2 Graphene oxide produced from graphite (Lingamdinne et al. 2019)

solvent-graphene inter-relation, with the solvent having surface energy similar to
graphene. Graphite’s exfoliation in organic solvent (a liquid-based exfoliation) has
assured graphene production at larger scale. Similarly, single- to few-layer graphene
sheets were fabricated in a same way, through the dispersion of graphite powder in
sodium dodecylbenzene sulfonation, and accompanied by sonication, for exfoliation
of graphite into graphene (Lotya et al. 2009). In Fig. 6.2, different images of graphene
can be seen prepared through different methods. Different efforts have been done to
produce the graphene from graphite as well as from graphite oxide powder applying
solvents (Si and Samulski, 2008; Tung et al. 2008; Tung et al. 2009).

Organic molecules are required for hydrothermal methods to occur (Fig. 6.3a) and
alkaline media (Fig. 6.3b). Different temperatures from 160 and 180 °C are being
used in hydrothermal method (Teflon-line autoclave) (Zhou et al. 2014) also known
by the name of “solvo-chemical method.” Mu et al. (2017) stated usage of in situ or
one-pot production magnetic graphene/ polyaniline nanocomposite by “intercalation
polymerization” and hydrothermal co-precipitation method for dyes elimination.

6.3 Morphology and Type of Graphene Oxide-Based
Nanomaterials

Spectroscopic methods such as FT-IR, XRD, and XPS can be used for the synthesis
and knowing structural functionality of the preparedMGOs.Microscopic techniques
such as SEM andAFMwere used to know the size, dimensions, porosity, and surface
morphology of the fabricated MGOs.
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Fig. 6.3 a Synthesis of Go-Fe3O4 nanoparticle hybrid b porous magnetic nickel ferrite-Go-rGO-
based nanocomposites preparation

Major adsorption properties of the surface area and adsorption on surface were
assessed by BET analysis. The magnetometer was used to measure the magnetic
property of MGOs. The XRD is used mostly for the identification of MGO produc-
tion, structure, and crystalline character. For GO, the peak occurs in a range of
8–12° as revealed by XRD. However, by magnetization, GO reduces its crystallinity
as mesoporous carbonate nature is increased with a change in the actual site of
GO peak (Maaz et al. 2009). Also, XRD peaks are used for ferrite identification
in MGOs. MGO’s size decreases as porosity increases and hence, diffraction peaks
shift toward low range (Marcano et al. 2010). FT-IR shows the functional groups
present and MGO’s formation along with peaks in between 1100–1300 cm−1 and
1400–1600 cm−1 range of wavelengths.

Peaks in a wavelength range of 1400–1600 cm−1 determines the presence of
“stretching vibrations of epoxy groups” of GO inMGOs. Peaks in between 1650 and
1750 cm−1 range and a broad peak around 3000–3400 cm−1 determine the presence
of carboxylic acids in MGOs (Senthilkumar et al. 2011). Primarily, FT-IR indicates
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ferrites in addition to magnetic material in synthesized MGOs. In octahedral and
tetrahedral M–O bonds, spinel magnetic composites are indicated by the peaks in
the range of 500–600 cm−1 (Nejati and Zabihi 2012).

6.3.1 Wrinkled Reduced GO Sheets

Carbon materials including carbon fibers, carbon nanotubes, and graphene (Sawang-
phruk et al. 2013), conducting polymers including polypyrrole (Davoglio et al. 2013),
polyaniline (Chen et al. 2014b), and polythiophene and transition metal oxides were
explored to synthesize fiber-shaped electrodes for flexible supercapacitors.

The two-dimensional materials like graphene are attracting research interests
owing to large specific surface area (Booth et al. 2008), room-temperature elec-
tron mobility (Bolotin et al. 2008), and good mechanical flexibility (Lee et al. 2008),
which are widely used for the preparation of composite materials for supercapac-
itor electrodes (Wang et al. 2009). As the graphene oxide gets reduced with time,
restacking of reduced graphene oxide (rGO) sheets often contributes to reduction in
functional groups present at the surface, reduced specific surface area, and restricted
chargemobility. The PEDOT: PSS can act like isolated layers within rGO nanosheets
because of the “oxygen rich functional groups of GO” and hydrophilic features
offered by PEDOT: PSS. Hence, graphene nanosheet’s restacking is prevented to a
certain extent if rGO and PEDOT:PSS are well distributed with each other.

The wet spinning method is used for preparation of rGO-PEDOT: PSS composite
fibers with wrinkled structure at the surface and pores on inner side. Based on
composite fibers, FSCs and ISCs show outstanding electrochemical properties and
good flexibility with high specific capacitance and energy density.

The main issue which needs to be considered while introducing the material into
devices is “formation of wrinkles” (Zhang et al. 2015; Kim et al. 2014). There are
theoretical (Zhang and Arroyo 2014) as well as research studies based on the “effect
of wrinkles on electrical conduction of different types of graphene”—GO (Cote et al.
2010), rGO (Ladak et al. 2013), and pristine, with varied results (Xu et al. 2009).
According to theoretical predictions, wrinkles create additional scattering siteswhich
reduce electrical conductivity (Guinea et al. 2009).

TEM can be used to characterize the structure of rGO sheets. It is also used for
characterization of electronic properties along with the influence of wrinkles. It was
observed that predominant factor in the measured values was contact. Large amount
of wrinkles allows the large contact areas with the probe (Fig. 6.4).
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Fig. 6.4 TEM Image
showing rGO on SiN
membrane (Nilsson et al.
2017)

6.3.2 Luminescent2D GO Sheets

Graphene is hexagonally arranged, individual thick sheet of carbon atom with
sp2 hybridization. It has exclusive characteristics such as flexibility, optical trans-
parency, highmobility, environmental stability, and robustness whichmake graphene
a capable material to use in the field of nanoelectronics. The conduction and valence
bands are cone-shaped in the band structure of graphene and meet at the K point
of the Brillouin zone and a bandgap up to zero (Castro et al. 2007). Graphene has
been researched to produce an adaptable bandgap with PL behavior despite the
absence of any bandgap (Castro et al. 2007; Partoens and Peeters, 2006; Elias et al.
2009). All of the methods involve generation and misuse of the faults. These faults
of graphene and its derivatives are considered significant to generate a compatible
bandgap and light emissions.GO share covalent bondwith independent fluorophores,
for example hydroxyl, epoxy and carboxyl groups (Eda andChhowalla 2010).Above-
mentioned fluorophores are “aromatic π-conjugated sp2 -hybridized subsystems of
carbon atoms” and a sp3 zone surrounds it. For GO, PL is pH-dependent due to the
occurrence of different functional groups having oxygen atom inGO sheets. Through
the reduction of GO, reduced GO (rGO) is formed (Bagri et al. 2010). GO and rGO
have different behaviors primarily due to reduced atom of oxygen present in them.
rGO and GO have unique PL characteristics and thoroughly studied and modified
over a wide spectral range. In general, the luminescent samples are the solutions or
solids of rGO or GO (Pal 2015; Quan et al. 2017).

In recent times, GO Quantum Dots (GOQD) are gaining researchers’ attention
because of its exclusive properties like robust chemical inertness, high luminescent,
low toxicity, and simple synthesis. It is a type of luminescent nanomaterials prepared
from carbon having outstanding optical-electronic properties and higher biocompat-
ibility and also has a “single atom layered structure with lateral dimension” which
ranges from 2 to 20 nm. The functional groups containing oxygen atom attached at
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the edges and in the basal planemake thin sheet of GOQD (Ponomarenko et al. 2008).
More significantly, they also lead other materials into a small number of single layers
and create a variety of inestimable photophysical structures and luminous features
that open up a brand-new realm as a source of 2D materials.

6.3.3 GO-Based Membranes

In recent times,materials based on carbon, viz. graphene, its derivatives like graphene
oxide (GO), carbon nanotubes (CNTs), are considered best in membrane-based
separation areas due to their high resistance to organic solvents, strong mechanical
strength, and availability (Kalra et al. 2003). For the fabrication of novel separation
membrane, GO was opted as one of the rising nano-building materials along with
them. Themesoporous GO sheets are successfully prepared by reoxidizing GO using
KMnO4 and assemble them into laminar GO membranes subsequently to separate
molecules. Due to the introduction of in-plane pores, the amount of effective chan-
nels for transportation of water is increased and it also remarkably diminishes the
path of transport (Fig. 6.5a, b). As compared with original GO membranes, meso-
porous GO membranes exhibit around twofold to threefold increase in permeability
having similar rejection rate for smallmolecules (3 nm).Additionally, excellent struc-
tural stability is shown by mesoporous GO membranes as verified by the process of
pressure loading and releasing.

Composite (with many layers) (Ganesh et al. 2013) or free-standing membranes,
GO membranes have been developed by researchers. There are different types of
techniques found in the literature, like simple filtration (Park and Ruoff 2009), drop-
casting (Nair et al. 2012), and vacuum filtration (Huang et al. 2015). On a supporting
membrane surface, GO layers are deposited as a “coating layer” using layer-by-
layer (LBL) (Gao et al. 2014; Goh et al. 2015), pressure-assisted self-assembly
(Hung et al. 2014), and spray coating (Moon et al. 2013) techniques. GO-based
polymeric membranes are used in water purification however the underlying poly-
meric membrane is poorly adhesive to GO layers. It mechanically renders GO layers

Fig. 6.5 Diagrams showing transport route of original GO (a); mesoporous membrane (b);
separation property offered by mesoporous GO membrane (Ma et al. 2017)
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fragile, so at the time of water treatment they may readily be removed. Therefore, it
is highly crucial to enhance adhesion within the polymer membrane and deposited
GO layers as a prerequisite of high-performance GO membrane. Several strate-
gies are used to enhance the stability of GO layers on the membrane surface. Few
approaches involve GO flakes functioning with several functional groups. Minář
et al. (2019) described that by the establishment of covalent connection between GO
and polyamide surface chains, the usage of functional GOwith poly(β-caprolactone)
might enhance adhesivity.

6.4 Structural Models

The actual GO chemical structure has been the subject of significant dispute
throughout the years beyond the operational oxidative processes, and still, no clear
model today is present. Various explanations are there, but it is the intricacy of the
content that makes the fundamental contribution (involving variability from sample
to sample) because of its berthollide character and amorphous and less accurate char-
acterization techniques. Despite these limitations, considerable attempts have been
made to comprehend the structure of GO, and most of it successfully applied.

Earlier, theGO structuralmodel consisted of discrete “repeat units.”Hofmann and
Holst’s structure (Fig. 6.6) consists of epoxy groups (molecular formula C2O) which
are distributed across the basal planes of graphite (Hofmann and Holst 1939). In
1946, Ruess proposed a variation in this model, which incorporates hydroxyl groups
into the basal plane that accounts for the “hydrogen content” of GO (Ruess and
Monatsh 1946). Instead of sp2 hybridization, Ruess’s model changed the basal plane
structure into sp3 hybridized model of Hofmann and Holst. Still, this model is based
on the assumption of repeated unit. But, one-fourth of cyclohexanes at 1, 3 positions
consisted of epoxides whereas hydroxylated at 4th position, through formation of
regular lattice structure. Also, this gets the support from Mermoux based on the
observation of structural similarities to poly(carbonmonofluoride), (CF)n (Mermoux
et al. 1991). The structure requires “the formation of C–F bonds through the complete
rehybridization of the sp2 planes in graphite to sp3 cyclohexyl structures” (Dubois
et al. 2006). In 1969, a model was suggested that eliminated epoxy and ether entirely
from corrugated backbone replacing normal quinoid species (Scholz and Boehm
1969). The formation mechanism of GO is the best contribution to understand the
chemical nature of GO 3 oxidation protocols (Nakajima and Matsuo 1994).
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Fig. 6.6 Different structural
models of GO (Szabo et al.
2006; Gao et al. 2015)

6.5 Applications

6.5.1 Adsorbents

Heavy metals are major pollutants in waste water that possess serious threat to the
health of human beings. They can be removed from the from the waste water using
various techniques including adsorption. However, adsorption as a method for the
purification of water is known to be the efficient, economical, and facile in operation
in comparison with conventional procedures (Oraby and Eksteen 2015; Koduru et al.
2014). Controversially, inconvenience of regeneration and filtration limits the use of
adsorbents. However, these difficulties can be coped up by using magnetic materials
for regeneration andfiltrationpurposes.Hence, various researchers have adoptedGO-
based magnetic nanostructured materials for the abatement of various contaminants.
Inverse spinal ferrites and their derivatives have dominated the water purification
sector as they have chemical and magnetic stability and porous surface structure
(Li et al. 2011a, 2011b). Nanometal ferrites were shown to have lower stability
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(Maaz et al. 2009). Hence by adopting hybrid materials synthesized using magnetic
ferrites and GO, these limitations can be overcome. In fact, various researchers have
utilized magnetic organic composites (Lv et al. 2009) and functionalized magnetic
carbon composites for the recovery of metals. Magnetic graphene oxide (MGO)
composites having an approximate size of 10 nm have been synthesized and found
to havemaximumperformance forwater remediation (Xu et al. 2009). The developed
superparamagnetic rMGO composites possess a maximum adsorption efficiency of
99.9% for As(III) as well as As (V) metal ions.

6.5.2 Photocatalyst

In recent era, remediation of global environmental contamination is encouraged
by the “semiconductor-based photocatalytic decomposition of industrial organic
byproducts” (Fox and Dulay 1993; Herrmann 1999; Hoffmann et al. 1995; Ravelli
et al. 2009). The degradation and conversion of toxic contaminants into harm-
less products are referred to as “photocatalytic decomposition.” Heterogeneous
photocatalysis “involves organic synthesis, water splitting, photoreduction, hydrogen
transfer, disinfection, water detoxification, and gaseous pollutant eradication, etc.” In
semiconductor photocatalysis, the photocatalytic reaction initiates with the exciton
generation which adsorbs the energy, i.e., similar to the “band gap of semicon-
ductor” (Bard 1979). Two-dimensional (2D) GO is the promising candidate for
semiconductor-based photocatalysis due to its physico-chemical features as follows:
(Krishnamoorthy et al. 2011) (1) An enhanced surface area is provided by the 2D
GO that leads to the enormous number of active sites for organic dyes; (2) in fact,
to start the redox reaction, 2D structure provides frequent charge transfer to the
surface; (3) for an aqueous photocatalytic system, hydrophilic oxygen functional-
ities are promptly significant; (4) the band gap of GO composites via “controlled
ratio of sp2 and sp3 hybridized carbon can probably be tuned from an insulator to a
semiconductor” (Yan et al. 2009); (5) besides, “GO has been found to have a band
gap between 1.7 and 4.3 eV which is tunable up to the range 2.6 to 1.9 eV to become
active over the range of the visible spectrum for the efficient photocatalysis” (Jeong
et al. 2009; Mathkar et al. 2012).

6.5.3 Antibacterial

In 2010, Akhavan and Ghaderi firstly reported the toxicity due to GO nanowalls in
case of two Gram-positive bacterial strains “(Staphylococcus aureus (S. aureus)”
and one Gram-negative (Esherichia coli (E. coli)) strain of bacteria (Fig. 6.7).
They revealed that through uninterrupted association GO nanosheets can dominantly
interact with bacteria at their pointed edges. Toxicity of GO nanowalls was inves-
tigated by “quantifying the intracellular products (concentration of RNA) in the
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Fig. 6.7 A representation of GO and pathogen interaction mechanism. Fungal spores and bacterial
cells are intertwisted with nested GO sheets (Chen et al. 2014a; Sajjad et al. 2017)

phosphate buffer solution (PBS) of the bacteria that were kept under the influence
of GO nanowalls, due to the damage of bacterial cell membrane with the pointed
peripheries of GO nanowalls.” In the presence of GO nanowalls, the concentration
of RNA was considerably higher in the solution in comparison with the concentra-
tion in control (in the absence of GO). However, antibacterial activity of GO was
significantly higher in S.aureus than for E.coli bacterial strains. It was recognized
that E.coli has strong resistance toward direct contact in the GO nanowalls as the
Gram-negative E.coli has exterior covering in its structure. Thus, “according to the
proposed mechanism by Akhavan and Ghaderi (2010) for the antibacterial activity
of GO, edges of GO nanosheets can act as the cutters to damage the cell membrane
that eventually results in bacterial decay.”

In cell suspension and surface coatings, Perreault et al. (2015b) estimated the
antimicrobial behavior of GO on the basis of their size. They also reported that by
reducing GO sheet area, antimicrobial performance can be intensified on GO surface
coatings.

6.5.4 Sensing

GO composited with other metal oxides enhances the sensing ability of GO. During
gas molecule adsorption, the metal oxides are observed as attaching sites on the
surface of GO. It is observed that metal-composited GO facilitates the adsorption of
acidic gas molecules with high binding energy. The reason behind such behavior is
the intensified amount of electron transfer from the metals to the adsorbed gaseous
molecule. Consequently, the interaction strength among gas and metal increases
due to the decrease in distance between metals and gases (Chen et al. 2014b). In a
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study, titanium-modified GO (Ti-GO) was synthesized and demonstrated increase in
adsorption of CO with a high binding energy (70 kJmol−1) due to the coupling of
occupied p orbitals and empty d orbitals of Ti (Wang et al. 2011).

Diversification and presence of ample surface functional groups make GO an
efficient material in sensing application. The functional groups act as the potential
anchoring sites for various molecules. However, graphene has always been the prime
material for research as reported in literature being used in biosensing and gas sensing
(Novoselov et al. 2004). Fewer consideration is given to graphene oxide as it “has
dielectric nature which prevents GO from an efficient extraction of the electric signal
from the sensor.” As a “compromise between graphene and GO, chemically and
thermally reduced GO has been used with excellent results (Robinson et al. 2008;
Zhang et al. 2009; Fowler et al. 2009; Jung et al. 2008; Lu et al. 2009), reduced GO
being at the same time conductive and decorated with the typical functional groups of
GO, which represent the adsorption sites. In order to increase selectivity, molecules,
and nanoparticles (NPs) have been also anchored to the functional groups” (Cheng
et al. 2012; Mohanty and Berry 2008; Li et al. 2011a, 2011b).

6.5.5 Catalysis

Basically, catalysis is categorized as homogeneous catalysis and heterogeneous catal-
ysis. Homogeneous catalysis is “a catalytic process where catalysts and reactants
coexist in the same phase, usually providing a higher reactivity and selectivity since
the reactions are not limited by mass transfer” (Marras 2010). However, homoge-
neous catalysis is the practical challenge of efficiently separating unreacted reactants
or spent catalysts from products after completion of a reaction. Contrarily, homoge-
nous catalysis is a mechanism where both reactants and catalysts exist in different
phase. In fact, this kind of configuration results into smaller contact area having
active sites (Gomes et al. 2008); moreover, due to easy handling, ease of separa-
tion, and facile maintenance, heterogeneous catalysis is intensively used at industrial
processes.

Nowadays, due to wide area of contact, low cost, and oxygen-containing groups,
the use of GO has gained potential hike as Fe carrier “as the oxygen-containing
group” enhances metal interaction. The facile reduction of formed metal oxides on
the surface of GO has been facilitated by the presence of high electron density and
extended π-system. For well-dispersed Fe nanoparticles, the defect sites arranged
in piled layers act as excellent anchoring sites (Wei et al. 2018) and thus help in
providing remarkable stability and catalytic properties (Moussa et al. 2014). “The
oxygen-containing groups on the surface result like the acidic surface of GO and to
increase the conversion of synthesis gas the high temperature treatment is usually
applied to reduce the GO and further enhance the FTS reaction” (Zhao et al. 2013).

Sun et al. (2012) reported that for the activation of PMS, reduced graphene can
act as metal-free catalyst by comparison with cobalt catalyst (Co3O4). The results
concluded that huge variation was observed in the recovery of phenol from GO and



6 Recent Trends in Synthesis and Applicability … 165

rGO, suggesting that number of active sites is the determining factor for graphene,
and there were zigzag edges.

6.6 Conclusion

This chapter summarizes the development and synthesis of GO-based nanocompos-
ites and their potential environmental utility, especially in remediation. Due to the
strong affinity and high efficiency for different metal ions, GO-based nanocompos-
ites have been comprehensively studied as competitive adsorbents. For the environ-
mental remediation of contaminants such as dyes, metal ions, and radionuclides, GO-
based nanocomposites and their derivatives were reviewed in this chapter. Graphene
oxides possess excellent efficiency for remediation of contaminants and other appli-
cations. In fact, GO has salient features of high adsorption performance, high surface
area, nanosize, magnetic ability at different pH, chemical stability, robust struc-
ture, and thermal stability as well that makes it potential candidate in wide range
of applications. Moreover, GO exhibits outstanding thermal, electronic, mechan-
ical, magnetic, and optical properties that allow scientists to harvest fundamental
research on it and have huge potential for intensive industrial applications. There-
fore, it was recommended by researchers that fundamental parameters like defect-
free engineering, crystallite graphitic domain size, and compactness of graphene
layers have to be further improved to make more efficient and defect-free graphene
oxide-based materials.
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Chapter 7
Nanomaterials for the Removal
of Inorganic Contaminants
from Industrial Wastewater

Rashmi Paliwal and Jai Prakash Narain Rai

Abstract Water pollution has become a critical issue for the present world popu-
lation. A variety of industrial operations release toxic organic and inorganic
substances/contaminants into the water bodies. The continued accumulation of
these toxic compounds in natural water resources may put living organisms at risk.
Different conventional methods are well explored and have been applied to the treat-
ment of contaminatedwater. Current research focuses on the development of low-cost
andmore efficient technologies, with the potential advantage of reusability in contin-
uously operating wastewater treatment plants. In this context, nanotechnology as an
emerging field can provide immense opportunities for removing contaminants from
wastewater, thus improving water quality. Applications of nanomaterials have been
successfully discovered and documented in different fields of biomedical science.
Certain unique properties of nanomaterial toward the contaminants offer additional
benefits for the application of these nano-biotechnological tools for the treatment of
wastewater. This chapter is an attempt to explore the role of nanomaterials in the treat-
ment of wastewater focusing primarily on the removal of inorganic contaminants.
The advantages, limitations, and future perspectives of nanomaterials applications
are also discussed.

Keywords Nanotechnology · Nanomaterial · Inorganic contaminants ·Wastewater

7.1 Introduction

Scanty freshwater resources together with water pollution due to various industrial
activities have become a challenge for the global population. The pressure on demand
forwater is likely to increasewith the growing human population and climate change.
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The industrial revolution and rapid population growth have not only put immense
pressure on existing freshwater resources but also deteriorating their water quality by
adding organic and inorganic contaminants on a large scale. Most developing coun-
tries discharged ≈70% of their industrial wastewater into the environment without
proper treatment. More than 2 billion people are living in the countries experiencing
high water stress (UNESCO 2019). According to an estimation, approx. 600 million
of the world’s children will be in extreme water stress regions by 2040 (UNICEF
2017) and 700 million people will be displaced worldwide due to extreme water
scarcity by 2030 (Hameeteman 2013). Industries contribute toxic contaminants by
dumping their untreated or partially treated wastewater into the local surface water
bodies and jeopardize environmental health. Wastewater released from industrial
activities contributes a variety of organic and inorganic toxic pollutants to the envi-
ronment. The organic class of contaminants includes phenolic compounds, chlori-
nated biphenyls, dyes, pharmaceuticals, pesticides, humic substances, etc. Inorganic
contaminants include heavy metals of toxic nature i.e., cadmium (Cd), chromium
(Cr), arsenic (As), mercury (Hg), nickel (Ni), lead (Pb), etc., (Chowdhry et al. 2016;
Kim et al. 2018).

Heavy metals such as lead, cadmium, chromium, mercury, and arsenic are known
to have deleterious effects on human health and can disrupt the metabolic functions
of the body in various ways. Heavy metals may accumulate in vital body organs,
disrupting the normal biological functions (Rehman et al. 2018). Conventional treat-
ment processes such as activated carbon-based adsorption, membrane filtration, ion
exchange, solvent extraction, coagulation and flocculation, reverse osmosis, flota-
tion and extraction, electrochemical treatment, advanced oxidation processes, etc.,
are available and being employed for the treatment of industrial wastewater (Rao
et al. 2010; Thines et al. 2017; Mohammad et al. 2017; Ma et al. 2018; Werkneh &
Rene 2019; Jain et al. 2020). However, certain issues still exist related to the applica-
bility of conventional methods, which include high energy demands, unsustainable,
process efficiency, and economic benefits (Werkneh & Rene 2019). Therefore, the
real challenge is to make the treatment process more efficient and economically
acceptable.

In recent years, nanotechnology has received enormous attention for its appli-
cation in wastewater treatment systems. Nanomaterials (≈1–100 nm size) possess
unique features such as, their nano-size, high surface-area-to-volume ratio, high
mobility in solution, high adsorption capacity, and reactivity that make them a suit-
able candidate for their application in wastewater treatment (Kunduru et al. 2017;
Kiri et al. 2019; Yu et al. 2021). Recently, successful application of nanomaterials
for the treatment of wastewater of different sources has been reviewed and veri-
fied by several studies (Kumar et al. 2014; Bora & Dutta 2014; Yadav et al. 2020).
Present work aims to review the recent development of nano-technological tools i.e.,
nanomaterials, and their role in removing heavy metal contaminants from industrial
wastewater. Additionally, we discuss the environmental limitations and risks asso-
ciated with the application of nanomaterials and future research prospects of the
promising area.
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7.2 Inorganic Contaminants

Major inorganic contaminants released from industrial activities are heavy metals,
which by nature can persist in the environment and can also bio-accumulate in living
organisms e.g., mercury (Hg) in fishes. Metals with an elemental density of 5 g/cm3

or more are considered as heavy metals (Ali et al. 2019). Wastewater release from
electronics, smelting, battery, dyes, and alloys industries is the anthropogenic source
of heavy metals. Heavy metals are highly reactive and can cause severe health issues
in life forms when exceeding the standards prescribed byWHO (Srivastav & Ranjan
2020). Toxic heavy metals along with their sources, prescribed standards, and health
effects are listed in Table 7.1 (Srivastav & Ranjan 2020).

Table 7.1 Major heavy metal contaminants, prescribed standards, and their human health effects

Heavy metal Industrial
sources

Maximum
concentration
levels (mcl)
(mg/l) as
prescribed by
USEPAa

Tolerance limits
(mg/l) IS:10,500,
1992b

Potential health
effects

Arsenic (As) Pesticides,
Mining,
Smelting

0.05 0.05 Skin lesions and
carcinogenic
effects

Cadmium (Cd) Paints and
pigments,
Phosphate
Fertilizer,
Electroplating

0.005 0.01 Kidney damage

Chromium (Cr) Tanneries, Steel
industries

0.1 0.05 Allergic dermatitis

Copper (Cu) Pesticides,
Fertilizers,
Mining, and
Smelting

1.3 0.05 Gastrointestinal
distress (short term
exposure)
Liver and Kidney
damage (long-term
exposure)

Mercury (Hg) Mining, 0.002 0.001 Kidney and
spinal-cord
disorder

Lead (Pb) Batteries,
Insecticides,
and herbicides

0.015 0.05 Delayed physical
and mental growth,
Central nervous
system (CNS)
problems, Kidney
issues, and high
blood pressure

a US Environmental Protection Agency; b Indian Standard: 10,500, 1992
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7.3 Nanomaterials

Successful application of nanotechnology in the diverse field of the environment
including industrial wastewater treatment depends upon the innovation of different
nanomaterials. Nanomaterials possess certain unique attributes that facilitate them
to be used in the wastewater remediation processes (Sánchez et al. 2011; Khin et al.
2012). These characteristics are:

• Small size—Small size on nano-scale provides nanomaterials’ high specific
surface area which increases with size shrink.

• High surface-area-to-volume ratio—This property intends to improve the adsorp-
tive capacity of nanomaterials.

• High mobility—The small size of nanomaterials allows them to move freely in
the aqueous solution, which results in the fast treatment or scanning of a large
volume of solution by the small amounts of nanomaterials. A small amount of
nanomaterial thus can scan the total volume of solution in a very short time
(Sánchez et al. 2011).

• High adsorption capacity and reactivity—The nanomaterials have a highly
reactive surface due to their reduced size and large radii of curvature.

The field of nanomaterials is broad and has generated a large number of defined
terms. A variety of terms such as nanoparticles, nanomaterials, nanocomposites,
nanocrystals, nano-sized mediums, and nano-phases are used to define the mate-
rials of nano-scales sized. Nanomaterials can be classified based on dimension and
composition. However, the requirement of precise classification is still needed with
the innovations in the nanotechnology field. Dimensionality based nanomaterials’
classification comprised zero (eg., C60 fullerene, core–shell nanomaterial, etc.), one
(eg., nano-wires, nano-rods, carbon nanotubes, etc.), two (graphene sheet, carbon-
coated nanomaterial, etc.) and three dimensional (eg., nano-diamond, future 3D
electrode) (Prajitha et al. 2019). Among the two approaches, classification on a
composition basis is reliable after dimensionality (Prajitha et al. 2019). Nanomate-
rial based on chemical composition can be grouped into carbon-based, metal and
metal oxides-based, noble metal nanomaterials, and nanocomposites (Fig. 7.1).

7.4 Carbon-Based Nanomaterials

Nanomaterials (eg., fullerenes, graphene, and carbon nanotubes) entirely composed
of carbon are grouped under the carbon-based category of nanomaterials. Carbon-
based nanomaterials have unique properties of strength and reactivity, hence are
widely accepted for their use in industrial wastewater treatment technologies.
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Fig. 7.1 Classification of nanomaterials based on chemical composition

7.4.1 Fullerenes

Fullerenes are purely composed of carbon defined as synthetic carbon allotropes
(SCAs) and are also known as carbon nanomaterials forming different shapes such
as the hollow sphere, cylindrical, ellipsoid, etc. Fullerenes are large, closed-cage,
carbon bundles that are naturally non-toxic and soluble in a variety of organic solvents
(Kumar and Kumbhat 2016). Fullerenes have widely been explored for their applica-
tions in biomedical science. However, due to their unique properties fullerenes have
been proposed to use as a base material for nanomaterial-based wastewater treatment
technology development (Bottero et al. 2006; Chae et al. 2009). Membrane fabri-
cated with fullerene nanomaterial has been assessed for removing the salts, organic
pollutants, and pathogens by several workers (Hummer et al. 2001; Naguib et al.
2004; Majumder et al. 2005; Holt et al. 2006). Fullerene-polymer composites have
been reported for successful application in pressure-driven membranes due to their
strength thereby resisting the breakage (Polotskaya et al. 2005). The biomedical
applications of fullerenes reveal the antimicrobial properties of these nanomaterials.
The fullerenes (C60 and C70) are being widely used in medical treatments such as
inactive microbial pathogens (bacteria and viruses), to treat the tumor and to cleave
DNA, strongly suggesting the application of these nanomaterials for disinfecting the
water (Chae et al. 2009). However, research to explore the versatility of fullerenes is
further needed.

7.4.2 Graphene Nanomaterials

Graphene ismonolayer carbon allotrope, exhibiting a tightly boundhexagonal honey-
comb structure. The unique properties of graphene are remarkable thermal, electrical
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conductivity, chemical stability, and specific surface area. Some graphene nanoma-
terials playing important role in the process of remediation are graphene oxide (GO),
reduced graphene oxide (rGO), pristine graphene (pGr), few-layer graphene (FLG),
and multilayer graphene (MLG). Modification of pristine graphene can increase the
specific surface area (Lü et al. 2012). And graphene with high specific surface area
enhanced the efficiency of the nanoparticle to interact with a variety of pollutants.
Graphene oxide and reduced graphene oxides have been extensively studied for their
heavy metal removal efficiency in wastewater treatment processes. Graphene oxide
(GO) is the oxidative form of graphene, whereas reduced graphene oxide (rGO) is
produced by eliminating the ionic oxygen groups it carries (Wang et al. 2013). The
graphene oxide comprises a variety of oxygen-containing functional groups, such as
hydroxyl, carboxyl, carbonyl, and epoxy groups. Presence of hydroxyl and carboxyl
functional groups enhances the adsorption efficiency of graphene oxide for heavy
metals (Li et al. 2009; Lü et al. 2012). GO and rGO have been reported to possess
great adsorption capacity by many studies (Wang et al. 2013; Madadrang et al. 2012;
Yang et al. 2013; Ding et al. 2014). Ding et al. (2014), studied the adsorption capacity
of GO-layered fixed bed sand column for the treatment of heavy metals (Cu(II) and
Pb(II)) containing aqueous solution.

7.4.3 Carbon Nanotubes (CNTs)

Carbon nanotubes are one-dimensional chemical structures with unique mechan-
ical, thermal, and electrical properties. CNTs can be further classified into single-
walled (SWCNTs), multi-walled (MWCNTs), and CNTs composites (Zhang et al.
2016). Carbon nanotubes structurally can be classified as armchair, chiral, and zigzag
nanotubes. Similar toGO, CNTs interact with the contaminants through hydrophobic
interactions, electrostatic interaction, hydrogen-bonding, pi–pi interaction, Van der
Waals force, etc. (Gupta et al. 2013; Zhang et al. 2016; Mashkoor et al. 2020).
The adsorptive capacity of CNTs can be influenced by certain structural factors as
discussed by Ren et al. (2011):

• Open-end nanotubes offer the adsorption sites, hence their presence and amount
can influence the adsorption.

• Presence of impurities can hinder the adsorption process.
• Presence of functional groups (hydroxyl, carboxyl, and carbonyl), can improve

the performances.

Madima et al. (2020), explained themechanism of enhanced adsorption efficiency
of carbon nanotubes through surface oxidation (Fig. 7.2). Adsorption of pollutants
on oxidative carbon nanotubes takes place at both the surface of nanomaterial and
the functional groups present on the surface of the nanomaterials. Whereas, in the
case of untreated carbon nanotubes the adsorption occurs on the surface of the nano-
material only (Madima et al. 2020). The functional groups added to the surface of
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Fig. 7.2 Adsorption mechanism of pollutants by treated and untreated carbon nanotube. Repro-
duced with permission from Madima et al. (2020). Copyright 2020, Springer Nature

CNTs following oxidation treatment act as the primary adsorption site for inorganic
contaminants.

7.5 Metal & Metal Oxides Nanomaterials

The metal-based nanomaterials include nano-sized metals (eg. titanium, gold, silver,
etc.) and metal oxides. The metal and metal oxide-based nanomaterials include zero-
valent iron, iron oxides, titanium oxides, aluminum oxides, magnesium oxides, and
cerium oxides (Zhang et al. 2016). These nanomaterials possess a strong affinity
toward the adsorption of heavy metal contaminants from the aqueous solution (Table
7.2). Nano-sized metals and metal oxides have been reported to show remarkable
affinity toward the inorganic contaminants such as Cr(VI), Cd(II), Pb(II), Ni, Se(IV),
etc. removal from solution (Hu et al. 2006; Shang et al. 2007; Engates and Shipley
2011; Wei et al. 2012).
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Table 7.2 Metal and metal oxide-based nanomaterial applied for the heavy metal removal

Metal and metal oxides
Nano-adsorbent

Heavy metal contaminant Reference

Titanium oxide (TiO2) Pb(II), Cd(II), Cu(II), Ni(II),
Zn(II)

Engates and Shipley (2011)

Al2O3 Pb(II), Cd(II), Cr(III), Co(II),
Ni(II), Mn(II)

Afkhami et al. (2010)

γ-Al2O3 Ni(II) Ghaedi et al. (2008)

ZnO Pb(II)
Zn(II), Cd(II), Hg(II)

Shang et al. (2007)
Sheela et al. (2012)

Magnetite (Fe3O4) Se(IV) Wei et al. (2012)

Hematite (α-Fe2O3) Pb(II), Cd(II), Cu(II), Zn(II) Shipley et al. (2013)

Maghemite (γ-Fe2O3) Cr(VI)
Cr(VI), Cu(II), Ni(II)
Cu (II), Ni (II), Mn (II), Cd (II),
and Cr (VI)

Hu et al. (2005)
Hu et al. (2006)
Akhbarizadeh et al. (2014)

nZVI As(V)
Cd
Cr
As(III), U(VI), Se(VI)
Cu(II)

Kanel et al. (2006); Ramos
et al. (2009)
Boparai et al. (2011)
Yu et al. (2014)
Crane et al. (2011)
Li et al. (2014)

7.5.1 Nano-sized Zero-valent Iron (nZVI)

Iron is efficiently responsive to both air (oxygen) andwater. The reactivity of iron can
be significantly increased toward the various organic and inorganic compounds as the
particle size of iron is reduced. Thus, nano-sized zero-valent iron (nZVI) becomes
a potential candidate studied extensively for the treatment of various organic and
inorganic contaminants (Kanel et al. 2006; Tosco et al. 2014). Zero-valent iron (Fe0)
has a standard reduction potential (E0) i.e., −0.440 V, which means that Fe0 is
an effective electron donor and can reduce any chemical species that has a higher
reduction potential than−0.440V (Zhang et al. 2010; Adusei-Gyamfi&Acha 2016).
Nano-sized zero-valent iron is often tended to aggregate,which affects their efficiency
of the reaction. The efficiency of nZVI particles can be improved by immobilization
using different supports such as sodium carboxy-methyl cellulose (CMC), guar gum,
zeolite, bentonite/iron, and kaolin (He&Zhao 2005; Xu&Zhao 2007; Li et al. 2007;
Tiraferri et al. 2008; Yuan et al. 2008; Shahwan et al. 2010).

The immobilization of nZVI improves efficiency by reducing the aggregation
property of nanoparticles and improves the dispersion also. Several studies have
reported the remarkable remediation properties of nZVI for the treatment of heavy
metals contaminated environments (Boparai et al. 2011; Yang et al. 2018; Shang et al.
2017). Boparai et al. (2011), studied the nZVI for their efficient adsorbent capacity to
remove Cd(II) from the contaminated water and observed the maximum adsorption
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capacity 769.2 mg g−1, achieved at 297 K temperature. Yang et al. (2018), observed
the adsorption capacity (195.1, 161.9, and 109.7 mg g−1) of corn stalk-derived, bio-
char supported nZVI for the removal of heavy metal ions (Pb(II), Cu(II), and Zn(II),
respectively) from thewater after 6 h. Shang et al. (2017), applied the nZVI supported
on herb-residue bio-char for the treatment of Cr(VI) contaminated water. The results
confirm the reduction and co-precipitation reactions occurred during the treatment
(Shang et al. 2017). Applications of chemically stable support materials for nZVI
particles immobilization have been reported to stabilize and improve the efficiency
of nanoparticles (Yuan et al. 2008).

7.5.2 Nano-sized Iron Oxides

Iron oxide is polymorphic and consisting about sixteen compounds between oxides,
hydroxides, and oxy-hydroxides (Macera et al. 2020). The nano-sized iron oxides
such as non-magnetic goethite (α-FeOOH) and hematite (α-Fe2O3), magnetic
magnetite (Fe3O4) and maghemite (γ-Fe2O3), and hydrous ferric oxides (HFO) have
been extensively studied for their application inwastewater treatment (Hu et al. 2005;
Chen and Li 2010). Kefeni et al. (2018), synthesized and assessed the efficiency of
superparamagnetic hematite nanoparticles for the removal of Al (III), Mg (II), Mn
(II), Zn (II), Ni (II), etc., from acid mined drainage. The magnetic property of nano-
sized iron oxide makes the separation and recovery of these nanoparticles easy from
aqueous solution (Hua et al. 2012).

7.5.3 Nano-sized Titanium Oxides

Titanium oxide (TiO2) nanomaterials due to their photocatalytic property have been
reported to remove several organic contaminants from the wastewater. The TiO2

activated by light, producing activated oxidant species like hydroxyl (OH) radi-
cals, superoxide anions (O2

−), and peroxides (O2
− −) thus disinfect the water from

pathogenicmicrobial organisms (Cho et al. 2005; Zan et al. 2007; Guerra et al. 2018).

7.5.4 Other Metal Oxides

Metal oxides nanoparticles are composed of metals such as aluminum (Al), Magne-
sium (Mg), Manganese (Mn), Zinc (Zn), Cerium (Ce), etc., and oxygen elements
(Sarma et al. 2019).Metal oxides in nano-sized can be synthesized in different shapes
such as wires, rods, cubes, cross-linked, etc. (Gangwar et al. 2016). The adsorption
capacity of nano-sized alumina (γ-Al2O3) for heavy metals in aqueous solution has
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been studied by many researchers (Sharma et al. 2008; Türker 2007; Zhang et al.
2008). γ-Al2O3 nanoparticles were reported as an effective adsorbent for the removal
of Pb(II), Ni(II), and Zn(II) ions from the aqueous solution (Rahmani et al. 2010).

7.6 Noble Metal Nanomaterials

Certain transition metals include Gold (Au), Silver (Ag), Platinum (Pt), and Palla-
dium (Pd) are considered noble metals (Pradeep and Anshup 2009). Synthesized
noblemetal nanoparticles are studied to treat organic contaminants due to their photo-
catalytic property. Noble metal nanomaterials have also been observed to possess
anti-bacterial properties, hence, also studied for their water disinfectant efficiency
(Morones et al. 2005; Xiu et al. 2011).

7.7 Nanocomposites

Nanocomposites are multiphase materials, where one or more phases are of nano-
scale dimension, ie., 100 nm or less (Cammarata 2004; Prajitha et al. 2019). The
nanocomposite shows some advantageous characteristics over other nanomaterials
including, reusability, regeneration, stability, dispersion, etc. (Zhang et al. 2016).
Various studies are being done on synthesizing the nanocomposites for industrial
wastewater treatment processes. Nanocomposites can be classified based on matrix
material such as organic and inorganic supported.Organic supported nanocomposites
include polymer-based nanocomposites whereas; inorganic supports for nanocom-
posites include activated carbon, carbon nanotubes, and natural minerals (zeolite,
bio-char, and clay) (Zhang et al. 2016).

The idea behind constructing nanocomposites is to improve the basic properties
of nanoparticles by fixing them to some organic or inorganic supports. The polymer-
based nanocomposite, nano-sized hydrous iron-oxide (HFO-001) has been reported
to remove heavymetals—Pb(II), Cd(II), and Cu(II) efficiently from aqueous solution
(Pan et al. 2010). The nano-sized HFO were confined within cation-exchange resin
D-001 (R-SO3-Na) and were tested for the removal of Pb(II), Cd(II), and Cu(II) (Pan
et al. 2010). Another class of nanocomposites includesmagnetic nanocomposites and
nanocomposites membranes. Magnetic nanocomposites are made up of metal oxides
such as magnetite (Fe3O4), maghemite (Fe2O3), jacobsite (MnFe2O4), etc. nanopar-
ticles supported on the polymeric matrix or some functional nanoparticles (such as
Ag, TiO2, CNTs, GO, Pd, SiO2, etc.) can be immobilized on the metal oxides core
(Gómez-Pastora et al. 2017; Beyene and Ambaye 2019). Magnetic nanocomposites
are easy to separate from the aqueous solutions after the treatment process (Gómez-
Pastora et al. 2017). Nanocomposites membranes are nanomaterials imbedded in the
polymeric matrix and also considered as advanced membranes for the application in
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wastewater treatment processes. The advanced regeneration technologies can make
the use of nanocomposites more suitable for large-scale applications.

7.8 Application of Nanomaterial for Wastewater Treatment

Nanotechnology is advanced with the development of nanomaterials used for
different wastewater treatment approaches. These approaches can be classified into
adsorption, separation, catalysis, photo-catalysis, and disinfection (Zhang et al. 2016;
Guerra et al. 2018).

7.8.1 Adsorption

Adsorption of contaminants from wastewater is a surface property of an adsorbent.
The process of adsorption is regarded as technically viable, simple, and environmen-
tally sound. Nanotechnology-based adsorption processes have various advantages
over conventional adsorbents including high reactivity, large surface area for adsorp-
tion, specific affinity toward the various contaminants, and cost-effectiveness (Ai &
Jiang 2012; Zhang et al. 2016). Efforts are being made to develop new adsorbents for
the treatment of the heavy metal contaminated environment. Several nanomaterials-
based adsorbents such as carbon-based nanomaterial, metal oxides, and magnetic
metal–organic nanomaterial have been verified for removing the inorganic as well
as organic pollutants from wastewater (Jiang et al. 2014; Xiong et al. 2015; Kiri
et al. 2019). The adsorptive capacity of nanomaterial adsorbents can be enhanced
or modified by some structural improvements. The most common interaction of
graphene nanoparticles with organic and inorganic pollutants is pi–pi interaction
and availability of functional groups on the surface of nanomaterial, respectively.
Electrostatic attraction is another important interaction in the adsorption mechanism
between modified graphene nanoparticles and inorganic pollutants. The electrostatic
attractions occur between positively charged ions, and the negatively charged func-
tional group available on the surface of changed graphene nanomaterials (Kemp
et al. 2013; Madima et al. 2020). The general mechanism of adsorption–desorption
of pollutants by graphene-based nanomaterial is illustrated in Fig. 7.3.

Wang et al. (2013) reported the remarkable adsorptive capacity of graphene
oxide toward the Zn(II) at pH 7.0. Madadrang et al. (2012) observed the enhanced
adsorptive capacity of GO when the heavy metal chelating groups i.e., N-
(trimethoxysilylpropyl) ethylenediamine tri-acetic acid (EDTA-silane) and hydroxyl
groups linkedonGOsurface through the process of silanization.ThemodifiedEDTA-
GO showed an increase in adsorptive capacity toward Pb(II). The study also reported
the regeneration and reusability of EDTA-GO nanomaterial, suggesting the poten-
tial use of the same in remediation processes. Similarly, the surface-oxidized CNTs
were observed to have high adsorption capacity for the removal of Cd2+ from the
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Fig. 7.3 Adsorption–desorptionmechanismof organic and inorganic pollutants in aqueous solution
by graphene-based nanoparticles. The desorption process is generally performed in the presence of
acid or base. Reproduced with permission from Madima et al. (2020). Copyright 2020, Springer
Nature

solution (Li et al. 2003). The functional groups such as carboxylic acid, carbonyl,
and hydroxyl enhanced the adsorption capacity of the modified CNTs nanomaterial
(Li et al. 2003; Vuković et al. 2010). Application of metal and metal oxides based
nanomaterials for the treatment of inorganic contaminants such as arsenic, cadmium,
chromium, uranium, etc. have been verified by several researchers (Lakshmipathiraj
et al. 2006; Engates and Shipley 2011; Yu et al. 2014; Crane et al. 2011; Wen et al.
2014).

7.8.2 Separation

Toxic contaminants removal by separation method includes the phenomenon such
as filtration or ultra-filtration, size-exclusion, reverse osmosis, etc. Nano-filtration
membranes came into recognition in 1980s (Tul et al. 2017). These membranes are
specifically designed to remove organic molecules and inorganic salts. The appli-
cation of nanofiltration membranes offers some advantages such as high flux, low
maintenance, and operational cost, low operation pressure, and high retention of
anionic salts (Tul et al. 2017).However, certain limitations resist the application of the
nano-separation method on large-scale treatment facilities. These limitations include
nano-membrane fouling, stability, blocking, and discharge of nanomaterial (Tul et al.
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2017; Bhat et al. 2018; Yaqoob et al. 2020). With the advancement in nanotech-
nology new nano-composite membranes have been developed by introducing func-
tional nanoparticles into themembrane. The newnano-compositemembranes exhibit
advanced properties such as enhanced stability (mechanical or thermal), porosity and
hydrophilicity, enhanced permeability, antimicrobial capabilities to address the limi-
tations like stability, fouling, and blocking (Yan et al. 2005; Pendergast &Hoek 2011;
Yin & Deng 2015).

7.8.3 Catalytic and Photocatalytic Activity

The term photo-catalysis is used when any reaction for example decomposition
or degradation of the compound is catalyzed by the activity of photons/light. The
process of photo-catalysis is also a type of advanced oxidation process involving the
oxidative removal of micro-pollutants and pathogens from wastewater (Yadav et al.
2020). Photocatalysts initiate ormodify the reaction rate of a chemical transformation
(Lens et al. 2013; Yaqoob et al. 2020). Nano-photocatalyst improves the chemical
reactivity such as the oxidation process by enhancing the production of oxidative
species at the material surface, thereby; increasing the degradation of contaminants
in wastewater (Gómez-Pastora et al. 2017; Ong et al. 2018; Yaqoob et al. 2020).
Metal oxides and nanoparticles are known to possess strong catalytic properties and
catalyze oxidation reactions very effectively (Zekić et al. 2018). Zero-valance-based
metal, semiconductor, and bimetallic type nanoparticles are commonly used to clean
organic pollutants such as dyes, pesticides, etc. in wastewater (Samanta et al. 2016).

7.9 Limitations and Future Perspectives

The application of nanomaterials in wastewater treatment has becomewidely accept-
able and economically viable with the recent improvements in technology. However,
some limitations such as loss of activity (Lofrano et al. 2016), difficulty in sepa-
ration from the system (Al-Hamadani et al. 2015), the fate of nanomaterials in the
environment, and their further impact on human health, etc. (Varma 2012; Dale et al.
2015) still exist and limit their applications in a wastewater treatment process. The
Cost-effectiveness of the nanotechnology-based treatment process can be achieved
by reusing the nanoparticles (Yadav et al. 2020).Management of recovered exhausted
nanomaterials and development of strategies for their safe disposal is crucial as the
nanomaterials could emerge as secondary pollutants (Lata et al. 2015). Researches
in the field of enhancing the reusability of nanoparticles in a treatment process are
needed. Bystrzejewska-Piotrowska et al. (2009), highlight the problem associated
with the uncontrolled discharge of nanoparticles in the environment and stress that a
comprehensive understanding of the physical, chemical, and biological properties of
nanoparticle waste is a prerequisite before dealing with the waste generated from the
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application of nanotechnology. Researchers have studied the application of nanopar-
ticles to clean up the environment while avoiding the short- and long-term effects of
nanoparticles on the environment. Therefore, studies related to the risk assessment
(environmental risk factors of exposure to nanoparticles) and management of the
recovered and exhausted nanoparticles for a better understanding of their fate in the
environment are also essential. Sánchez et al. (2011), have well assessed the toxic
effects of nanoparticles available in the literature and concluded the need for more
research efforts to support the stakeholders in promoting the scientific regulation of
nanotechnology and for the betterment of society.

7.10 Conclusion

Nanotechnology offers a wide scope for the development of pollution abatement
technologies. Nanomaterials have been studied for the treatment of various inor-
ganic (heavy metals) contaminants released from industries. Different mechanisms
such as adsorption, photo-catalysis, and separation are offered by nanomaterials for
the removal of inorganic pollutants from wastewater. Among the various charac-
teristics of nanomaterials, the magnetic property of metal and metal oxide-based
nanomaterials makes them economically feasible for their large-scale applications.
Similarly, nanocomposites beingmultiphasematerials possess a great advantage over
the other nanomaterials due to someproperties like reusability, regeneration, stability,
and dispersion. Therefore, the multiphase property of nanocomposites makes them
a potential candidate for the development of advanced techniques and also for their
large-scale application. However, studies on industrial applications, environmental
fates, and the cost of nanomaterials are still needed.

References

Adusei-Gyamfi J, Acha V (2016) Carriers for nano zerovalent iron (nZVI): Synthesis, application
and efficiency. RSC Adv 6(93):91025–91044

Afkhami A, Saber-Tehrani M, Bagheri H (2010) Simultaneous removal of heavy-metal ions in
wastewater samples using nano-alumina modified with 2, 4-dinitrophenylhydrazine. J Hazard
Mater 181(1–3):836–844

Ai L, Jiang J (2012) Removal of methylene blue from aqueous solution with self-assembled
cylindrical graphene–carbon nanotube hybrid. Chem Eng J 192:156–163

Akhbarizadeh R, Shayestefar MR, Darezereshki E (2014) Competitive removal of metals from
wastewater bymaghemite nanoparticles: A comparison between simulatedwastewater andAMD.
Mine Water Environ 33:89–96

Al-Hamadani YA, Chu KH, Son A, Heo J, Her N, Jang M, … Yoon Y (2015) Stabilization and
dispersion of carbon nanomaterials in aqueous solutions: A review. Sep Purif Technol 156:861–
874

Ali H, Khan E, Ilahi I (2019) Environmental chemistry and ecotoxicology of hazardous heavy
metals: environmental persistence, toxicity, and bioaccumulation. J Chem



7 Nanomaterials for the Removal of Inorganic … 185

Bereket G, Arog AZ, Özel MZ (1997) Removal of Pb (II), Cd (II), Cu (II), and Zn (II) from aqueous
solutions by adsorption on bentonite. Journal of Colloïd and Interface Science 187(2):338–343

Beyene HD, Ambaye TG (2019) Application of sustainable nanocomposites for water purification
process. In Sustainable polymer composites and nanocomposites, Springer, Cham, pp 387–412

Bhat AH, RehmanWU,Khan IU, Khan I, Ahmad S, AyoubM,UsmaniMA (2018). Nanocomposite
membrane for environmental remediation. In Polymer-based nanocomposites for energy and
environmental applications, Woodhead Publishing, Cambridge, UK, pp 407–440

Boparai HK, Joseph M, O’Carroll DM (2011) Kinetics and thermodynamics of cadmium ion
removal by adsorption onto nano zerovalent iron particles. J Hazard Mater 186(1):458–465

Bora T, Dutta J (2014) Applications of nanotechnology in wastewater treatment—A review. J
Nanosci Nanotechnol 14(1):613–626

Bottero JY, Rose J, Wiesner MR (2006) Nanotechnologies: tools for sustainability in a new
wave of water treatment processes. Integrated Environmental Assessment and Management: an
International Journal 2(4):391–395

Bystrzejewska-Piotrowska G, Golimowski J, Urban PL (2009) Nanoparticles: Their potential
toxicity, waste and environmental management. Waste Manage 29(9):2587–2595

Cammarata R (2004) Nanocomposites. In: Di Ventra M, Evoy S, Heflin JR (eds) Introduction to
nano scale science and technology, Springer Publishers, USA

Chae SR, Hotze EM, Wiesner MR (2009) Possible applications of fullerene nanomaterials in water
treatment and reuse. InNanotechnology applications for cleanwater,WilliamAndrewPublishing,
pp 167–177

Chen YH, Li FA (2010) Kinetic study on removal of copper (II) using goethite and hematite
nano-photocatalysts. J Colloid Interface Sci 347(2):277–281

Cho M, Chung H, Choi W, Yoon J (2005) Different inactivation behaviors of MS-2 phage and
Escherichia coli in TiO2 photocatalytic disinfection. Appl Environ Microbiol 71(1):270–275

Chowdhury S, Khan N, Kim GH, Harris J, Longhurst P, Bolan NS (2016) Zeolite for nutrient
stripping from farm effluents. In Environmentalmaterials andwaste, Academic Press, pp 569–589

Crane RA, DickinsonM, Popescu IC, Scott TB (2011)Magnetite and zero-valent iron nanoparticles
for the remediation of uranium contaminated environmental water. Water Res 45(9):2931–2942

DaleAL,CasmanEA,LowryGV,Lead JR,Viparelli E, BaaloushaM (2015)Modeling nanomaterial
environmental fate in aquatic systems. Environ Sci Technol 49(5):2587–2593

Ding Z, Hu X, Morales VL, Gao B (2014) Filtration and transport of heavy metals in graphene
oxide enabled sand columns. Chem Eng J 257:248–252

Engates KE, Shipley HJ (2011) Adsorption of Pb, Cd, Cu, Zn, and Ni to titanium dioxide
nanoparticles: effect of particle size, solid concentration, and exhaustion. Environ Sci Pollut
Res 18(3):386–395

Gangwar J,GuptaBK,SrivastavaAK(2016)Prospects of emerging engineeredOxide nanomaterials
and their applications. Defence Sci J 66(4)

Ghaedi M, Niknam K, Shokrollahi A, Niknam E, Rajabi HR, Soylak M (2008) Flame atomic
absorption spectrometric determination of trace amounts of heavy metal ions after solid phase
extraction using modified sodium dodecyl sulfate coated on alumina. J Hazard Mater 155(1–
2):121–127

Gómez-Pastora J, Dominguez S, Bringas E, Rivero MJ, Ortiz I, Dionysiou DD (2017) Review and
perspectives on the use of magnetic nanophotocatalysts (MNPCs) in water treatment. Chem Eng
J 310:407–427

Guerra FD, Attia MF, Whitehead DC, Alexis F (2018) Nanotechnology for environmental
remediation: Materials and applications. Molecules 23(7):1760

Gupta VK, Kumar R, Nayak A, Saleh TA, Barakat MA (2013) Adsorptive removal of dyes from
aqueous solution onto carbon nanotubes: A review. Adv Coll Interface Sci 193:24–34

Hameeteman E (2013) Future water (In) security: Facts, figures, and predictions, vol 16, Global
Water Institute



186 R. Paliwal and J. P. N. Rai

He F, Zhao D (2005) Preparation and characterization of a new class of starch-stabilized bimetallic
nanoparticles for degradation of chlorinated hydrocarbons in water. Environ Sci Technol
39(9):3314–3320

Holt JK, Park HG,Wang Y, StadermannM, Artyukhin AB, Grigoropoulos CP,…Bakajin O (2006)
Fast mass transport through sub-2-nanometer carbon nanotubes. Science 312(5776):1034–1037

Hu J, Chen G, Lo IM (2005) Removal and recovery of Cr (VI) from wastewater by maghemite
nanoparticles. Water Res 39(18):4528–4536

Hu J, Chen G, Lo IM (2006) Selective removal of heavy metals from industrial wastewater using
maghemite nanoparticle: Performance and mechanisms. J Environ Eng 132(7):709–715

Hua M, Zhang S, Pan B, Zhang W, Lv L, Zhang Q (2012) Heavy metal removal from
water/wastewater by nanosized metal oxides: A review. J Hazard Mater 211:317–331

Hummer G, Rasaiah JC, Noworyta JP (2001) Water conduction through the hydrophobic channel
of a carbon nanotube. Nature 414(6860):188–190

Jain M, Garg VK, Paliwal R, Kadirvelu K, Chaudhry S (2020). Optimization of cadmium (II)
removal from water using sunflower waste carbon—A statistical approach. Toxin reviews, 1–10

Jiang W, Cai Q, Xu W, Yang M, Cai Y, Dionysiou DD, O’Shea KE (2014) Cr (VI) adsorption and
reduction by humic acid coated on magnetite. Environ Sci Technol 48(14):8078–8085

Kanel SR, Greneche JM, Choi H (2006) Arsenic (V) removal from groundwater using nano scale
zero-valent iron as a colloidal reactive barrier material. Environ Sci Technol 40(6):2045–2050

Karri RR, Shams S, Sahu JN (2019) Overview of potential applications of nano-biotechnology
in wastewater and effluent treatment. In Nanotechnology in water and wastewater treatment,
Elsevier, pp 87–100

Kefeni KK, Msagati TA, Nkambule TT, Mamba BB (2018) Synthesis and application of hematite
nanoparticles for acid mine drainage treatment. J Environ Chem Eng 6(2):1865–1874

Kemp KC, Seema H, Saleh M, Le NH, Mahesh K, Chandra V, Kim KS (2013) Environmental
applications using graphene composites: Water remediation and gas adsorption. Nanoscale
5(8):3149–3171

Khin MM, Nair AS, Babu VJ, Murugan R, Ramakrishna S (2012) A review on nanomaterials for
environmental remediation. Energy Environ Sci 5(8):8075–8109

Kim S, Park CM, Jang M, Son A, Her N, Yu M, … Yoon Y (2018) Aqueous removal of inorganic
and organic contaminants by graphene-based nanoadsorbents: a review. Chemosphere 212:1104–
1124

Kumar N, Kumbhat S (2016) Carbon-based nanomaterials, In Essentials in Nanoscience and
nanotechnology.NewYork, US,Wiley, pp 189–236. https://doi.org/10.1002/9781119096122.ch5

KumarS,AhlawatW,BhanjanaG,HeydarifardS,NazhadMM,DilbaghiN (2014)Nanotechnology-
based water treatment strategies. J Nanosci Nanotechnol 14(2):1838–1858

Kunduru KR, Nazarkovsky M, Farah S, Pawar RP, Basu A, Domb AJ (2017) Nanotechnology for
water purification: Applications of nanotechnology methods in wastewater treatment. In Water
purification, Academic Press, pp 33–74

Lakshmipathiraj P, Narasimhan BRV, Prabhakar S, Raju GB (2006) Adsorption of arsenate on
synthetic goethite from aqueous solutions. J Hazard Mater 136(2):281–287

Lata S, Singh PK, Samadder SR (2015) Regeneration of adsorbents and recovery of heavy metals:
a review. Int J Environ Sci Technol 12(4):1461–1478

Lens P, Virkutyte J, Jegatheesan V, Al-Abed S (Eds.) (2013) Nanotechnology for water and
wastewater treatment. Iwa Publishing

Li J, Guo S, Zhai Y, Wang E (2009) Nafion–graphene nanocomposite film as enhanced sensing
platform for ultrasensitive determination of cadmium. Electrochem Commun 11(5):1085–1088

Li S, Wang W, Yan W, Zhang WX (2014) Nanoscale zero-valent iron (nZVI) for the treatment of
concentrated Cu (II) wastewater: A field demonstration. Environ Sci Process Impacts 16(3):524–
533

Li YH, Ding J, Luan Z, Di Z, Zhu Y, Xu C,…Wei B (2003) Competitive adsorption of Pb2+, Cu2+
and Cd2+ ions from aqueous solutions by multiwalled carbon nanotubes. Carbon 41(14):2787–
2792

https://doi.org/10.1002/9781119096122.ch5


7 Nanomaterials for the Removal of Inorganic … 187

Li Z, Jones HK, Zhang P, Bowman RS (2007) Chromate transport through columns packed with
surfactant-modified zeolite/zero valent iron pellets. Chemosphere 68(10):1861–1866

Lofrano G, Carotenuto M, Libralato G, Domingos RF, Markus A, Dini L, … Chattopadhyaya MC
(2016) Polymer functionalized nanocomposites for metals removal from water and wastewater:
an overview. Water Res 92:22–37

Lü K, Zhao G, Wang X (2012) A brief review of graphene-based material synthesis and its
application in environmental pollution management. Chin Sci Bull 57(11):1223–1234

Ma L, Wei Q, Chen Y, Song Q, Sun C, Wang Z, Wu G (2018) Removal of cadmium from aqueous
solutions using industrial coal fly ash-nZVI. Royal Society Open Science 5(2):171051

Macera L, Taglieri G, Daniele V, Passacantando M, D’Orazio F (2020) Nano-sized Fe (III) oxide
particles starting from an innovative and eco-friendly synthesis method. Nanomaterials 10(2):323

Madadrang CJ, Kim HY, Gao G, Wang N, Zhu J, Feng H, … Hou S (2012) Adsorption behavior of
EDTA-graphene oxide for Pb (II) removal. ACS Appl Mater Interfaces 4(3):1186–1193

Madima N, Mishra SB, Inamuddin I, Mishra AK (2020) Carbon-based nanomaterials for remedi-
ation of organic and inorganic pollutants from wastewater. A Review. Environmental Chemistry
Letters 18(4):1169–1191

Majumder M, Chopra N, Andrews R, Hinds B (2005) Erratum: Nanoscale hydrodynamics:
Enhanced flow in carbon nanotubes. Nature 438(7070):930–930

Martynková GS, Valášková M (2014) Antimicrobial nanocomposites based on natural modified
materials: A review of carbons and clays. J Nanosci Nanotechnol 14(1):673–693

Mashkoor F, Nasar A (2020) Carbon nanotube-based adsorbents for the removal of dyes from
waters: A review. Environ Chem Lett. https://doi.org/10.1007/s10311-020-00970-6

Mohammad R, AkramH, RimH (2017) Removal of cadmium (II) Ions fromwaste water by adsorp-
tion onto the powder of lebanese anacyclus nigllifolius boiss: a comparative study. American J
Phytomedicine and Clin Ther 5(1):1–6

Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramírez JT, YacamanMJ (2005) The
bactericidal effect of silver nanoparticles. Nanotechnology 16(10):2346

Naguib N, Ye H, Gogotsi Y, Yazicioglu AG, Megaridis CM, Yoshimura M (2004) Observation of
water confined in nanometer channels of closed carbon nanotubes. Nano Lett 4(11):2237–2243

Ong CB, Ng LY, Mohammad AW (2018) A review of ZnO nanoparticles as solar photocatalysts:
Synthesis, mechanisms and applications. Renew Sustain Energy Rev 81:536–551

Pan B, Qiu H, Pan B, Nie G, Xiao L, Lv L, … Zheng S (2010) Highly efficient removal of heavy
metals by polymer-supported nanosized hydrated Fe (III) oxides: Behavior and XPS study. Water
Res 44(3):815–824

PendergastMM,HoekEM(2011)A reviewofwater treatmentmembrane nanotechnologies. Energy
Environ Sci 4(6):1946–1971

Polotskaya G, Biryulin Y, Rozanov V (2005) Asymmetric membranes based on Fullerene-
containing Polyphenylene Oxide. Fullerenes, Nanotubes, Carbon Nanostruct 12(1–2):371–376

Pradeep T (2009) Noble metal nanoparticles for water purification: A critical review. Thin Solid
Films 517(24):6441–6478

Prajitha N, Athira SS, Mohanan PV (2019) Bio-interactions and risks of engineered nanoparticles.
Environ Res 172:98–108

Rahmani A, Mousavi HZ, Fazli M (2010) Effect of nanostructure alumina on adsorption of heavy
metals. Desalination 253(1–3):94–100

Ramos MA, Yan W, Li XQ, Koel BE, Zhang WX (2009) Simultaneous oxidation and reduction
of arsenic by zero-valent iron nanoparticles: Understanding the significance of the core− shell
structure. The J Phys Chem C 113(33):14591–14594

Rao KS, Mohapatra M, Anand S, Venkateswarlu P (2010) Review on cadmium removal from
aqueous solutions. Int J Eng Sci Tech 2(7)

Rehman K, Fatima F, Waheed I, Akash MSH (2018) Prevalence of exposure of heavy metals and
their impact on health consequences. J Cell Biochem 119(1):157–184

Ren X, Chen C, Nagatsu M, Wang X (2011) Carbon nanotubes as adsorbents in environmental
pollution management: A review. Chem Eng J 170(2–3):395–410

https://doi.org/10.1007/s10311-020-00970-6


188 R. Paliwal and J. P. N. Rai

Samanta HS, Das R, Bhattachajee C (2016) Influence of nanoparticles for wastewater treatment—A
short review. Austin Chem Eng 3(3):1036

Sánchez A, Recillas S, Font X, Casals E, González E, Puntes V (2011) Ecotoxicity of, and reme-
diation with, engineered inorganic nanoparticles in the environment. TrAC, Trends Anal Chem
30(3):507–516

Sarma GK, Gupta SS, Bhattacharyya KG (2019) Nanomaterials as versatile adsorbents for heavy
metal ions in water: A review. Environ Sci Pollut Res 26(7):6245–6278
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Chapter 8
Application of Nanobiotechnology
for Heavy Metal Remediation

Arjita Punetha and Amir Khan

Abstract Societies across the globe are facing a major challenge of the ill effects of
heavymetals. However, there is no decline in the production of these toxicmetals due
to the ever increasing pace of industrialisation and other anthropogenic activities. In
order to solve the problem of heavy metal contamination so as to avoid its intake,
we need to search for a technology that can act as a silver bullet for its removal
from the environment. Nanobiotechnology is a new field of study with the potential
to solve such environmental problems by combining cutting-edge information tech-
nology and nanotechnology applications. Nanobiotechnology, which is the conse-
quence of combining nanotechnology and biology, involves using biological organ-
isms to create nanomaterials that can be used for heavymetal remediation. The spatial
arrangements of atoms present in nanomaterials that emerge in diverse geometries
increase the efficiency and specificity of nanostructures. Several types of nanostruc-
tures such as nanobiosensors, nanomembranes, nanocomposites and nanoparticles
have recently proved quite effective in the removal of heavy metals. This technology
expected to be a good substitute for traditional treatments, but the risks of environ-
mental nano-toxicity are still unknown. Extensive studies in the field are required to
completely understand the benefits and negative impacts of the technology.

Keywords Heavy metals · Nanobiosensors · Nanocomposites · Remediation

8.1 Introduction

Increased anthropogenic activities have led to increase in the release of environ-
mental pollutants, which has become one of the major issues that societies are facing
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globally. Heavy metals and their derivatives are among the most harmful environ-
mental contaminants, with several negative consequences on the biosphere. Metals
and metalloids that have an atomic mass greater than 20 and a specific gravity greater
than 5 are termed as heavy metals. Examples of heavy metals include arsenic (As),
cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg), nickel (Ni) and zinc (Zn).
From a biological standpoint, ‘heavy’ refers to a group of metals or metalloids that
can be hazardous to plants and animals even at low concentrations (Rascio and
Navariizzo 2011; Li et al. 2019). A substantial amount of heavy metals in the envi-
ronment is released from anthropogenic activities such as metallurgical operations,
petrochemical refining and mining. Heavy metal contamination in soil has emerged
as a global environmental problem that has piqued public interest, owing to growing
concerns about the safety of agricultural goods (Hu et al. 2017). Total number of sites
impacted with heavy metal and other major pollutants pollution worldwide counts to
5 million, covering a total of 500 million hectares of land (Li et al. 2019). Because of
their toxicity, non-biodegradable nature, and ability to bioaccumulate, heavy metals
and their derivatives are among themost dangerous environmental pollutants. For the
treatment of heavymetal contaminated environments, a variety of physical and chem-
ical approaches have been used. However, there technologies are not accepted widely
due to several issues that arise with their use. These technologies are quite expen-
sive, result in alteration in the quality of soil, affect native microorganisms, as well
as can result in secondary pollution. In recent years, biological treatment approaches
such as microbial and phytoremediation have been introduced and have proven to be
quite efficient. The technique of bioremediation is cost-effective, eco-friendly and
can be used for a number of pollutants effectively. However, the technique faces
a few limitations. The process is slow and is limited by factors like bioavailability
of pollutants, environmental conditions, etc. For advancing bioremediation beyond
its current constraints, nanotechnology and the integration of nanomaterials with
biotechnology can prove to be very effective. Nanomaterials are extremely small,
measuring between 1 and 100 nm in diameter, and have a unique property that
allows them to be used in several novel applications (Qu et al. 2013; Werkneh et al.
2018a, b). They have a high surface area-to-volume ratio, which is important for
producing ‘highly reactive surface area’ compared to their bulk counterparts (Bethi
et al. 2018). Biotechnology, on the other hand, is concerned with the physiological
and othermetabolic processes of living creatures, includingmicrobes. Environmental
biotechnology is a rapidly expanding discipline that aims to solve complicated envi-
ronmental problems in the ecosystem and natural environment. Nano-technology and
Biotechnology on merging together give rise to Nanobiotechnology. Integration of
these emerging technologies i.e. nanobiotechnology has the potential to revolutionise
bioremediation (Rizwan et al. 2014). This integrated strategy can cover a broader
array of probable applications with lower expenses and fewer harmful environmental
implications. Nanobiotechnology combines the principles of nanotechnology and
characteristics of nanomaterials with biological processes to create new products,
and it offers a promising opportunity to improve our fundamental understanding of
interaction of nanomaterials with intracellular structures, activities and the environ-
ment. The majority of available research in this area has focused on biofabrication
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of Nanoparticles (NPs) by using biological materials rather than traditional physico-
chemicalmethods. This results in prevention of the usage of potentially toxic solvents
and reagents, preventing the generation of toxic by-products and the reduction of
energy consumption. Nanobiosensors are other examples of nanobiotechnology that
can be used to detect the presence of pollutants in the environment. Other approaches
include the use of nanomembranes and nanoadsorbents derived from living organ-
isms for heavymetal clean-up, most commonly fromwater. This chapter summarises
the sources and consequences of heavy metals in the environment, as well as the use
of nanobiotechnology to mitigate their impacts.

8.2 Sources of Heavy Metals and Their Impacts on Human
Health

Heavy metals enter the ecosystem through both natural sources and anthropogenic
activities. Several studies have found that in comparison to anthropogenic activities,
natural sources of heavy metals in the environment are usually insignificant (Dixit
et al. 2015). The parent material from which heavy metals are derived is the prin-
cipal natural source of heavy metals in soils. Heavy metals chiefly Cd, Co, Cu and
Ni are abundant in basaltic igneous rocks, whereas Mn, Pb, and Zn are abundant
in shales (Sarwar et al. 2016). Natural activities such as wind and water erosion,
leaching and volcanic processes introduce heavy metals into the soil environment.
Anthropogenic processes disrupt the natural gradual cycling of heavy metals in the
environment, due to which, the rate of their accumulation in the soil has accel-
erated (Dixit et al. 2015). Industrialisation, urbanisation and current agricultural
practices have contributed significantly to rising levels of heavy metal contamina-
tion in the soil. Increase in activities like fossil fuel combustion, municipal waste
disposal (Khan et al. 2016), mining and smelting (Chen et al. 2015), use of pesti-
cides in fields (Ogunlade and Agbeniyi 2011), fertiliser use (Atafar et al. 2010) and
irrigation of lands using sewage water (Sun et al. 2013), all contribute to increased
heavy metal concentrations. Terrestrial and aquatic water bodies are also frequently
found to be contaminated with high concentrations of heavy metals, which can be
associated to the untreated dumping of liquid or solid waste products resulting from
electroplating, smelting, mining, agrochemicals runoff, bio-solids, municipal solid
waste and sludge, paint and textile industries (Barkat 2011; Mani and Bharagava
2016; Yadav et al. 2017;). Mining activities result in extraction of heavy metals like
As, Cd, Fe due to the very common practices of mining, these metals are found in
abundance in the soil. Metal contamination into the environment occurs with the
transportation of metals frommining sites to other businesses for use in a wide range
of products. Because of the substantial use of Cr salts in the chrome tanning process,
leather industries are principally responsible for the release of Cr in the soil and
water bodies (Mishra and Bharagava 2016). The paint and electroplating industries
pollute the environment with Pb-based pollution. Metal pollution into soils is also a
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result of the increasing use of fertilisers, insecticides and fungicides in agricultural
activities. Chemical-based fertilisers, which are widely used in agricultural activities
to improve soil fertility and increase yields, have grown to be one of the majorly
significant causes of metal contamination (Yadav et al. 2016).

Metals are very toxic and strong contaminants that cause severe soil contamination
and have an impact on soil fertility and productivity (Prajapati and Meravi 2014).
These metals have a tendency to bioaccumulate and therefore harm the plants and
aquatic life and wreak havoc on ecological equilibrium (Chen 2002). Long-term
exposure to heavymetals poses a serious threat to plant diversity aswell as aquatic and
terrestrial creatures. Heavy metals have a deleterious impact on plant and microbial
variety and species richness (Arao et al. 2010; Zhang et al. 2011).When heavymetals
are consumed in excess of their recommended dietary intake, they cause a variety of
toxicological effects that have been thoroughly researched (Dong et al. 2010). Surfeit
metal concentration in farmed soils influence the quality of food by accumulating
in it thereby increasing the danger of kidney and liver failure, reproductive diseases
even infertility, neurological breakdown, leukaemia, etc. (Khan et al. 2011). Presence
of heavy metals in urban soils degrades the environmental quality by polluting the
food, air and water causing direct harm to the population, particularly children and
adolescents, through skin contact and inhalation (Nagajyoti et al. 2010). Cd is the
sixthmost dangerousmaterial according to theATSDRCommittee because it disrupts
or alters calciummetabolism, causing calcium insufficiency and resulting in cartilage
degeneration, bone fractures and other health problems (ATSDR 2008). Pb enters the
human body primarily through the gastrointestinal and respiratory tracts, and then its
circulation in the blood in the form of soluble salts, protein complexes, ions and other
ions begins. 95 per cent of the Pb accumulates in the bones in the insoluble form
of phosphates. It leads to damage of kidney, liver, reproductive system, neurological
system, urinary system and immunological system, as well as the basic physiological
processes and genetic expressions (Chao et al. 2014). Some essential trace metals,
such as Ni, Cu, Zn and Mo, are required for enzymatic and physiological functions,
but excessive amounts of these metals can harm human health if consumed in large
quantities. Cu and Ni are carcinogenic in nature, which is a major issue worldwide.
Lung cancer and nasopharyngeal carcinoma are caused by direct exposure to Ni-
manufacturing products by industrial employees (Chen 2011; Chao et al. 2014). Cr
(VI) is extremely dangerous and poisonous. If inhaled, it causes severe symptoms of
itching and irritation of the nose and skin, as well as damage to the nasal septum and
ulcers, whereas high Cr (VI) dose absorption and ingestion can result in kidney and
liver damage, nausea, gastrointestinal irritation, ulcers in stomach and even death
(Mishra and Bharagava 2016). The sources of heavy metals in the environment, their
acceptable limitations, and their effects on the human body are summarised in Table
8.1.
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Table 8.1 Heavy metals, their sources, effects and permissible limits

S.No Heavy metal Source Effect on humans Permissible
limit(mg/L)

1 Lead Paint industries,
pesticides, coal burning,
automobile emission,
battery manufacturing,
mining

Mental retardation,
learning disability,
development delay in
children, chronic damage
to nervous system, liver
and kidney damage,
gastrointestinal damage

0.1

2 Arsenic Textile, wood and wood
products, electrical,
paper manufacturing
units, pesticides,
fungicides, metal
smelters

Skin diseases, visceral
cancers, vascular disease,
bronchitis, dermatitis

0.05

3 Nickel Stainless steel
manufacturing
industries, electroplating
factory discharge

Neurotoxic, Carcinogenic
and genotoxic, Nickel
Dermatitis

0.20

4 Cadmium Electroplating factory,
Cd-Ni batteries making,
TV phosphors, welding,
nuclear fission plant,
pesticides

Kidney and liver diseases,
Renal Dysfunction,
Gastrointestinal damage,
bronchitis, bone marrow
damage, cancer

0.01

5 Chromium Mines, electroplating,
leather tanning,
industrial coolants

Gastrointestinal, Hepatic,
Renal, Neuronal damage

0.05

6 Mercury Pharmaceuticals and
electronics, thermal
power plants, paper
industry, batteries

Rheumatoid Arthiritis,
kidney problems, diseases
of circulatory and nervous
system, protoplasm
poisoning

0.003

8.3 Heavy Metal Remediation Techniques

In order to make the environment safer for humans, contaminated water bodies and
land must be cleaned to remove heavy metals and trace elements. Several methods
devised for the treatment of heavy metals (Fig. 8.1) are discussed as follows:

8.3.1 Extraction via Electrokinetics

Electrokinetic extraction uses electrical adsorption for the removal of heavy metals
frompolluted soils. This processworks on the principle of establishing an appropriate
electric field gradient on both sides of an electrolytic tank having contaminated soil
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Fig. 8.1 Pros and Cons of technologies being used for heavy metal remediation

in saturated form. On application of low-density direct current (DC) to the ground via
electrodes, cations in the solution phase of contaminated soil move to the cathode,
while anions migrate to the anode due to the attractive forces of electrical field.
Electroplating, precipitation, solution pumping or ion exchange resin complexation
are used to removemetal impurities that have accumulated at the polarised electrodes
in the process of electrokinetic extraction (FRTR 2012). Preliminary dissolving is
required to remove heavy metals with low conductivity (e.g. sulphides) or those
present in the form of metals (e.g. Hg). In these circumstances, the use of a suitable
electrolyte (distilled water, organic acids or synthetic chelates) may improve the
electrokinetic remediation method’s removal efficiency (Iannelli et al. 2015). The
removal efficiency, however, varies with the chemical utilised and the metal to be
remediated.

8.3.2 Vitrification

This method makes the use high temperature to reduce the mobility of heavy metals
inside soil of the polluted site (Mallampati et al. 2015), which results in the develop-
ment of vitreous substances. Some heavy metals like Hg may get volatilised under
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high temperatures during this process and need to be collected for disposal or treat-
ment. Electric current is applied through the soil during in situ vitrification by verti-
cally inserting an array of electrodes into the polluted area. Dellisanti (2016) used
Joule heating to vitrify tonnes of Zn and Pb-rich ceramic trash in the field, reaching
temperatures of around 1850 °C. They claimed that the vitrification technology was
extremely effective in cleaning tonnes of heavymetals-contaminated waste materials
and that it could be used to treat large amounts of soil. The temperature at which
heavy metals in soil samples are immobilised is influenced by the temperature at
which they are vitrified. Navarro et al. (2013), for example, employed solar tech-
nology to vitrify waste from Ag-Pb mines in Spain and discovered that at 1350 °C,
vitrification rendered Cu, Fe, Mn, Ni and Zn immobile, but at 1050 °C, these heavy
metals remained immobilised.

8.3.3 Soil Washing

This process removes heavy metals from soil with the use of reagents and extractants
that can leach heavy metals from the soil (Park and Son 2016; Guo et al. 2016).
Depending on the type of metal and soil, the contaminated soil is scrapped out and
blended with an appropriate extractant solution during soil washing. The solution
used as extractant and dirt is combined for a required amount of time. As a result
of this heavy metals present in solid phase in the soil are transferred to the liquid
phase and are then separated from the leachate (Ferraro et al. 2015). The separated
soil that meets regulatory requirements can then be returned to its original location.
Chelating agents like EDTA, EDDS or organic acids, humic compounds, surfactants,
cyclodextrins, etc. have all been employed to mobilise and remove heavy metals
from soil (Shahid et al. 2014; Kulikowska et al. 2015). The ability of the extractant
to dissolve heavy metals in soils determines the efficacy of soil washing. Therefore,
extractants capable of dissolving high quantities of metals would be suitable for soil
cleaning.

8.3.4 Solidification/Stabilisation

This approach is typically used to reduce the mobility of heavy metals in soil by the
addition of chemicals. The method of physical encapsulation of contaminants in a
solid matrix using asphalt, bitumen, cement and thermoplastic binders is known as
solidification,while chemical processes to restrict contaminantmobility are known as
stabilisation. Calcined oyster and cockle shells, lime-based agents, eggshells, waste
mussel shells are just a few examples of eco-friendly and cost-effective resources
that have been reported to immobilize heavy metals and also improve the soil quality
(Islam et al. 2017).
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8.3.5 Bioremediation

It is a process of removing, destroying or immobilising dangerous pollutants from a
polluted environment through the use of biological mechanisms found in plants and
microbes (Ayangbenro and Babalola 2017). In comparison to traditional chemical
and physical procedures for heavymetal removal, which are typically very expensive
and unsuccessful, and produce substantial amounts of toxic sludge, bioremediation
is an environmentally safe and cost-effective technology (Ojuederie and Babalola
2017). Heavy metal bioremediation can be accomplished using microbes, plants or
both.

Although bioremediation provides a good strategy for clean-up of heavy metals,
however, it may not provide a feasible strategy at sites with very high concentra-
tions of heavy metals that are toxic and kill most of the microorganisms responsible
to degrade them. Integration of nanomaterials with the bioremediation technology
provides additional benefits to the removal of heavy metals.

8.3.6 Nanomaterials for Heavy Metal Remediation

NMs have been shown to be effective for bioremediation of environmental pollutants
for the following reasons:

1. Because NPs have a high surface-to-volume ratio per unit mass of material, they
considerably accelerate surface-dependent bioremediation processes.

2. Because of the quantum effect, the material requires very little activation energy
at the nanoscale dimension, resulting in requirement of very low activation
energy for a physical or chemical process using NP.

3. Another phenomena displayed by NPs that can be exploited to detect harmful
substances is surface plasmon resonance.

4. Because of their submicroscopic size, NPs can access harmful chemicals that
are hidden from microorganisms.

However, the most serious disadvantage of these NPs is that they are all hazardous
when used for a long-term. Metals or their derivatives are used to make them in the
majority of cases. Recent advances in synthesis of nanomaterials, on the other hand,
have led to the production of biologically generated nanomaterials that are resistant
to the hazardous effects of metal-based NPs.
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8.4 Biotechnological Approaches to Nanoparticle
Production

Several biotechnological approaches such as green nanoparticles, nanosensors,
nanbiomembranes, nanobioadsorbents, etc. (Fig. 8.2) are being used for heavy metal
remediation. Green synthesis of nanomaterials is the most widely used technique.
Pollutants can be transformed into molecules with lower toxicity, solubility and
mobility using nanoparticles made from biological components (Wasi et al. 2008).
Biologically manufactured metallic nanoparticles are more stable at room tempera-
ture for longer periods of time than chemically createdmetallic nanoparticles (Balakr-
ishnan et al. 2017). The biosyntheticmethods aremore stable because natural proteins
are capped over the metallic nanoparticle surface. By using correct methodologies,
the cost of producing nanoparticles can be reduced to 1/10th of the cost of chemical
synthesis processes.A significant quantity of pollutantsmaybe eliminatedwith lesser
amounts of biogenic nanoparticles. Table 8.2 presents few examples of nanoparticles
synthesised using biological organisms.

8.4.1 Plant-Based Nanomaterials

The presence of biomolecules in plant extracts enables the bio-reduction of NPs.
Although the specific mechanism of this process is still unknown, amino acids,
citric acid, phenolics, sugars, membrane proteins, tartaric acid and functional groups
(alcohols, aldehydes, amines, carboxylic acid ketones) all operate as reducing and
capping agents (Al-Shnani et al. 2017; Selvan et al. 2018; Weng et al. 2013). Several

Fig. 8.2 Nanobiotechnological approaches for heavy metal remediation
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studies have demonstrated the production of nanoparticles from plant parts that have
been used for heavy metal remediation. Fruit from the plant Terminalia Chebula
has been utilised to make Ag, Au, Fe and Pd nanoparticles for efficient removal
of Cr(VI) (Gopinath et al. 2014). During the synthesis of Au NPs, chemicals like
flavonoids, glycosides, polyphenolic, tannin, terpenoid and saponins act as reducing
and stabilising agents, according to Gopinath et al. (2014). Plants such as aloe vera,
oat, alfalfa, tulsi, lemon, neem, coriander,mustard and lemongrass can be used for the
synthesis of nanoparticles likeZn,Ni, Co andCu (Marchiol 2012). ZnOnanoparticles
have also been made from several plant leaf extracts, including crown flower and
copper leaf (Gnanasangeetha and Saralathambavani 2014), China rose (Hibiscus
rosa-sinensis) (Devi and Singh 2014), Green Tea (Camellia sinensis) (Maensiri et al.
2008; Gunalan et al. 2012).

8.4.2 Bacterial Nanoparticles

Bacteria are considerable microorganisms for nanoparticle manufacture because of
their capacity to adapt to harsh environments (Wang et al. 2017). Bacillus cereus,
Bacillus amyloliquefaciens, Bacillus indicus, E. coli, Lactobacillus casei, Pseu-
domonas proteolytica, Phaeocystis antarctica, Enterobacter cloacae, Arthrobacter
gangotriensis, etc. are few examples of bacteria that have been employed for the
synthesis of nanoparticles. Few bacteria have the ability to convert harmful inor-
ganic ions into harmless metal nanoparticles (Garole et al. 2018). Under various
physico-chemical parameters such as duration of exposure, temperature, pH, concen-
tration of metal salt and bacterial abundance, bacterial nanoparticles can be synthe-
sised either intracellularly or extracellularly (Fang et al. 2019). In an extracellular
process, biomolecules present in the medium or components of cell wall lead to
decrease inmetal ions. However, in the intracellular process,metal andmetalloids are
attracted to functional groups on the cell wall by electrostatic interactions, and metal
ions interact with proteins inside the cells to produce nanoparticles. Various bacte-
rial species such as Bacillus megaterium D01, Bacillus subtilis 168, E. coli DH5a,
Shewanella alga, Desulfovibrio desulfuricans, PlectonemaboryanumUTEX 485 and
Rhodopseudomonas capsulate have been extensively employed in the synthesis of
gold nanoparticles.

8.4.3 Fungal Nanoparticles

Synthesis of nanoparticles by fungi is also quite efficient method for the production
of nanoparticles having well-definedmorphologies. Because fungi contain a range of
intracellular enzymes, they are superior biological agents for the purpose ofmetal and
metal oxide nanoparticle’s synthesis (Chen et al. 2009). When compared to bacteria,
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competent fungi can produce more nanoparticles (Mohanpuria et al. 2008). Further-
more, due to the presence of enzymes, proteins and reducing components on their
cell surfaces, fungi have numerous advantages over other organisms (Narayanan and
Sakthivel 2011). Enzymatic reduction by the action of reductase in the fungal cell
is the most likely mechanism for synthesizing metallic nanoparticles. Nanoparticles
such as Ag, Au, titanium dioxide (TiO2) and ZnO are synthesised using a variety
of fungal species. Because of their ability to secrete multiple enzymes, metabolites
and proteins, as well as their economic feasibility, bigger surface area due to the
presence of mycelia and lower rate of production, filamentous fungi are preferred for
nanoparticle production (Fouda et al. 2018; Spagnoletti et al. 2019). In the presence
of aqueous AuCl4 ions, Fusarium oxysporum releases some reducing agents into the
solution via a NADH-enzyme-mediated process, resulting in the production of gold
nanoparticles. Heavymetals are known to be absorbed byFunaliatrogii, cAspergillus
niger, Cladosporium resinae, Trametes versicolor, Penicillium species, Ganoderma
lucidum, Aureobasidium pullulans and Rhizopus arrhizus which were employed to
make nanoparticles (Say et al. 2003). Cu(II) absorption by dead biomass ofHypocre-
alixii and synthesis of Cu nanoparticles has been reported by Salvadori et al. (2013).
Both extracellular and internal NiO nanoparticles have also been reported to be
produced by the same bacterium (Salvadori et al. 2015). Au–Ag nanoparticles were
produced extracellularly by Fusarium oxysporumwhen it was treated with a mixture
of tetrachloroaurate ion and silver nitrate in equimolar concentrations. It can also
produce platinum nanoparticles in the presence of hexachloroplatinic acid (Senapati
et al. 2005). Due to the inclusion of sil genes in their plasmid, Aspergillus flavus
generated silver nanoparticles (9 nm size) to decrease silver ions (Vigneshwaran
et al. 2007).

8.4.4 Nanomaterials Made from Yeast

The majority of yeast has the ability to accumulate considerable amounts of heavy
metals. Glutathione, metallothioneins and phytochelatins are involved in the detoxi-
fication process in yeast cells (Kapoor et al. 2021). Several research groups have
reported successful production of nanoparticles/ nanomaterials using yeast. For
the production of many metallic nanoparticles, a wide range of species is used.
Yarrowia lipolytica produced gold nanoparticles both extracellularly and intracel-
lularly (Pimprikar et al. 2009). Rhodosporidium diobovatum has been utilised to
produce stable lead sulphide nanoparticles intracellularly (Seshadri et al. 2011).
Candida utilis, Candida albicans and Saccharomyces boulardii were found to
synthesise silver nanoparticles, according to Soliman et al. (2018). Lian et al.
(2019) reported that Magnusiomyces ingens LHF1 could produce stable selenium
nanoparticles.
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8.5 Other Nanobiotechnological Approaches for Heavy
Metal Remediation

8.5.1 Nanobiosensors

These are naturally occurring or engineeredmicroorganisms that provide a detectable
signal in response to environmental stimuli (van derMeer and Belkin 2010). A chem-
ical of interest triggers the promoter which induces the expression of a reporter gene,
resulting in an output signal in form of colorimetry, luminometry or fluorimetry in the
majority of the sensors. Organic xenobiotics such as naphthalene, polychlorinated
biphenyls, benzene, toluene, xylene, alkylsulphonates, heavy metals and metalloids
can be detected by biosensors. Contact between pollutants and bacteria is an impor-
tant prerequisite for a biosensor to work effectively.Microbesmodify the functioning
of their cells in reaction to the immediate environmental conditions. As a result of
this contact, they subsequently express the correct genes as needed. To detect certain
heavy metals, bacteria use two component regulatory system (TCRSs). Since heavy
metals serve as both poisonous and crucial elements, bacterial cells need TCRSs
to maintain their state of homeostasis. For instance, Escherichia coli uses HydHG
TCRS (also called ZraSR) to control the expression of the zraP gene, which codes for
zinc efflux protein, under high concentrations of Zn2+ and Pb2+ in aerobic conditions
(Leonhartsberger et al. 2001). Similarly, the CusRS TCRS has also been discovered
in E. coli K-12 in response to Cu2+ ions. This TCRS is necessary to induce the
production of pcoE, which is part of the pco operon. Genes induced in this operon
activate the copper efflux system, that enables the departure of excess Cu2+ from the
cell (Munson et al. 2000).

8.5.2 Nano-adsorbents

Adsorption happens as a result of chemical or physical forces and defined as the
attachment of molecules to the adsorbent’s surfaces. Through the active sites on
the sorbent surface, the contaminants in the solution are absorbed into the sorbent
surface (Barakat 2011; Varjani et al. 2019). Nanoadsorbent is a substance composed
of nanoscale particles thatmay adsorb contaminants fromwastewater. An example of
nanoadsorbents is nanocellulose composite. Although the extraction and production
of nanoscale cellulose material adsorbents have been extensively studied over the
last decade, their use as reinforcing agents in the preparation of composite materials
for novel applications is a relatively new research field that is attracting increasing
interest among nanobiotechnology researchers. This is because nanocellulose mate-
rials are lower in weight, have a larger surface area-to-volume ratio and have stronger
strength and stiffness than cellulose. Nanobiochar has also proven to be a good adsor-
bent due to its superior physical, chemical, and structural capabilities above regular
biochar. Its enhanced surface area due to its nanosize and abundance of functional
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groups with superior mechanical and thermal stability make it distinctive and useful
(Noreen et al. 2021). Furthermore, larger negative zeta potentials, a smaller hydro-
dynamic radius, and a higher number of functional groups with oxygen and carbon
defects may form reactive organic species (ROS), resulting in better adsorption than
macrobiochar equivalents (Ramanayaka et al. 2020). When compared to ordinary
biochar, nanobiochar and biochar enhancedwith nanominerals displayed exceptional
adsorption capability for the remediation of diverse pollutants due to its unique prop-
erties (Ma et al. 2019, Samsudin et al. 2019). Furthermore, biochar can remediate
pollution by adsorbing hazardous substances such as pesticides and immobilising
metals, which can cause serious environmental and health problems. As a result,
nanobiochar has been hailed as a promising bioremediation agent for a wide range
of pollutants.

8.5.3 Nano-membranes

Biological nanomembranes are widespread and essential; without them, life as we
know it would be impossible. They permit extraordinarily sophisticated and selec-
tive interchange of materials between the cell and its environment because to these
protective activities. This comprises sophisticated and balanced import and export
of various materials, ranging from ions to very complex organic molecules, cell
signalling via receptors and a variety of other tasks. It seems to reason that the
synthesis and usage of artificial nanomembranes, particularly those with imparted
biomimetic functions, should be one of the primary goals of biomimetics, particu-
larly within the context of nanoscience, nanotechnologies and micro/nanosystems.
Biomimetic nanomembranes with several functions can be used in a variety of
applications. The property of selective transmembrane transport, for example, has
previously demonstrated its utility in wastewater treatment (Rambabu et al. 2019),
desalination (Fuwad et al. 2019; Giwa et al. 2017) and the elimination of dangerous
substances such as heavy metals (Singh et al. 2011). Choia et al. (2020) examined
the capacity of a thiol-functionalised cellulose nanofibre membrane to adsorb Cu
(II), Cd (II) and Pb (II) ions in their research. Electro spinning was used to create
the cellulose nanofibre membrane, which was then deacetylated to add thiol groups
to the surface. They found that this adsorbent can remove 49 mg/g of Cu, 45.9 mg/g
of Cd and 22 mg/g of Pb.

8.6 Future Prospects and Challenges

Nanotechnologies applied in bioremediation processes are projected to promote tech-
nical growth in established and emerging countries for the enhancement of environ-
mental quality (Bartke et al. 2018;Medina-Pérez et al. 2019). In addition to the afore-
mentioned nanobiotechnological used in heavy metal remediation, advancements in
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other disciplines of nanobiotechnology may be developed that further improve the
effectiveness of the process of remediation. Despite the fact that a substantial studies
have been done to establish themechanisms of heavymetal remediation (Kumar et al.
2009), pilot scale investigations are still needed. The use of biomolecules to function-
alize nanostructures is an issue worth investigating. This method has been put to the
test using cutting-edge experimental designs based on natural molecular processes.
Bolisetty et al. (2016), for example, created membranes with activated carbon having
pores and amyloid proteins for heavy metal removal. The importance of discovering
a low-cost source of biomolecules to develop structures useful in heavy metal reme-
diation was underlined in this study. Naturally found proteins also provide a number
of advantages. They can, for example, be produced in a cost-effective manner using
well-established recombinant technologies and can contain up to 20 different types of
amino acids, giving them a huge ability to interact with other molecules and produce
new catalytic structures (Ljubetic et al. 2017). Large-scale applications of molecular
biotechnology, such as water desalination, have also been proposed. Kumar et al.
(2007) studied the integration of the bacterial protein namely aquaporin Z with poly-
mericmembranes and established that it could restrict themovement salt and produce
clean water. This approach wasmodified usingmodern protein modelling algorithms
and molecular biology approaches to develop porin proteins with improved exclu-
sion activity for both organic and inorganic water solutes (Chowdhury et al. 2018).
Enzymesmay be used in the above-mentioned configurations in the future tomonitor
more complicated contaminants or mixtures of pollutants. Bionanoparticles have a
number of advantages over metallic nanoparticles, including biodegradability, which
means they have a lower environmental impact. Current nanotechnologies could be
applied in air, water or soil remediation procedures, but new cost-effective produc-
tion methods should emerge. Although batch experiments have demonstrated the
synergistic relation between nanoparticles and microrobes for the remediation of
few pollutants, however, understanding about the synergy between nanomaterials
and biotechnologies during the nanobioremediation process and the most effective
nanomaterial for heavy metal remediation is still lacking. A better knowledge of the
interactions between nanomaterials and bio-based technologies during remediation
procedures under varying environmental circumstances, could lead to improved regu-
lation. Besides, a knowledge gap about the safety regarding the long-term use of NPs
with microbes also exists. The regulatory framework is an important consideration
when using these materials.

8.7 Conclusion

The field of nanobiotechnology is still in its infancy. Nanobiotechnology, a multi-
disciplinary discipline, is bringing the science of the almost incomprehensibly small
device closer to reality. These breakthroughs will have such far-reaching conse-
quences that they will almost certainly influence every branch of science and tech-
nology at some point. Nanobiotechnology research innovation opens up a new option
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for developing nano-remediation techniques. Through nanobiotechnology, a far-
reaching sustainable process development for tailoring nanoparticles on size and
shape control has been achieved. Nano-remediation adaptation has the potential to
minimise the overall cost of environmental clean-up on a broad scale. In-situ site
nano-remediation could even bring the contamination level down to near zero. Ex-
situ nano-remediation, on the other hand, is still in its early stages but has demon-
strated to be effective in removing microorganisms, organic and inorganic pollu-
tants. Nanobioremediation, which is still in its early stages of development, is seen
as a possible technique for reducing pollution. These technical advancements are
expected to be a good substitute for traditional treatments, but the risks of environ-
mental nano-toxicity are still unknown. Nanobioremediation will undoubtedly be a
promising technique for achieving environmental sustainability once these research
gaps have been revealed.
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Chapter 9
Applications of Nanoparticles
for Microbial Contaminants
and Pathogens Removal
from Wastewater
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Rajnish Gautam, Dimuth Navaratna, A. V. P. R. Jonnada,
and Ram Naresh Bharagava

Abstract Because of their unique physical and chemical properties, nanomaterial’s
have drawn the attention of many scientists and researchers in various fields of envi-
ronmental science, especially scientists and researchers in the field of ecological
purity. Bioremediation offers a good cleaning strategy for certain types of waste. For
example, bioremediation may not be the right strategy because of the high concentra-
tion of chemicals that are toxic to most microorganisms. These include heavy metals
and salts. In addition, advances in science and technology have improved living stan-
dards and contributeddirectly or indirectly tomorewaste and toxic substances.There-
fore, pollution remediation using current technology is neither effective nor effective
in disinfecting the environment. For bioremediation, although the immobilization
can enhance the wastewater treatment efficiency, the applications of immobilized
pathogens are still confined to laboratory research. Usually, several pollutants may
coexist in wastewater that will increase the difficulty of treatment; thereby obtaining
more stable support for microbes is necessary. Moreover, various modified nanopar-
ticles can be prepared and designed for improving the bioremediation. In addition,
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although the presence of nanoparticles can enhance the bioremediation performance
of microorganisms at certain extent, the toxicity of nanoparticles can also be experi-
mented. Therefore, nanomaterial’s can be used in bioremediation, not only have less
toxic effects on microorganisms, but also improve the microbial activity of some
wastes and toxic substances and shorten the overall time. And the total costs of this
chapter summarize the main types of nanomaterial’s that have been used in the biore-
mediation of waste and toxins so far. Stabilization can improve wastewater treatment
efficiency, but the use of inactive pathogens is limited to laboratory biological reme-
diation studies. In general, several pollutants can be present in the wastewater at
the same time, which makes their treatment difficult. That is why we need more
stable support for microorganisms. In addition, modified or doped nanoparticles can
be manufactured and developed to improve the biological process. The presence of
nanoparticles can improve the bioremediation performance of microorganisms to a
certain extent, but the toxicity of nanoparticles can also be felt. Thus, nanomaterial’s
can be used in natural wastewater treatment, which not only toxic microorganisms,
but also enhance the microbial exertion of some wastes and poisons, and reduce
consumption and time.

9.1 Introduction

The rapid growth of population, tired water resources and weather changes due to
long droughts and floods are a competitive source in many parts of the world. The
biggest problem in the world today is everything in liquid waste or water andwastew-
ater from homes, hospitals and factories and any other use of water facilities in its
facilities. The development of practical and stable materials to provide fresh water.
When it comes to health and emerging pollutants, numerous operations, applied and
high-cost technology costs are cost-effective solutions to treat water and sewage that
depends on large infrastructure or central systems. The purpose of this chapter is to
remove the potential applications of pollutant nanoparticles such as different nano-
material’s (package or fibre) to remove viruses, amazing abdomen, heavy metals,
metal ions, complex organic compounds, nitrate and other pollution in the surface
and in industrial water. The sewage infected with human use and the effect of family,
industrial and commercial use, and so on constantly configuring it changes and
determines. The hygienic composition contains 99.9% water and 0.1% remaining
includes the problem of membership, microorganisms and vehicles. General species
of water pollution, oxygen dissipation, vegetable food, organic organic chemistry,
mineral chemicals, plastic flour, sediments, radioactive materials, oil and heat. This
approx 0.1% in foods such as phosphorus, nitrogen, fat, oil etc. Among different
pollutants in wastewater, microbial factors are increasingly important and efficient
in different sewage treatment plants (Wang et al. 2017). Biological contaminants in
sewage are different types of bacteria (Escherichia coli, Salmonella, parasites, viruses
and fungi). Each of them can be dangerous for the environment and human health,
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depending on its nature and quantity (Suolale and Okoh 2017). Microbial contam-
ination of water environments is one of the most important issues of water health
used to provide drinking water, entertainment and marine cranes due to the pollution
of possible diseases of diseases, protocols or viruses. Waste includes homes, shops,
offices, factories, farms, fuel, warehouses, ships, mines and mines. The lesions of
this case are not for good treatment, especially the disposal of liquid and powerful
waste from families and communities, serious health risks and lead to the release of
infectious diseases. Skin infections and blood are obtained against direct contact with
polluted waste and wounds; eye infections and respiratory diseases affect the injured
material, especially during landfill;Many diseases lead to animal bites that disappear;
Glossy infections are transmitted through fed flies with waste; Some chemicals, if
they are released without treatment (e.g. cyanide, mercury diphenyl and PCB), are
very toxic and exposed to illness or death. Over the years, these efforts have helped
and provided opportunities to understand the processes; technologies related to the
development and formulation of international and national standards for controlling
pollution in the world. Wastewater is a resource that requires effective management
to ensure future water safety. Treatment of untreated and treated wastewater in urban
areas and sewage for various other purposes. This helps to control pollution and
minimize the impact on health. Given its economic and health importance, research
into the treatment and reuse of wastewater will continue in the future. Microbial
bioremediation has been used in one form or another for thousands of times and
the most effective system with the use of prokaryotes (or microbial metabolism)
to remove adulterants in sewage treatment shops. Bioremediation occurs naturally
in the climate, but has also been used to remove agricultural chemicals similar as
certain poisonous essence and oxides, similar as selenium, arsenic composites, soil
in groundwater and sub ground. Bioremediation is a relatively new technology that
has been the subject of more intense investigations focused on the destruction or
immobilization of toxic wastes present in these water sources as rapid industrializa-
tion and urbanization release toxic compounds in natural water bodies, polluting both
freshwater and seawater resources. The concept of Nano Bioremediation (NBR) was
proposed, with the aim of integrating two recycling technologies to achieve effec-
tive, efficient and ultimately sustainable development. Nanotechnology is all about
understanding and controlling matter at the nanoscale. At the nanoscale, unique
phenomena make new applications possible. Nanotechnology includes the science,
engineering and technology of nanoparticles.

9.2 Wastewater

Wastewater has been poisoned by natural use and affected by domestic, processed
and corporate use, therefore constantly changing its composition and making it rela-
tively delicate to define. Water composition is of about 99.9% and the remaining
0.1 contains organic matter, microorganisms and emulsion inorganic substances.
Wastewater is a byproduct of domestic, artificial,marketable or farming conditioning.
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Types of wastewater include domestic wastewater from homes, external collabora-
tive wastewater (also known as sewage) and artificial wastewater which may contain
physical, chemical and natural contaminations that it can produce from flushes,
cesspools, dishwashers, washing machines, barrels and showers, etc. The treated
wastewater or also called effluent is discharged into an entering water body. The
terms “wastewater exercise” and “water recovery” apply if the treated waste is used
for other purposes. In developing countries and sparsely populated pastoral areas,
wastewater is frequently treated by colourful on-point sanitation systems, including
septic tanks connected to drainage fields, on-point sewage systems (OSS), fungicide
pollutants, etc. Marketable wastewater comes from non-domestic sources, similar as
beauty salons, taxidermy, cabinetwork finishing, musical instrument cleaning or bus
body form shops. This wastewater may contain dangerous accoutrements and bear
special treatment or disposal.

9.2.1 Types of Wastewater

Wastewater entering a wastewater treatment factory is occasionally called raw
wastewater or raw sewage.

Wastewater is divided into two orders, depending on the source.

1. Gray water—Gray water comes from showers, bathrooms, hot barrels, washing
machines, dishwashers and sinks other than the kitchen Gomorrah.

2. Black water—Black water comes from toilets and kitchen cesspools.

9.2.2 Microbial Contaminants in Wastewater

Bacteria with in soil and water absorb organic waste from sewage and use it as food
and energy to grow quickly. Aerobic bacteria consume organic waste and produce
sludge from new bacterial cells and dissolved saline waste in a natural aquatic envi-
ronment where a significant amount of oxygen dissolves in water. Anaerobic bacteria
break decompose organic waste in undiluted wastewater and produce foul-smelling
gases such hydrogen sulphide. Gases such as methane and carbon dioxide can also
be generated in their natural state. This is a significant amount of water that has been
wasted; all oxygen has been used, and anaerobic bacteria had taken over the water,
contaminating it and represent a threat to fish and other oxygen-dependent species.
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9.2.3 Sources of Generation of Wastewater

The composition of liquid waste, also called wastewater, is very varied and depends
mainly on its origin. In cities, the three main sources are residential, commercial and
industrial areas (Abdel-Shafy and Mansour 2018). Water used in toilets, showers,
bathrooms, kitchen sinks and laundry rooms in homes andoffices is domesticwastew-
ater. Industrial operations such as food processing or metal refining are industrial or
commercial waste. This includes liquid wastes from any process (for example, water
used to coolmachines or clean factories and equipment).Rainwater, a formof sewage,
is the runoff that flows to and fromurban areas such as rooftops, parks, gardens, roads,
paths and gutters into storm sewers after the rain. Household wastewater comes from
various activities such as washing, using the toilet, bathing, food preparation and
laundry, etc. Commercial wastewater is discharged from non-domestic sources. The
origin of industrial wastewater is industrial and its composition varies according to
the type of industry. This type of wastewater is also released from some commercial
manufacturing processes such as agriculture and is generally more difficult to treat
than household waste.

1. Liquid wastes from Residential areas
Domestic sewage is a term used in urban areas to describe liquidwaste from resi-
dential areas. This wastewater is generated by our daily activities and includes
wastewater from food preparation, washing, bathing and toilet use.

2. Liquid wastes from Commercial areas
Wastewater from commercial areas, such as businesses, shops, outdoor markets,
restaurants and cafes Restaurant and cafe effluents can contain high levels of
cooking oil, but this can be avoided by installing a grease trap in the drain pipes.

3. Liquid wastes from Industrial areas
Liquidwaste that is generated in industrial areas by processing ormanufacturing
industries and also service industries such as auto repair shops. The composition
of wastes which can be hazardous and therefore potentially harmful is defined
by the type of industry. The presence of hazardous materials (e.g., food waste,
packaged products, disposable electronics, used) and commercial and industrial
waste (e.g., demolition debris, waste incineration, sludge refinery).

9.2.4 The Problem Caused by Wastewater

The degradation of the receiving surface water body is caused by the low quality of
wastewater effluent. To eliminate health concerns to users of surface water resources
and the aquatic ecology, wastewater effluents must be treated adequately. The envi-
ronment and human health are both harmed when raw and poorly treated wastewater
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is discharged into waterways. As a result, proper enforcement of water and environ-
mental laws is required to preserve the health of residents in both rural and urban
areas. Waste can result in a variety of issues, all of which can have a severe influ-
ence on people’s health and well-being, as well as the environment. These can be a
dangerous source of information.

9.2.5 Environmental and Human Health Effects

Polluted water is one of the biggest problems in wastewater treatment caused by
pathogens in the wastewater. If not managed properly, pathogens can contaminate
surface and ground water and contaminated drinking water can cause many diseases
(Choudri et al. 2018). It is about taking care of the environment and our health.
There are numerous reasons why maintaining clean water is a key responsibility.
Clean water is essential for aquatic plants and animals. It is critical for fishing, sport
hunters and the future of the sport. Our rivers and oceans are teeming with life, and
they rely on the coasts, beaches and salt marshes for survival. Hundreds of fish and
other aquatic life rely on them because of survival. Migrants use these sites as rest
and feeding areas. Water is a wonderful place for every one of us since it provides
a tranquil environment and a high quality of life. Many individuals choose to reside
here because of the beauty and recreational appeal of our waters. Water can spread
disease if it is not properly controlled.Wastewater treatment has the potential to harm
the environment as well as human health.

Plants are unlikely to absorb sufficient amounts of harmful substances. For
consumers and are toxic to plants long before reaching levels toxic to humans.
The negative effects are related to the presence of pathogens and toxic chemi-
cals in the wastewater Irrigation with wastewater will lead to many potential risks
to human health, as it will be threatened by ingestion or exposure to pathogenic
microorganisms, heavy metals and organic chemicals.

9.3 Wastewater Management and Challenges

The degradation of the receiving surface water body is caused by the poor quality of
wastewater effluent. To avoid health risks to users of surface water resources and the
aquatic ecosystem, wastewater effluents must be effectively treated. The discharge
of raw and poorly treated wastewater into waterways has both short- and long-term
environmental and human health consequences. As a result, adequate enforcement of
water and environmental laws is required to protect the health of residents of rural and
urban communities. Waste can cause a variety of issues that have a negative impact
on people’s and the environment’s health and well-being. Cities around the world
are facing great challenges due to increasing urbanization and one of the biggest
challenges is the increasing amount of garbage and waste generated due to the high
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demand for food and other products (Singh et al. 2017). Public trash cans are filling up
faster than ever and inevitably many trash cans end up overflowing before collection,
not only causing congested streets and bad smells, but also negative impacts on health
and the environment.

9.3.1 Bioremediation and Control

Bioremediation is a process that uses environmental conditions to stimulate the
growth of microorganisms in order to degrade target pollutants and treat contam-
inated media such as water, soil and subsoil materials. It is a biological treatment
that is less expensive and more environmentally friendly than other sanitation alter-
natives for waste treatment, such as sewage, industrial waste and solid waste. The
microbial degradation of organic substances into inorganic substances accounts for a
large portion of water bioremediation. Mercury is used in industry in the production
of batteries as an active ingredient in some pesticides. It is highly toxic because it
accumulates in living tissue.

9.3.2 Nanobioremediation

Poor waste product effluent quality is to blame for the degradation of the receiving
surface water body. Waste product effluents should be effectively treated to avoid
health risks to users of surface water resources and, as a result, the aquatic ecosystem.
The discharge of raw and poorly treated wastewater into waterways has both imme-
diate and long-term effects on the environment and human health. As a result,
adequate social control of water and environmental laws are required to protect
the health of residents of rural and urban communities. Waste can cause a variety of
problems that can have a negative impact on people’s health and well-being, as well
as the environment. Excretory product has long been harmful to our environment.
Humans generate an excessive amount of waste and can’t manage it during a property
manner. Waste that’s not perishable and cannot be properly recycled, they fill our
oceans and landfills take waste plastic (Figs. 9.1, 9.2, 9.3) Table 9.1.

9.3.3 Nanobiotechnology

Regarding nanotechnology, physicists, chemists and biologists work in the field of
nanobiotechnology (also known as bionanotechnology, biomedical nanotechnology
or nanomedicine), which employs biological raw materials, biological design prin-
ciples, or has biological or medical applications. This discipline may represent a
synthesis of biological research and various fields of nanotechnology. Nanobiology
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Fig. 9.1 Different types and classes of nanoparticles

has improved concepts such as nanodevices (such as biological machines), nanopar-
ticles and nanoscale phenomena that occur in the discipline of nanotechnology. This
technical approach to biology enables scientists to imagine and build usable biolog-
ical research systems. Nanoscience is the study of materials found at the nanometric
scale. The conversion of any material to the nanometric scale leads to the alteration
of its physicochemical, biological, mechanical, optical, electronic properties, etc.
These (new) material properties acquired through conversion to the nanoscale can
be used for several useful activities. Therefore, it is an enabling technology, relevant
to different sectors, such as chemicals, consumer products, health, energy, various
other sectors and the environment.

9.3.4 Nanotechnology

Nanotechnology is the study, engineering and application of science, engineering and
technology at the nanoscale, including imaging,measurement, modelling andmanip-
ulation of matter at this length scale. Nanotechnology is all about understanding and
controlling matter at the nanoscale. At the nanoscale, unique phenomena can give
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Fig. 9.2 Nanoparticle diversity and its manipulability as enumerated in the block diagram

Fig. 9.3 Versatile applications of nanoparticles in agriculture and environmental clean up
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Table 9.1 Various pollutants remediated by iron nanoparticles

Carbon tetrachloride Chrysoidine Cis-Dichloroethene

Chloroform Tropacolin Trans-Dichloroethene

Dichloromethane Acid orange 1,1-Dichloroethane

Hexachlorobenzene Mercury PCBs

Pentachlorobenzene Nickel Dioxins

Tetrachlorobenzenes Silver Pentachlorophenol

Dichlorobenzens Bromoform TNT

Chlorobenzens Dibromochloromethane Dichromate

DDT Dibromochloromethane Arsenic

Lindane Tetrachloroethene Perchlorate

Orange II Trichloroethane Nitrate

Chloromethane Acid red Vinyl chloride

Trichlorobenzene Cadmium NDMA

rise to new applications. The fact that material properties can differ at the nanoscale
is at the heart of nanotechnology. There are two main reasons for this: For starters,
nanomaterials have a relatively large surface area when compared to materials of
comparable quality produced in a larger form. Materials that are more chemically
reactive (in some cases, larger forms of inert materials become reactive when trans-
formed into nanoscale forms) and have an effect on resistance or electrical properties.
Second, so-called quantum effects may begin to dominate matter’s behaviour at the
nanoscale, particularly at lower levels and affect materials’ optical, electrical and
magnetic properties.

9.3.5 Nanoparticles

Nanoparticles (NPs) are extremely small materials with diameters ranging from 1 to
100 nm. They are classified into various classes based on their properties, shapes and
sizes. Fullerenes, metallic NPs, ceramic NPs and polymer NPs are among the various
groups. Because of their large surface area and nanometric size, nanoparticles have
physical and chemical properties. Their optical properties have been reported to be
size dependent, resulting in different colours due to absorption in the visible region.
Their unique size, shape and structure also influence their reactivity, toughness and
other properties. Because of these characteristics, they are suitable candidates for a
wide range of commercial and industrial applications.

NNs provide performance high in wastewater treatment with a primary applica-
tion of adsorption (Li et al. 2005), membranes andmembrane processes (Diagne et al.
2012), photocatalyst, disinfection and microbial control, detection and monitoring
(Tanvir et al. 2012). Considering that the increase in nanoparticles will find a final
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path in wastewater treatment plants, some researchers have expressed their concern
about the possible influence on the elimination process (Wang et al. 2016). For scien-
tific recommendations, a quantitative and qualitative assessment of the role of NNs in
wastewater treatment is required. Liu et al. (2018) investigated the impact of wastew-
ater (WE) containing old agricultural nanoparticles (NPs). Nanotechnologies have
the potential to effectively eliminate pollutants and germs in the field of water purifi-
cation (Crane and Scott 2012). Metals (e.g. cadmium, copper, lead, mercury, nickel,
zinc), nutrients (e.g. phosphate, ammonia, nitrates and nitrites), cyanide, organic
substances, algae (e.g. cyanobacterial toxins), viruses and bacteria are all examples
of nanoparticles, nanomembranes and nanopowders used for chemical and biological
detection and removal.

9.3.6 Nanotechnology and the Future of Advanced Materials

The current and future development of a large number of nanomaterials is the founda-
tion for future nanotechnology products. The development of a diverse range of nano-
materials will result in a completely newmethod of producing materials and devices.
Essentially, it will have an impact on every aspect of our lives. Faster computers,
advanced drugs, controlled drug delivery; biocompatible materials, nerve and tissue
repair, anti-cracking surface coatings, improved skin care and protection, more effi-
cient catalysts and smaller sensors are all on the horizon. Most current applications
of nanomaterials, such as nanocomposites, nanoclays, nanocoatings, nanostructured
surfaces and nanolubricants, are extensions of existing technology (Xiao et al. 2009).

9.4 Applications of Nanotechnology

Besides the application of the aforementioned nanotechnology to environmental
biotechnology, innovations may also emerge in other areas where nanotechnology is
developing rapidly, such as medical nanotechnology. The functionalization of nanos-
tructureswith biomolecules is afield of research.Biotechnology can also help provide
environmental methods for the functionalization of nanoparticles. Nanotechnology
applications typically combine industrial, medicinal and energy applications. More
durable building materials, therapeutic drug delivery and environmentally friendly
high density hydrogen fuel cells are among them (Khan et al. 2019). Nanoparticles
and nanodevices have found applications in nanoscale electronics, cancer treatments,
vaccines, hydrogen fuel cells and nanobatteries due to their versatility in modi-
fying their properties. Nanotechnology advancements have transformed a variety
of scientific and industrial fields, including the food industry (Rizwan et al. 2014).
Nanotechnology applications have emerged in response to the growing demand for
nanoparticles in various fields of food science and food microbiology.
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The following is a list of some of the applications of nanoparticles in biology and
medicine:

1. Tissue engineering is number one
2. Thermotherapy-assisted tumour elimination (hyperthermia)
3. Biological molecule and cell separation and purification
4. Enhancement of MRI contrast
5. Phagokinetic research
6. Biological markers that glow in the dark
7. Delivery of drugs and genes
8. Examining the structure of DNA
9. Pathogen bio detection
10. Protein Detection is number ten on the list.

9.5 Future Aspects of Nanotechnology Advancement
and Its Scope

Nanotechnologies utilized in bioremediation procedures are projected to spur tech-
nological advancements in developed and developing countries, improving envi-
ronmental quality. The mechanisms of decontamination and sanitation have been
the subject of extensive research. Furthermore, the worldwide nanotechnology and
bioremediation markets are predicted to expand and develop new niches in order
to promote not only environmental but also human well-being (Grandclement et al.
2017). Nanotechnology can help to improve the efficiency with which contaminants
are removed (Cecchin et al. 2017). Nanomaterials have both physical and chemical
properties, and as a result, have gotten a lot of attention.

9.6 Discussion and Conclusion

Wastewater is wastewater that has had its physical, chemical or biological quali-
ties altered as a result of the absorption of certain compounds, making it unsafe
for specific purposes. Ingestion or physical contact with water contaminated with
human, chemical or industrial wastes can induce a range of ailments, including
dengue fever, filariasis, malaria, onchocerciasis, trypanosomiasis and yellow fever.
The impact on development and on the community is greater. Most homes and busi-
nesses send their wastewater to a wastewater treatment plant where many pollutants
are removed from the water. Wastewater contains nitrogen and phosphorus from
human waste, food and some soaps and detergents, as well as federal authorities;
it is typically discharged into a local body of water, where it can pollute the envi-
ronment with nitrogen and phosphorus. Depending on their technology and how
they treat wastewater, some treatment plants are able to remove more nitrogen and
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phosphorus from drains than others. When compared to plants employing tradi-
tional treatment methods, improved treatment systems allow some treatment plants
to produce drainage with less nitrogen. Physics, chemical and biological processes
and rules of economicmanagement ofwastewater fromdifferent sources.Wastewater
comes from the processes of normal bathroom, toilet, laundry, kitchen utensils, etc.
Wastewater generally contains a variety of pollutants and pollutants such as Chrome,
zinc and lead) pathogens (such as viruses, bacteria, worms and protozoa) phytonu-
trients (such as nitrogen, potassium and phosphorus) organic pollutants (such as
pesticides, PCBs, biodegradable and polycyclic aromatic hydrocarbons) micropol-
lutants (such as cosmetics, pharmaceuticals and detergents). All of the above quality
issues can cause environmental and health issues and ultimately has an economic
impact on society. Wastewater treatment is an important part of water conservation.
Although natural factors influence water quality, the term “pollution” often refers
to human activity. Water pollution is mostly produced by the discharge of contam-
inated wastewater into surface or subsurface water and wastewater treatment is an
important aspect of water pollution mitigation. Nanotechnology’s functional aspect
(NBT) strives to either improve the performance ofmaterials orminimize the amount
of materials utilized for this purpose. Treatment and cleanup, as well as pollution
detection and prevention, are among its possible environmental attributes.
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Chapter 10
Nano-Engineered Gold Particles
for Pesticide Mineralization
in Contaminated Water

Puja Goel and Manju Arora

Abstract The remediation of pesticides from water is a very challenging problem
to render sustainable agriculture and ecosystem. Extensive work has been reported
on the usage of biocompatible engineered nanoparticles (NPs) for the mineraliza-
tion/degradation of pesticides in polluted water. This chapter highlights the present
status and future of the biocompatible nano-engineered Gold particles (Au NPs) for
pesticides mineralization in contaminated water. Synthesis of Au NPs by various
physical and chemical routes, characterization of Au NPs by different analytical
techniques and degradation/mineralization mechanism in terms of the photocatalytic
activity of Au NPs at ambient conditions have also been described. As a case study,
degradation pathway of organochlorine pesticide endosulfan (ES) using Au NPs is
discussed. The adsorption of ES onAuNPs brings visible change in colloidal solution
coloration fromdeep purplish pink to blue owing to theAuNPs aggregates formation.
The conformation of the included guest molecule, the nature of the host–guest and
guest–guest interactions (e.g., hydrogen bonding/hydrophobic groups) and the role
of reorganization of Au NPs are observed through FTIR spectroscopic analysis and
a mechanism of the mineralization of ES molecules into non-toxic reaction products
is also proposed.

10.1 Introduction

Water covers over 70% of the Earth’s surface and acts as a very important life
sustaining resource for all inhabitants and the environment. Water pollution affects
drinking water, rivers, lakes and oceans all over the world which consequently harms
human health as well as natural environment. India possesses 2.45% of land, 4% of
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water resources with ~17.7% of world population as per United Nations 2020 data
survey. 2010 Central Water Commission (CWC), India projected a demand of 688
billion cubic meter (BCM) of water in agriculture sector and 56 BCM, 12 BCM, 5
BCM and 52 BCM for different sectors like: drinking water, industry, energy and
other fields, respectively. Owing to the huge population, urbanization and industrial
growth, this demand may further rise to (910, 1072) BCM, (73, 102) BCM, (23,
63) BCM, (15, 130) BCM, (72, 80) BCM by (2025, 2050) (CWC 2010). Contrary
to this, availability of fresh water all over India has been drastically reduced due to
irregular and less rainfall during monsoon season which causes drying of natural
water resources like ponds, lakes, rivers, etc. In addition to this, availability of fresh
water further fell off owing to severe water pollution caused by the dissolution of
harmful chemicals discharged from industries and agriculture fields during irrigation,
washing or field processing directly into river, lake, ocean and natural or man-made
reservoirs. The consumption of such contaminated water is the root cause of many
deadly diseases not only in human being but in land-dwelling animals and aquatic
life forms as well. Considering the gravity of situation, Government of India has
also initiated a water mission aiming to provide fresh potable drinking water to all
by focusing on various aspects such as treatment of waste water before disposal
to nearby water resources, water management, in addition to formulating the laws
and regulations to prevent groundwater contamination. Although the contamination
stems from both point and nonpoint sources, the present status revealed that most
of the water sources nearby cities and urban areas are polluted by garbage and
direct dumping of chemicals devoid of any pre-treatment, either legally or illegally.
The introduction of nanotechnology may represent a significant advancement in
catering efficient and cost-effective water remediation technologies, and therefore
the development of suitable nano-engineered bio materials may be considered as a
logical next step across the water industry for potential remedial applications.

10.2 Nanomaterials Used for Pesticide Degradation

The nanomaterials exhibit unique mechanical, electrical, optical and magnetic prop-
erties as compared to their bulk analogues depending upon their size andmorphology.
The high surface area to volume ratio provides more active sites on surface. Their
catalysis/photocatalysis, adsorption and high reactivity properties are exploited in
chemical synthesis and degradation reactions (Parmon 2008; Liang et al. 2012;
Kusior et al. 2013; Bujoli et al. 2006). The nanomaterials are successfully used for
the removal of heavy metals (Khin et al. 2012), organic pollutants (dyes and pesti-
cides) (Yan et al. 2015) and bacteria/microbes (Kalhapure et al. 2015; Borrego et al.
2016) from contaminated water. The zero-valent metal nanoparticles (Ag, Fe, Al,
Ni, Zn and Au), metal oxides nanoparticles (TiO2, ZnO, Fe3O4, γ-Fe2O4, α-Fe2O3),
carbon-based materials like activated carbon (AC), carbon fibers (CF), carbon gran-
ules, carbon dots, single wall and multi-wall carbon nanotubes (SWCNTs and
MWCNTs), graphene(graphene oxide [GO] and reduced graphene oxide [RGO]),
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nano porous carbon and nanocomposites consisting of either carbon based mate-
rials with zero valent nanometals/metal oxides or with nanoparticles dispersed in
metal oxide matrix/organic polymeric membrane, etc., have been used for pesticides
detection and degradation.

The small size, large surface area and high extinction coefficient properties of pure
and surface-modified Ag and Au NPs-based colorimetric sensors have been used for
the detection of residual pesticides (Thakur et al. 2018; Al-Zubaidi et al. 2021; Unser
et al. 2015; Singh 2016; Li et al. 2014) present in fruits, food and water. W.Wei et. al.
investigated AgNPs/Nanowires (NWs) embedded into polydimethylsiloxane for on-
site detection of thiram pesticide residues on plant leaf surface by Surface-Enhanced
Raman Scattering (SERS) technique (Wei et al. 2018). While, D. Xiong and H. Li
(2008) reported theColorimetric detection of iprodione, pyrimethanil, thiabendazole,
optunal, parathion-methyl, methomyl and acetamiprid pesticides based on calixarene
modified silver nanoparticles in water.

Fe, Al and Ni NPs (Rivero-Huguet and Marshall 2009; Fu et al. 2014; Wang
et al. 2013) are also used in contaminated water treatment owing to their reducing
capability. Al NPs are very unstable in the aqueous medium and they immediately
form oxides/hydroxides layer on the surface which obstruct electron transfer from
metal surface to contaminants for degradation (Rivero-Huguet and Marshall 2009).
Although, Fe and Zn both are better reducing agents for many hazardous contami-
nants, Fe0 has disadvantages of aggregation, oxidation and separation difficulty from
the degraded solution (Fu et al. 2014; Wang et al. 2013; Stefaniuk et al. 2016; Lv
et al. 2014; Bokare et al. 2013; Tratnyek et al. 2010) whereas Zn NPs are strong
reductant and degrades contaminants faster than Fe0. These are used in dehalogena-
tion reaction of CCl4 and octachlorodibenzo-p-dioxin (OCDD) in water. Zn NPs are
sensitive to solution chemistry rather than on particle size or surface morphology
(Tratnyek et al. 2010).

10.2.1 Gold Nanoparticles (Au NPs)

The biocompatible, stable Au NPs colloidal solutions can be easily obtained by
capping their surface with organic and biomolecular surfactants. Federal Drug
Administration (FDA) has approved its application for diagnostic and clinical
purposes. Au NPs may acquire different shapes like spherical, rod, wire, triangular,
octahedral, tetrahedral, cubes, pyramids, flower, branches and cage morphological
shapes (Xiao et al. 2019; Chen et al. 2008a, b; Grzelczak et al. 2008; Sau andMurphy
2004). The color of spherical-shaped Au NPs aqueous suspension varies from brown
to orange to red to purple with increase in particle size from 3 nm to 100 nm. Another
very important size dependent optical property of Au NPs is correlated to surface
plasmon resonance (SPR) absorption peak which appears in 500–550 nm region.
SPR transition occurs when oscillating electric field of electromagnetic radiation
interact with a large number of easily polarizable conduction electrons of Au NPs
for a collective electron charge oscillation which is in resonance with the frequency
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of incident radiation. These transitions are obtained in Au NPs with size more than
2 nm and sensitive to shape, solvent, surfactant, core/surface charge, ambient condi-
tions as well as their concentration in dispersedmedium. The agglomerated/clustered
nanoparticles exhibit red shift in absorption frequency and broadening of SPR signal.

Au NPs play a very vital role in photocatalytic degradation/mineralization of
pesticides. This process undergoes in normal sunlight: Au NPs produce hot elec-
trons for the degradation/mineralization of pesticide molecules adsorbed at their
surface (Mills and Le Hunte 1997; Castello 2009) into non-toxic products through
chemical redox reactions initiated by the reactive oxygen species (ROS). Recently,
photocatalysis is found to be one of the best alternative processes for water decon-
tamination as compared to other physical, chemical, biological and sludge methods
(Castello 2009).

10.3 Synthesis of Au NPs

Au NPs are synthesized by both “top-down” through physical methods viz. ball
milling, sputtering,micro-patterning (Chen et al. 2009), lithography (Yun et al. 2006),
pyrolysis (Li et al. 2004), thermolysis (Leff et al. 1995; Tao et al. 2008), laser ablation
methods (Sanabria-cala et al. 2018;Wang et al. 2008), ion implantation (Abedini et al.
2013;Misra et al. 2012),microwave radiation (Gangapuram et al. 2018) and “bottom-
up” by chemical methods as per application demand. The “bottom-up” techniques
involve chemical methods like Turkevich (Turkevich et al. 1951; Frens 1973; Chow
and Zukoski 1994; Ojea–Jiménez et al. 2011; Zhao et al. 2013), Brust-Schiffrin
(Brust et al. 1994; Hostetler et al. 1998; Goulet and Lennox 2010; Yee et al. 1999;
Sardar and Shumaker-Parry 2009), electrochemical (Song et al. 2013; Huang et al.
2006), seed growth (Ziegler and Eychm ller 2011; Nikoobakht and El-Sayed 2003;
Ye et al. 2013), polymers and biomolecules (Jeon et al. 2011; Sakai and Alexandridis
2005; Richardson et al. 2006; Sardar et al. 2007), ultrasound assisted (Okitsu et al.
2001; Jiang et al. 2004), green chemistry (Iravani 2011; Muralikrishna et al. 2014;
Rajeshkumar et al. 2013; Sujitha and Kannan 2013) and place exchange method for
Au NPs monolayer formation (Templeton et al. 1998; Hostetler et al. 1999). In the
case study discussed in upcoming section,AuNPs used for degradation of endosulfan
pesticide were synthesized by Turkevich method.

10.4 Characterization of Au NPs by Different Techniques

Au NPs are characterized by X-ray diffraction (XRD) (Vasanthi Bathrinarayanan
et al. 2013), small-angle X-ray scattering (SAXS) (Allec et al. 2015), Fourier trans-
form infrared spectroscopy (FT-IR) (Lin Vien et al. 1991; Silverstein et al. 2014;
Goel and Arora 2018, 2020a, b, 2021), electron microscopic techniques (Allec et al.
2015; Goel andArora 2018, 2020a, b, 2021; Khanna et al. 2019; Lapresta–Fernández



10 Nano-Engineered Gold Particles … 231

et al. 2014; Rao et al. 2007; Darwich et al. 2011) like scanning electron microscopy
(SEM) with EDX accessory (Khanna et al. 2019; Lapresta–Fernández et al. 2014),
transmission electron microscopy (TEM) (Allec et al. 2015; Goel and Arora 2018,
2020a, b, 2021; Khanna et al. 2019; Lapresta–Fernández et al. 2014; Rao et al. 2007;
Darwich et al. 2011), high-resolution transmission electron microscopy (HRTEM)
(Khanna et al. 2019), and atomic force microscopy (AFM) (Rao et al. 2007; Darwich
et al. 2011), dynamic light scattering (DLS) (Jans et al. 2009), visual colorimetry
(Ramalingam 2019), UV-Visible spectroscopy (UV-Vis) technique in 500–900 nm
region (Goel and Arora 2018, 2020a, b, 2021; Roduner 2006; Ray et al. 2015; Shukla
and Iravani 2017; Amendola et al. 2017; Zuber et al. 2016), Mass spectroscopy (MS)
(Harkness et al. 2010), Inductively coupled plasma-mass spectrometry (ICP -MS)
(Trapiella-Alfonso et al. 2014), Nuclearmagnetic resonance (NMR) (Guo andYarger
2018) techniques to confirm their formation, particle size, shape, morphology and
degradation/mineralization reaction products.

10.5 Pesticides

Pesticides are basically hazardous organic compounds or mixtures of compounds
which are used by farmers on agriculture fields, forestry and horticulture to protect
crop from pests, weeds, insects and diseases. They are categorized as insecticides,
fungicides, herbicides, rodenticides, algaecides and plant growth regulators as per
their specific application used for the control/remediation of insects, fungus, weed,
rodents, algae and reproduction of insects in plants, respectively (World Health
Organization 1990; Alewu and Nosiri 2011; NSW EPA 2013). Organochloro (OC),
organophosphates (OC), carbamates (CB), pyrethroids (PT), triazines (TZ) and neon-
icotinoids (NN) pesticides are generally used in agriculture fields all over the world
by farmers. The excessive application of pesticides raised alarming health and envi-
ronmental issues (World Health Organization 1990; Alewu and Nosiri 2011; NSW
EPA 2013; Hayes et al. 2006; Goulson 2014). Their residues are found in many daily
use food products and beverages like instant cooked meals, water, wine, fruit juices,
refreshments and domestic animals fodder/livestock, etc. (Cabras and Angioni 2000;
Burnett andWelford 2007; Nag and Raikwar 2011). Pesticides residues are also diag-
nosed in human breast milk samples which affects children health also (Chourasiya
et al. 2015; Lu et al. 2015; Eskenazi et al. 1999; Jaeger et al. 1999). Human beings are
also exposed to pesticides through skin contact, ingestion or inhalatsion. The type of
pesticide, direct or indirect exposure, daily, regularly or irregularly, its duration and
the individual body immunity are some factors which decide the effect of pesticides
on the human or animal health. They cause dermal, gastrointestinal, carcinogenic,
nervous, cardiac, respiratory, reproductive and endocrine systems related problems
in human beings (World Health Organization 1990; Alewu andNosiri 2011; Bretveld
et al. 2006; Bassil et al. 2007; Hoppin et al. 2008; Mostafalou and Abdollahi 2013;
Gunnell et al. 2007) and excessive exposure may be fatal also (World Health Orga-
nization 1990; Gunnell et al. 2007). Hence considering the severity of problem, the
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environment protection agencies have recommended the ban of many toxic pesti-
cides in agriculture for better life to existing and forthcoming generations on earth
as well as in aquatic and marine water.

10.6 Degradation/Mineralization of Endosulfan Pesticide
(ESP) by Au NPs

10.6.1 Literature Review

In this section, the work done by the authors for the mineralization of different
concentrations ESP solution with Au NPs is presented. Earlier work carried out on
the degradation/mineralization of ESP by different workers is briefly reviewed. Two
mechanisms are proposed for ESP degradation/mineralization: (i) oxidation and (ii)
hydrolysis reactions initiated by biological or chemical entities. ESP is degraded to
toxic endosulfan sulfate (very long life) in the soil and less toxic endosulfan diol
through oxidation and hydrolysis reactions by Phanerochaete chrysosporium (Kim
et al. 2001) fungi microorganisms. While, Mucor thermohyalospora MTCC 1384
(Shetty et al. 2000), and Trichoderma harzianum (Katayama and Matsumura 1993)
form intermediate Endosulfan diolwhich then converts into endosulfan ether to endo-
sulfan hydroxyl ether to endosulfan dialdehyde and finally to less toxic endosulfan
lactone (Martens 1977; Guerin andKennedy 1992; Guerin 1999). Natural adsorbents
such as sediments are also used to adsorb pesticides on their surface from contami-
nated water during treatment process. In chemical process, different nano and bulk
materials have been used for the hydrolysis, oxidation and reduction of ESP into less
toxic or non-toxic reaction products.

Au NPs as photocatalyst initiate oxidation (Chen et al. 2008a, b; Hallett-Tapley
et al. 2011; Christopher et al. 2011; Wee et al. 2012; Huang et al. 2014; Xiao et al.
2015), reduction (Zhu et al. 2010; Padilla et al. 2017; Zheng et al. 2014) and degrada-
tion (Adleman et al. 2009; Bakhtiari et al. 2009; Fasciani et al. 2011;Mukherjee et al.
2014) chemical reactions. The photocatalytic activity of plasmonicAuNPs causes (a)
near field enhancement, in which excited light intensity increases drastically around
the particles for improving the linear and nonlinear absorption efficiencies of nearby
photo active reagents, (b) the photothermal effect (Adleman et al. 2009; Bakhtiari
et al. 2009; Fasciani et al. 2011), i.e., the conversion of light energy into heat energy
for thermally induced chemical reactions and (c) the generation of hot electrons
(Mukherjee et al. 2014) which are transferred to surrounding adsorbed molecules
(in the present case ESP molecules adsorbed at the surface of Au NPs) to facilitate
redox reactions for the degradation/mineralization of adsorbed pesticide molecules.
These reaction mechanisms have a common feature of localization and feasible only
in nanoscale materials to capture maximum optimal photocatalytic efficiencies.

In the colloidal Au NPs, the pesticide molecules adsorb on their surface through
functional groupswith lonepair of electrons for catalytic reduction. In addition to this,
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these NPs can be further embraced in fabricating highly selective nano-sensors for
exquisite field detection of environmental contaminants. D. Du et al. developed CdTe
quantum dots and Au NPs modified chitosan microspheres interface based acetyl-
cholinesterase biosensor with improved detection sensitivity of thiocholine through
enhanced electron transfer process catalyzed by electro-oxidation reaction (Du et al.
2008a) and another electrochemical biosensor based on colloidal Au NPs modified
sol-gel interface for the detection of monocrotophos, carbaryl and methyl parathion
(Du et al. 2008b) pesticides. S. Anandhakumar et al. reported the non-enzymatic
detection of methyl parathion pesticide using gold atomic cluster modified electrode
by employing square wave voltammetry (Anandhakumar et al. 2014). A. Sreeku-
maran et al. demonstrated the use of Au NPs and silver NPs in the detection and
removal of OC pesticide, endosulfan by spectrophotometry (Sreekumaran Nair et al.
2003; Sreekumaran Nair and Pradeep 2003) on the basis of adsorption of complex
halocarbons on the nanoparticle surface and shift in the plasmon excitation wave-
length. These studies demonstrated the successful use of noble metal nanoparticles
and their nanocomposites in sensing and removal of pesticides from the soil and
natural resources. However, limited information is available on the structural and
morphological changes taking place during pesticide degradation reaction.

Nowadays, the electrochemical, optical, Infrared, piezoelectric and mechanical
signal-based biosensing analytical techniques (Sassolas et al. 2012; Andreescu and
Marty 2006; Luque de Castro and Herrera 2003; Jaffrezic-Renault 2001) have been
widely used for the pesticides characterization as compared to conventional chro-
matography techniques (Sancho et al. 2006; van der Hoff and van Zoonen 1999;
Balinova 1996). In lieu of this fact, transmission electron microscopy (TEM), non-
destructive infrared (IR) transmittance and UV-Vis spectroscopy techniques have
been used to investigate the final products obtained after degradation of ESP and the
variations in clustered Au NPs into different small and big size-shaped ensembles
like rods, petals and floral patterns in the present case.

10.6.2 Synthesis and Measurements

10.6.2.1 Materials Used in Au NPs Synthesis and ESP Solutions
Preparation

For the synthesis of gold nanoparticles (Au NPs), analytical grade CDH
make tetrachloro auric acid (HAuCl4.3H2O, 2% w/v), Sodium Citrate Solution
(C6H5Na3O7.2H2O, 3%w/v) were used without further purification. Technical grade
endosulfan flakes and 2-Propanol (HPLC and Spectroscopy grade) were mixed in
stoichiometric ratio to obtain 20 ml of each 1 ppm, 2 ppm, 5 ppm, 10 ppm, 20 ppm,
50 ppm and 100 ppm endosulfan solutions.
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10.6.2.2 Synthesis of Au NPs by Citrate Route

The colloidal solution of Au NPs was synthesized by the reduction of tetra-chloro
auric acid (TCAA) through citrate reduction method as reported by Turkevich et al.
(1951). For 150 ml of colloidal Au NPs synthesis, 0.5 mM TCAA and 38.8 mM
sodium citrate solutions were obtained by gradually diluting 1.275 ml of TCAA and
4.5 ml sodium citrate solutions with double distilled water up to 150 ml and 15 ml,
respectively. The magnetically stirred TCAA solution was heated at 180 °C on hot
plate, then 15 ml solution of diluted sodium citrate solution was quickly added to it.
The resulting solution turned slightly bluish after 5 min of this reaction and at the
end of the reduction process (~20 min), Au NPs colloidal solution of wine red color
was obtained.

10.6.2.3 Analytical Techniques Used for Characterization

TEM images recorded on JEOL-JEM (1011) microscope have been used to char-
acterize shape, and size of synthesized Au NPs. For case studies, the samples were
prepared in three different batches to analyze the reaction of ESP and Au NPs: (a)
5 ml of 1 ppm ES solution reacted with (0.125 ml, 0.25 ml, 0.5 ml) Au NPs solution
(b) 5 ml each of (1 ppm to 100 ppm) ES solutions reacted with 0.5 ml Au NPs
solution and (c) 5 ml of 100 ppm ES solution reacted with variable volume of Au
NPs solution in 0.1 ml to 5 ml range.

IR transmittance spectra of pure ESP, Au NPs and Au NPs treated ES solutions
were recorded in 4000–500 cm−1 region by ALPHA T (Bruker make) Fourier trans-
form infrared (FTIR) spectrophotometer. UV-Vis absorption spectra of pure and
treated samples were recorded in 200 nm–800 nm range on Shimadzu make UV-Vis
spectrometer (Model: UV-2401 PV).

10.6.3 Results and Discussion

10.6.3.1 TEM Analysis of Synthesized Au NPs

TEM images of Au NPs were recorded after drying a small amount of colloidal
Au NPs solution on a carbon coated copper grid. Figure 10.1 (a) shows randomly
distributed, uniform spherical-shaped well separated Au NPs with narrow size vari-
ations in the range of ~8.7 ± 0.17 nm. The size distribution was estimated from
large number of nanoparticles captured in different TEM images and presented as
histogram in Fig. 10.1 (b). This can be well fitted by the following log normal
distribution function (Bootharaju and Pradeep 2012)
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Fig. 10.1 (a) TEM image of GNPs and (b) Particle size distribution histogram (mean particle size
8.7 ± 0.17 nm)
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where “w” represents the standard deviation and “xc” is the mean particle size with
a fitted value of 0.17 nm and 8.7 nm, respectively

10.6.3.2 FTIR Analysis of Au NPs, ES and Au NPs Treated Final
Solutions of ES Pesticide

The non-destructive infrared spectroscopy has been used for drawing information
about the structural details by the assignment of peaks pertaining to different bonding
groups present in the materials (Lin Vien et al. 1991; Silverstein et al. 2014; Goel
and Arora 2018, 2020a, b, 2021). In this work, Au NPs, ES pesticide and their
coordinated complex salts were characterized from their recorded IR transmittance
spectra in 4000–500 cm−1 region at ambient temperature. This information helps
in understanding the reaction mechanism of ES pesticide mineralization by Au NPs
solution. The used powdered ES pesticide sample consists of a mixture of 70% alpha
(α) and 30% beta (β) isomers and their chemical structures are given below:
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αEndosulfan (70%)βEndosulfan (30%)
Chemical Structure of Endosulfan along with its α and βisomers 

Endosulfan

IR transmittance spectrum of ES in 4000–500 cm−1 region (as shown in Fig. 10.2)
exhibits peaks at (3386, 3251), (2935, 2898, 2858), 1605, (1481, 1464, 1452, (1269),
1245), 1193, 1180, 1168, 1145, 1095, 1006, 979, 966, 940, 917, 879, 858, 840,
814, (792, 783), 753, 700, 673, (637, 622, 600), (580 and 538) cm−1 pertaining
to water antisymmetric and symmetric stretching, methylene stretching, C=C, CH2

Fig. 10.2 IR transmittance spectrum of ES in 4000–500 cm−1 region
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Fig. 10.3 IR transmittance spectrum of Au NPs in 4000–500 cm−1 region

scissoring, carboxylate ion stretching, HOH bending/C=C stretching, alcoholic (C–
OH), S–O and C–O–S stretching modes of sulfite for two different confirmations,
S=O asymmetric stretching of –SO3, C–O rocking, C–Cl stretching, O–S=O, C–Cl,
R–SO3 and SO3 bending modes (Lin Vien et al. 1991; Silverstein et al. 2014). While
IR transmittance spectrum of Au NPs as presented in Fig. 10.3 has strong and broad
water stretching, CO2 stretching, water bending/conjugated –COOH stretching of
capped citrate, very very weak peaks of carboxylate anion stretching and Au–O
stretching modes at 3273, 2130, 1635, 1373, 1239, 1092, 983, 580 and 541 cm−1,
respectively.

Further, IR transmittance spectra in 4000–500 cm−1 region were recorded for
three sets of ES and Au NPs solutions, e.g., (i) 5 ml of 1 ppm ES with 0.125, 0.25
and 0.5 ml Au NPs (Fig. 10.4), (ii) 0.5 ml Au NPs and 5 ml of 1, 2, 5, 10, 20, 50,
100 ppm ES solution (Fig. 10.5) and (iii) 5 ml of 100 ppm ES with 0.1, 0.2, 0.5, 0.7,
1.0 and 5.0 ml Au NPs. These spectra exhibit the absence of carbonyl, –SO3 and C–
Cl functional groups peaks in 1120–1150 cm−1, 850–800 cm−1 and 800–550 cm−1

regions, respectively. This reveals the mineralization of ES molecules adsorbed on
citrate-capped Au NPs.

The characteristic νC–H stretching modes of hydrocarbon and hydrogenated
amorphous carbon molecules appear in 3000–2800 cm−1 region. In ES + Au NPs
(Fig. 10.4), the asymmetric (νas) and symmetric (νs) stretchingmodes of –CH3 group
and –CH2 group νas stretching mode are obtained at (2971 and 2886) cm−1 and
2933 cm−1, respectively. The peak intensity of these modes are sensitive to the
conformation of hydrocarbon chain having some of CH2 groups in gauche configu-
ration and confirms the formation of amorphous C or less crystalline phase in ES:Au
NPs solution.

CH2 scissoring mode (δ(CH2)) provides additional information about the confor-
mation of alkyl chain, side-by-side chain interactions and the arrangement of
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Fig. 10.4 IR transmittance spectrum of 5 ml of 1 ppm ES: x ml Au NPs (GNPs) (x = 0.125, 0.25
and 0.5 ml) complex in 4000–500 cm−1 region with insets for 1250–1150 cm−1, 850–800 cm−1

and 800–590 cm−1 regions

the methylene chains. The medium intensity δ (CH2) peak is observed in 1500–
1450 cm−1 region with three components with maxima at 1481, 1464 and 1452 cm−1

in ES IR transmittance spectrum. The broadness of this band shows the weak side-
by-side chains interaction for easy chain movement in ES solution. The presence
of 1481 cm−1 component arises from trans conformation chains of C–C skeletal
vibrations while the symmetric bending mode components at 1464 and 1452 cm−1

pertains to –CH3 and partial conformation ordering by the combination of gauche
defects and the asymmetric deformation of terminal CH3 group. On adding Au NPs
solution, this peak appears at 1468 cm−1 with loss in intensity. This further supports
the degradation of ES pesticide and clustering of Au NPs as chain and petal or floral
shapes in treated solution along with visual change in solution color as seen in TEM
images and optical absorption spectra.

CH2 wagging modes of gauche conformation are observed in 1400–1300 cm−1

region. In IR transmittance spectrum of ES, this mode appears as medium intensity
band at 1373 cm−1 which transforms into a doublet peak with maxima at 1379 and
1364 cm−1 in Au NPs treated solution along with a gain in intensity of 1379 cm−1

component (Fig. 10.4). The occurrence of these components confirms the presence
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Fig. 10.5 IR transmittance spectrum of x ppm ES (x = 1, 2, 5, 10, 20, 50, 100 ppm): 5 ml GNPs
complex in 4000–500 cm−1 region with insets for 1250–1150 cm−1, 850–800 cm−1 and 800–
700 cm−1 regions

of methyl groups in gem- or iso- dimethyl form in final degraded solution of ES. The
bands at 1364 cm−1 and 1379 cm−1 correspond to the peak of gauche conformation
having –CH3 groups in gem- and iso- forms, respectively.

Further, SO2 asymmetric stretching mode in ES spectrum is observed as a strong
double band at 1269 and 1245 cm−1 respectively with peaks separation of 24 cm−1

owing to conformational alignment along the horizontal and vertical positions. The
intensity of 1269 cm−1 band is higher than 1245 cm−1, due to strong in-plane
hydrogen bonding between –SO3 oxygen and propanol –OH, hydrogen as compared
to the lateral interactions between ESP molecules. In ES IR transmittance spec-
trum, terminal –SO3 functional group υSO2 asymmetrical, symmetrical stretching
and bendingmodes for two conformational configurations are observed as strong and
medium intensity peaks at (1193,1095) cm−1, (1006,979) cm−1 and (580, 538) cm−1,
respectively (Fig. 10.2). While, in ES:Au NPs treated solutions IR transmittance
spectra in Fig. 10.4, these modes are not observed which confirms the mineralization
of ESP –SO3 groups.

The very strong broad transmittance peak in 1225–1100 cm−1 regionwith compo-
nents at 1193, 1145 cm−1 pertaining to C–Hbend. and CH3rock modes are observed
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at 1180 and 1168 cm−1 in ESP (Fig. 10.2). On adding ESP solution to variable
amount of Au NPs (Fig. 10.4), three peak components are observed at 1162, 1128
and 1106 cm−1, respectively. The shift in band positions on addition of Au NPs
shows the structural re-orientational ordering in ESP molecules. C–Hwag. mode is
obtained as shoulder band with components at 840 and 814 cm−1 in ESP spectrum
and as medium intensity peak at 816 cm−1 in Au NPs:ESP solutions.

νC–Cstr. and νC–Ostr. peaks are observed as shoulder components at 966 and
940 cm−1, respectively in ESP IR transmittance spectrum. In ESP:Au NPs treated
solution, a very strong peak of νC–Cstr. at 950 cm−1 is observed. νC–Ostr and νO–Cstr

are obtained as medium intensity peaks at 917, 879, 858 cm−1 in ESP. On adding
variable amount of Au NPs to 1 ppm ESP solution, these peaks disappeared, which
further confirms the mineralization of ESP molecules on treatment with Au NPs.

In ESP molecule, six C–Cl bonds are present in three different environments
which exhibit νC–Cl stretching modes at (792, 783), 753, 700, 673, (637, 622, 600)
cm−1 (Fig. 10.2), for 800–590 cm−1 region. The strong peak with components at 793
and 783 cm−1 are assigned to νC–Cl asymmetric stretching mode of –C(Cl2) group.
νC–Cl asymmetric stretching band at 753 cm−1 arises from Cl–C=C–Cl group and
(700, 673) cm−1 peaks are asymmetric stretching vibrations of two C–Cl groups.
The symmetric stretching modes of C–Cl group are observed as strong peaks with
maximum at 622 cm−1 (Cl–C=C–Cl group) and shoulders at 637, 600 cm−1 (C–
Cl2 group) and 582 cm−1 (C–Cl group). However, after adding different concentra-
tions of Au NPs to 1 ppm ESP solution, none of these bands are observed which
further confirms the complete dehalogenation of ESP molecule in a very short time
as compared to earlier reports.

10.6.3.3 UV-Vis Spectroscopy

The optical spectra of Au NPs colloidal solution (Fig. 10.6(a)), ESP solution
(Fig. 10.6(b)) and Au NPs treated ESP samples were recorded at ambient tempera-
ture in 350–1100 nm region. These measurements were carried out for the following
three sets of samples (i) 5 ml of 1 ppm ESP: (0.125 ml, 0.25 ml, 0.5 ml) (Fig. 10.7),
(ii) 5 ml (1 ppm, 2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, 100 ppm) ESP: 0.5 ml
Au NPs, (Fig. 10.8) and (iii) 5 ml of 100 ppm ESP: (0.1 ml, 0.2 ml, 0.5 ml, 0.7 ml,
1.0 ml, 5.0 ml) Au NPs, (Fig. 10.9).

The absorption maxima of ESP molecules is observed at a wavelength of 242 nm
with shoulder at 290 nm (Fig. 10.6(b)) (Goel and Arora 2018, 2020a, b, 2021; Ray
et al. 2015; Shukla and Iravani 2017; Amendola et al. 2017; Zuber et al. 2016;
Bootharaju and Pradeep 2012; Kumar and Philip 2006).

A very intense dark brown red color of Au NPs solution originates from the
coherent electron motion, which gives strong Surface Plasmon Resonance (SPR)
band at 529 nm in the UV-Visible spectrum as can be seen from Fig. 10.6 (a). On
adding different concentration of Au NPs (from 0.1 ml solution to 5.0 ml) in 5 ml
of 100 ppm ESP solution, the SPR peak shifts to the longer wavelength from 530 to
535 nm (Fig. 10.7). The color of ES+AuNPs solutions change from dark brown red
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Fig. 10.6 (a) Absorption
spectrum of Au NPs
colloidal solution in
200–1100 nm range, (b)
Absorption spectrum of ESP
solution in 200–1100 nm
range

Fig. 10.7 Absorption
spectrum of 1 ppm ESP
solution with variable
concentration of Au NPs
colloidal solution in
400–800 nm range
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Fig. 10.8 Absorption
spectrum of 5 ml (1, 2, 5, 10,
20, 50, 100) ppm Endosulfan
pesticide (ES):0.5 ml Au
NPs (GNPs) in 300–1100 nm
range

Fig. 10.9 Absorption
spectrum of 100 ppm ESP
samples with varying Au
NPs concentrations in
200–1100 nm range

to light blue colored solution. At the same time, a second band due to the formation of
Au NPs aggregates is observed in 660–695 nm region and shifts to lower wavelength
with decreasing Au NPs concentration.

In 2nd case on increasingAuNPs concentration in 1 ppmESP solution (Fig. 10.8),
we observed two things: (i) the rise in intensity of the SPR signal of Au NPs; and (ii)
the presence of a second band centered between 660 and 695 nm, due to the aggre-
gated Au NPs formed during the adsorption/absorption of ESP on the surface of the
Au NPs as described in proposed mechanism in forthcoming Sect. 6.4. It can be seen
that for higher concentrations of endosulfan, the absorption of the aggregates shift to
lower energies \with decrease in the optical absorption intensity which suggests the
formation of bigger-sized structures as compared to the individual size of Au NPs.

In 3rd case (Fig. 10.9) on increasing ESP concentration from 1 to 100 ppm in
0.5 ml Au NPs solution, UV-Vis spectra recorded in 300–1000 nm region exhibits
two broad overlapped strong absorptions in 300–500 nm, 500–900 nm and third
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weak absorption in 900–1100 nm region. The UV band in 300–500 nm region with
maximum at 357 nm in 1 ppm 5 ml ESP + 0.5 ml Au NPs is attributed to π−π*
transitions of ESP cyclohexadiene and benzodi-oxathiepin rings. Whereas, there is
a very broad strong absorption having shoulder of gold surface plasmon resonance
absorption in 532 to 540 nm wavelength region. Another overlapped strong peak
maxima varies from 693 to 646 nm and weak peak with maxima at about 980 nm on
increasing ESP concentration from 1 to 100 ppm 5 ml ESP in 0.5 ml GNP solution.
These absorption arises from the optical absorption of the aggregates formed by
the adsorption of ESP on Au NPs. The shift in peak position to low wavelength
and change in intensity with increase in ESP concentration have been attributed to
increase in aggregates size. This fact is also confirmed by TEM images that exhibit
spherical Au NPs of few μm to mm sized agglomerations of different structures.

10.6.4 Proposed Mechanism for Degradation of ESP Using
Au NPs

M. Kumar and L. Philip (Anandhakumar et al. 2017; Kumar and Philip 2006) and
others (Guerin 1999; Sreekumaran Nair et al. 2003; Beaudette et al. 1998; Kullman
and Matsumura 1996; Sutherland et al. 2002; Weir et al. 2006) discussed the miner-
alization of ES pesticide by microorganisms and possible degradation pathway.
Kullman and Matsumura (1996), Sutherland et al. (2002), and Weir et al. (2006)
reported the degradation of ES pesticide with white rot fungi and bacterial isolate,
respectively. They found that ES degradation was initiated by the oxidation reac-
tion to form toxic endosulfan sulfate, followed by hydrolysis reaction to form ES
diol which easily oxidizes to less toxic endosulfan monoaldehyde or it releases
H2 and form endosulfan ether. Then these two products form endosulfan lactone
which spontaneously degrades by two ways: either it forms 1, 2, 5, 6-hexachloro-5-
chloromethyl-3-carbenium ion (C8H12Cl5) or via hexachloro cyclohexadiene to di-
ethylcarboxylates (C4H8O2) which finally disintegrates into hydrocarbons (Kumar
and Philip 2006). However, the complete mineralization of ES is not observed from
these culture methods. Another method was proposed by Nair et al. (2003) for
the mineralization of halocarbons by silver and gold nanoparticles. ES pesticide
molecules first adsorb on the surface of Au NPs through sulfite oxygen followed by
an exothermic catalytic reduction reaction.

This is a thermoneutral reaction for noble metals. However, in nano-sized Au
NPs, the availability of a very large number of energetic atoms at surface overcome
the thermochemical and entropic barriers needed for the mineralization reaction. Au
NPs catalytically disintegrateESpesticide at ambient temperature to formamorphous
carbon and metal halides as reaction products in solution.

In the present work, different concentration Au NPs solutions have been used for
the mineralization of different concentration (1 ppm to 100 ppm) ES solutions. The
removal of ES by Au NPs is initiated by the adsorption of ES on Au NPs followed
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Fig. 10.10 Proposed schematic mechanism for ESP degradation by Au NPs

by photocatalytic decomposition of ESP within few minutes after mixing the two
solutions in normal sunlight. Au NPs clusters are present as final reaction product
in dispersed/precipitated form in the treated solution. TEM images have been used
to explore the variations in shape and morphology of Au NPs by adding different
concentration of ESP solution or vice versa. The systematic variations in solution
color from purplish-pink to purplish-blue has been observed depending upon the
ratio of Au NPs and ESP after 2–4 h of reaction. TEM image of one such sample
containing 5 ml of 100 ppm ES and 5 ml Au NPs, which turned into a purplish-blue
color after 3 h, is shown in Fig. 10.10.

TEM image shows the formation of petal-like sturcture comprising of a micron
length chain-like structure with adsorbed agglomerated particles and ultra fine amor-
phous carbon surrounding these petals. A magnified view of micron-sized chain,
agglomerates and amporhous compound are presented as zoomed-in-region of the
TEM image. It is evident that nearly monodispersed spherical Au NPs have grown
into large clusters and tend to align in the chain-like structure due to head to head
interaction of hydrocarbon chains, as one of the final byproduct of this degradation
reaction and Au NPs are trapped in the interstices of these chains and flower petal-
shaped strcutures in solution when Au NPs citrate capping leaches out upon reaction
with ESP. IR transmittance spectra exhibit the disappearance of vibrational peaks
pertaining to carbonyl, –SO3 and C–Cl groups which confirm the mineralization of
ESP by Au NPs in 1120–1150 cm−1, 1300–500 cm−1 and 800–550 cm−1 regions,
respectively. These investigations showed that even the lowest concentration of Au
NPs is suitable for removal of ESP from the solution. C–H stretching and H–C–H



10 Nano-Engineered Gold Particles … 245

bending vibrations ofmethyl andmethylene groups present in hydrocarbon and amor-
phous carbon are sensitive to chain conformation which involve partial ordering of
chains emerging from the combination of gauche defects and asymmetric disordering
of terminal –CH3 groups. This encourages reorganization of Au NPs in solution as
chain and petal or floral-shaped arrangement as well as change in solution coloration
as described in TEM section and UV-Vis spectroscopy section. The methyl groups
may also exist in gem- and iso- forms in hydrocarbon end products.

10.7 Future of Problem

In future, the aim will be to optimize Au NPs synthesis parameters for initiating
development of lowcostAuNPs impregnatedmembrane/bedwhich can be efficiently
used as pre-treatment in water purifiers/purification for use in domestic washing,
cleaning and agriculture fieldworks. The process can be scaled to pilot level to attract
low budget customers/farmers to earn revenue for institute self-sustainment. These
business aspects will also be taken care of while pursuing research and technology
development for tackling the tedious and complex water purification problem, so that
it has direct benefit to society.

The quantitative estimation of ESP present in prepared and final treated solu-
tions if any left or its metabolites along with uncertainty in measurement as per
ISO/IEC 17,025 standard guidelines is also very important. This can be achieved by
procuring standard reference material of Au NPs from National Metrology Institute
with traceability to generate a calibration curve for global acceptance of measured
value.

10.8 Conclusion

This book chapter throws light on the usage of nano-engineered AuNPs for pesticide
degradation/mineralization. The brief discussions are made on the water pollution,
types and sources ofwater pollution, severity of problem, nanomaterials used inwater
purification, Au NPs synthesis by different physical and chemical routes, characteri-
zation techniques used for exploring their structural,morphological, optical and other
properties, quality assurance, pesticides used. This chapter also presented work of
Au NPs treated ESP solutions as case study along with proposed mechanism. These
investigations provide evidence for the complete mineralization of ESP by Au NPs.
TEMand FTIR techniques were used to understand ES degradation process into non-
toxic reaction products. The conformation of the included guest molecule, the nature
of the host–guest and guest–guest interactions (e.g., hydrogen bonding/hydrophobic
groups) and the role of reorganization of Au NPs are observed. The adsorption of ES
on Au NPs brings visible change in colloidal solution coloration from deep purplish
pink to blue due to the Au NPs aggregates formation. IR transmittance spectra reveal



246 P. Goel and M. Arora

the disintegration of endosulfan, formation of amorphous carbon and hydrocarbons.
UV-Vis spectra of these series of samples indicate the change of Au NPs treated ESP
solution from wine red to light blue color with shift in SPR and aggregated Au NPs
peak position and intensity. These results are also confirmed by the TEM images. The
proposed method has reported the easy way to eradicate highly persistent toxic halo-
genated pesticide from the environment and the application of Au NPs for the swift
degradation of ESP molecules in a very short span of time. Then, chapter is finally
concluded by considering future aspects of the problem in brief with suggestions.
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Chapter 11
Nanomaterials for Remediation
of Pharmaceutical Containing Aqueous
Medium and Wastewaters

Rozi Sharma, Pradeep Kumar Sharma, Anoop Singh, Dheeraj Rathore,
and Piyush Malaviya

Abstract Disposal of untreated pharmaceutical waste intowater bodies is a growing
threat to the aquatic ecosystem and humans as well. Among various physicochem-
ical, advanced oxidation, and bioremediation processes adopted, bioremediation
emerges as the most environmentally friendly and economically viable alternative
to manage this serious environmental concern. The main focus of the chapter is on
nanobiotechnology that utilizes nanoscale materials for removing toxic compounds
from wastewater. The nanomaterials have a size even smaller than one billionth of a
meter and possess unique properties including high absorption potential, huge surface
area, eco-friendly fabrication, and strong affinity toward organic and inorganic
compounds. The use of novel nanomaterials for the sustainable treatment of phar-
maceutical wastewater is a favorite option for environmental engineers these days.
Different nanomaterials used for the treatment of pharmaceutical containing aqueous
medium and wastewaters like electrospun lignin nanofibers, polyaniline/ZrO2

nanocomposite, Cu-TiO2 single-walled carbon nanotubes, curcumin-loaded nanos-
tructured lipid carrier, Fe3O4/Au nanocomposite, Fe3O4-chitosan nano-adsorbent,
TiO2/ONLH nanocomposites, ZnO nanoparticles, ZnO/sepiolite heterostructured
nanomaterials, Ni-Al layered double hydroxide nanoparticles, tungsten/carbon
nanotube heterojunction nanocomposite, organic-inorganic hybrid TiO2 doped with
molybdenum,MnOx/ nano-graphite/2-ethylanthraquinone/activated carbon cathode,
graphene-based nanomaterials, and multi-wall carbon nanotubes/titanium oxide
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(MWCNT/TiO2) nanocomposite have been discussed in the literature. Classifica-
tion of the nanomaterials has been also highlighted. The chapter attempts to provide
all the useful information on novel nanotechnology employed for pharmaceutical
wastewater management.

11.1 Introduction

The industrialization has long been accepted as a characteristic of civilization, as an
industry contributes appreciably to the national attempt for self-reliance. However,
the rapid development in the industrial sector leads to drastic changes in the environ-
mental equilibrium and drastically affects precious natural resources (Malaviya et al.
2012; Parihar and Malaviya 2013; Muthusaravanan et al. 2018). Pollution load from
industry depends on the methods used during the manufacturing of products and the
size of the industry. The existing pattern of industrial activity changes the natural
flow of materials and introduces deadly chemicals into the environment (Sharma and
Malaviya 2022; Sharma et al. 2022a). Water pollution is increasing day by day as
industries are releasing a huge amount of potentially poisonous chemical compounds
into the hydrosphere, and this is the biggest curse to the human race (Sharma and
Malaviya 2013; Gowri et al. 2014). Waterborne infections, resulted because of rapid
industrialization, claim the lives of 3.4 million people worldwide each year (Rana
et al. 2017).

Pharmaceutical industries produce several drugs that are important for improving
life expectancy and quality over a period of time. A variety of pharmaceutical drugs
are used for treating many diseases in humans as well as animals (Sofowora et al.
2013). However, the wastewater generated during drug and formulation develop-
ment processes produces menacing consequences on ecological and human health if
disposed of untreated into the environment. Pharmaceutical wastewater has severe
color, pungent smell, high chemical oxygen demand (COD), and low biochemical
oxygen demand (BOD) (Farhadi et al. 2012). Thewastewater contains substances like
buffers, soluble organics, suspended solids, chelators, antibiotics, heavymetals (lead,
mercury, fluoride, arsenic, cadmium, chromium). 15–20% of the medicinal waste
of the hospitals (secondary source of pharmaceutical waste) is bio-accumulative
and non-degradable, and due to their improper use and disposal practices, they
become persistent in the environment (Wilkinson et al. 2017). The hazardous phar-
maceutical contaminants alter the properties of water where they are discharged
and pose a serious threat to human and ecosystem health. Endocrine disruption,
microflora imbalance, chronic diseases, allergies, metabolic perturbations, tumors
are some common health ailments (Rasheed et al. 2020; Cincinelli et al. 2015).
Damaged fish spawning, reduced fertility is among disorders of aquatic fauna
(Yaqoob et al. 2020). The elimination of pharmaceutical toxicants is, therefore,
important to conserve aquatic resources, minimize adverse effects on human health,
and prevent environmental damage.
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Different physicochemical and biological methods can be used to treat phar-
maceutical wastewater. Ion exchange, precipitation, solvent extraction, adsorption,
electrochemical processes, and liquid membrane are traditional methods of wastew-
ater treatment (Zaied et al. 2020). Though the traditional physicochemical treatment
methods are highly efficient, their high operation and installation costs, and incapa-
bility to degrade complex compounds divert the attention of environmentalists toward
the development of newer, more powerful, sustainable, and cost-effective technolo-
gies for wastewater treatment and conservation of freshwater resources (Sharma and
Malaviya 2021; Singh et al. 2016). Biological methods are found better for pharma-
ceutical industry wastewater treatment over conventional techniques despite being
less effective in eliminating stubborn carbon-based pollutants (Farhadi et al. 2012).
However, neither physicochemical nor biological treatment methods are suggested
as the most suitable procedures for high-strength and complicated pharmaceutical
contaminants (Crouse et al. 2012).

Nanotechnology has emerged as a recent alternative for wastewater treatment that
employs new devices, structures, and materials that possess at least one nanoscale
dimension ranging between 1–100 nm, large surface area, high reactivity and
porosity, a large number of active sites, high catalytic and redox potential, strong solu-
tion mobility and adsorption ability, and photocatalytic properties. All these features
of nanomaterials make nanotechnology an astounding option for wastewater treat-
mentwith higher efficiency, lesser cost, and in amore ecologically acceptablemanner
(Karri et al. 2019). In recent times, researchersmostly use this technology owing to its
efficient and multifunctional process, insignificant and inexpensive infrastructures,
and more satisfying results during pharmaceutical wastewater treatment compared
to other existing physicochemical and biological technologies (Qu et al. 2012).

In this chapter, we have discussed the composition of pharmaceutical wastew-
ater, its generation, and resulting environmental hazards. Small discussion is made
on different treatment techniques adopted for pharmaceutical wastewater treatment
including physicochemical methods, advanced oxidation processes, bioremedia-
tion. However, the chapter is mainly oriented around nanotechnology that utilizes
nanoscale materials for removing toxic compounds from wastewater. The most
recently studied nanomaterials for pharmaceutical wastewater treatment have been
coalesced to serve the readers with the most attractive and the most efficient tools
for wastewater management.

11.2 Pharmaceutical Wastewater as an Environmental
Concern: Composition, Generation and Hazards

An increase in fatal diseases and advances in medical technology have resulted
in the production of a variety of pharmaceuticals and the generation of wastew-
ater during different stages of drug formulation. Wastewater generated and released
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Fig. 11.1 Overview of the pharmaceutical industry, wastewater generated, and ultimate hazards
on mankind and the environment

from pharmaceutical industries is associated with the presence of different persis-
tent compounds, heavy metals, personal care products, etc. The source of phar-
maceuticals may either be industries or sewage and agricultural runoffs. Addition
of the untreated wastewater into freshwater resources has a considerable impact on
aquatic-ecosystemaswell as humanhealth. Figure 11.1 represents different processes
involved in the pharmaceutical industry, wastewater generated, and resulting hazards
on the environment.

11.2.1 Composition

Pharmaceutical wastewater includes a diverse group of pharmaceutical chemicals
and their metabolites together with transformation products. Antibiotics (peni-
cillins, tetracyclines, lincomycins, quinolones, sulfonamides), anti-inflammatories
(aspirin, ibuprofen, diclofenac, mefenamic acid, naproxen), antidepressants (bupro-
pion, duloxetine, fluoxetine, paroxetine), hormones (estradiol, fulvestrant,mestranol,
insulin, follitropin, oxytocin, liothyronine, prednisone), anticonvulsants (pheny-
toin, carbamazepine, ethosuximide, perampanel, vigabatrin), beta-blockers (propra-
nolol, atenolol, betaxolol, nadolol, nebivolol, esmolol hydrochloride), lipid regulators
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(colestipol, fenofibric acid, niacin, rosuvastatin, probucol, ezetimibe, cerivastatin),
and X-ray contrast are the most prevalent pollutants in pharmaceutical wastewater
(Rasheed et al. 2020).

11.2.2 Wastewater Generation

The compounds in pharmaceutical industries are formed in the batch process, there-
fore, a large volume of different toxic products are added to wastewaters during
different operations. Moreover, a large amount of water is being used for washing of
solid cake, or extraction, or cleaning of equipment (Dixit and Parmar 2013). There
are two main sources of pharmaceutical compounds in potable water: production
processes of the pharmaceutical compounds, and usage of these compounds that
make them available in urban and farm wastewaters. The main source of pharma-
ceutical wastewater is during the synthesis and formulation of the drug. Pharma-
ceutical wastewaters are determined by the raw materials, type of equipment used,
manufacturing process, preparation season, and also the time of generation (Benotti
and Brownawell 2009). Depending upon their source, pharmaceutical wastewater
can be classified into the following types: waste generated by the pharmaceutical
firms, and secondary wastes produced from treatment and recycling plants, spent
liquors from the fermentation process, medical waste from hospitals, floor, and labo-
ratory washing waste, and the municipal wastewater which contaminates the sewage
systems significantly (Pal 2018).

11.2.3 Hazards of Pharmaceutical Wastewater

Pharmaceutical wastewater contains not only pharmaceutical components but also
intermediates, solvents, catalysts, and many other raw materials used during the
manufacturing of medications. These pharmaceutical compounds are unfavorable
for catchment water bodies where they are eventually disposed in (Zaman et al.
2014). Since pharmaceutical compounds are lipophilic and persist in the environ-
ment for a longer duration even at low concentrations, therefore, they produce chronic
effects (Wilkinson et al. 2016). Pharmaceutical pollutants’ toxicity varies based on
the species exposed, the duration of exposure, the compound concentration, and
the developmental window during which organisms are exposed (Gerbersdorf et al.
2015). Growth, mortality, and reproduction had been the main endpoints for toxicity
testing. However, attention has also been given in recent times to potential effects
at levels of development, molecular biology, histology, and behavior (Godoy and
Kummrow 2017). Pharmaceutical contaminants have been investigated in fish tissues
such as gills, muscles, blood plasma, liver, and brain. Antibiotics have been observed
in algae, bivalves, and aquatic invertebrates. Antibiotic resistance is a serious hazard
to human health, and it has received special consideration in recent decades. At a
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concentration of 5 µg/L, diclofenac produced gill abnormalities and kidney lesions
in rainbow trout (Schwaiger et al. 2004), and delay in Zebrafish hatching at concen-
tration 1000–2000µg/L (Hallare et al. 2004). Oxidative DNA damage and increased
gill histopathological index on exposure to erythromycin in rainbow trout and gilt-
head seabream has been observed by Rodrigues et al. (2016, 2019a, b). When
Daphnia magna was exposed to propranolol, its heart rate, reproductive tissues,
and hepatic tissues were all significantly altered (Jeong et al. 2018). Environmental
concentrations (0.2–123 µg/l) of cyclophosphamide and 5-fluorouracil inhibited the
growth in Pseudokirchneriella subcapitata and Synechococcus leopoliensis, influ-
enced the eyesight, and produced mutagenic consequences such as the formation of
melanocytes in the gastrointestinal tract of Lithobates catesbeianus (Brezovsek et al.
2014). Ibuprofen has been reported to produce a reproductive disorder called compen-
sated hypogonadism in humanmales (Kristensen et al. 2018). Further investigation is
required to determine the effects on humanhealthwhen they are exposed to such phar-
maceutical toxins. After increased awareness about their potential hazards to aquatic
organisms and humans, pharmaceutical contaminants have become an important
environmental concern. Therefore, this industry wastewater has gotten extensive
attention for efficient treatment to reduce potential health hazards, environmental
risks, and increase wastewater reuse for healthy aquatic ecosystems (Kanakaraju
et al. 2018).

11.3 Treatment Methods for Pharmaceutical Wastewater

Accounting for their health and ecological threats, pharmaceutical wastewater must
be treated before its discharge into the environment. Adequate treatment not only
minimizes the environmental issues but the treated wastewater can also be applied
for irrigational purposes. However, long-term studies are required before large-scale
utilization of the treated wastewater in agricultural fields (Malaviya and Sharma
2011). Commonly used treatment methods for pharmaceutical wastewater include
physicochemical processes, biological processes (aerobic and anaerobic processes),
bioremediation; bioremediation appears to be the most sustainable and economically
viable option, among others. Aerobic or anaerobic biological treatment methods
greatly inhibit the activity of themicrobes due to the presence of stubborn components
in the wastewater (Gebhardt and Schroder 2007).

11.3.1 Physicochemical Methods

The physicochemical methods are utilized as primary treatment processes to reduce
the waste stream’s organic load and followed by biological processes that are
used as secondary treatment processes. Commonly used physicochemical methods
are electrocoagulation, ozone treatment, activated carbon adsorption. Advanced
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oxidation processes generate in situ reactive oxygen species like hydroxyl species,
hydrogen peroxide, ozone, superoxide radical species that successfully mineralize
the substances into CO2, H2O, and inorganic ions or acids (Kanakaraju et al.
2018). Fenton oxidation process can also be used for the treatment of pharma-
ceutical wastewater (Aljuboury et al. 2017), and remove up to 90% of COD from
wastewater within just the first ten minutes. Fenton, Photo-Fenton, and Solar-Photo-
Fenton, sonolysis techniques have been found effective in the removal of antibiotics
(like ciprofloxacin, nalidixic, ofloxacin acid). Antibiotics (especially sulphonamides,
certain analgesics, and antiarrhythmic agents) can also be treated with UV-peroxide
methods and radiation techniques which are found highly efficient in the elimination
of carbamazepine and fluoxetine from pharmaceutical wastewater (Garcia-Espinoza
et al. 2018). Though physicochemical methods contribute toward pollutant removal
from pharmaceutical waste in most cases, the effective clearance of pharmaceutical
medicationswas determined to be insufficientwith thesemethods.Another limitation
of these methods is the high cost of operation and maintenance, and the generation
of harmful by-products left at the end of the chemical processes (Amin et al. 2013;
Sharma et al. 2021). Hence, for better treatment results, biological or bioremediation
strategies have been sought.

11.3.2 Bioremediation

Bioremediation is the removal of contaminants from influentwastewaterwith the help
of living entities and is dependent on the factors including stereochemistry of the drug
present, its toxicity, its concentration; the efficiency of the microbe or plant utilized;
the conditions present during the degradation process; retention duration; the pres-
ence of additional compounds and their concentrations (Misal et al. 2011; Singh and
Malaviya 2019; Singh et al. 2021; Sharma et al. 2021, 2022b). Commonly used biore-
mediation techniques are bacterial bioremediation, phytoremediation, mycoremedi-
ation, cyanobacterial bioremediation, phycoremediation, and aerobic and anaerobic
methods of bioremediation. Phytoremediation is an emerging environment-friendly
and cost-effective technology used for remediating polluted ecosystems and has
long-term applicability in the transformation or stabilization of a variety of contami-
nants from different environmental matrices (Saha et al. 2017; Malaviya et al. 2020;
Sharma et al. 2021). Much research has been done on the remediation of pharmaceu-
tical compounds (like diclofenac, ibuprofen, acetaminophen, paracetamol, clofibric
acid) from the medium by using aquatic plants like Armoracia rusticana, Linum
usitatissimum, Typha species, and Phragmities australis (Kummerova et al. 2016).
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11.3.3 Nanotechnology for Pharmaceutical Wastewater
Treatment

Nanotechnology deals with the imaging, modeling, designing, characterization, and
production ofmaterials by controlledmanipulation of size and shape at the nanometer
scale, and use of these novel nanostructures with superior characteristics in different
spheres; including medicine, commercial, engineering, environment (Bawa et al.
2005). The technology is an innovative method for treating wastewater contami-
nated with metal ions, pharmaceutical medications, organic and inorganic solutes,
microbes, and other contaminants with help of nanoparticles that attach to the toxi-
cants and cause their inactivation and destruction. Nanoparticles are materials with
sizes even smaller than one billionth of a meter. These nanoscale materials are cate-
gorized by their physical, chemical, and biological properties. Nanomaterials are
sorbentswith unique qualities such as high absorption, a greater surface area, environ-
mentally benign production, and a high affinity for organic and inorganic chemicals.
Metal oxides, polymers, zeolites, bio-based, and carbon derivatives have a higher
surface area, and other better electrical, mechanical, magnetic, and optical proper-
ties at the nanoscale level as compared to the macroscopic scale level (Lingamdinne
et al. 2018). This feature may be attributed to a large number of molecules tightly
packed together leading to a decrease in the size of the particles. Figure 11.2 repre-
sents important characteristics of nanomaterials, their broad classification, applica-
tions of nanotechnology, and their advantages and disadvantages. The technology
has been gaining researchers’ attention worldwide to treat pharmaceutical pollutants
like antibiotics, pesticides, hormones, anti-viral drugs, toxic dyes in a more effective,
useful, and sustainable manner. Nanotechnology is a simple, effective, and simple-
to-use tool for removing toxins from pharmaceutical wastewater. It can identify and
screen new drugs quickly and easily, helps in improved understanding of chemicals
at the molecular scale, and improves visualization of drugs interactions. It is used
in the filtration, remediation, and purification of water. Water filtration using semi-
permeable nanoporousmembranes (with a thickness of 0.001 to 0.01µm)was carried
out for the removal of undesirable organic molecules and micropollutants (Cincinelli
et al. 2015). Inwater remediation, nanomaterials eliminate chemical pollutants by the
phenomenon of adsorption (Aguilar-Perez et al. 2020). Water purification removes
pathogens using nanomaterialswith antibacterial activity (like graphene,metallic and
bio-based composites) (Mohmood et al. 2013). In the following sections, different
kinds of nanomaterials, and important nanomaterials used so far for pharmaceutical
wastewater treatment have been discussed.
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Fig. 11.2 Representation of important applications, advantages and disadvantages of nanotech-
nology, characteristics of nanomaterials, and their broad classification

11.4 Nanomaterials for Treatment of Pharmaceutical
Effluents

Nanomaterials are small-scale particles with a dimension measuring 1–100 nm.
They have unique physical, optical, mechanical, thermal, and electronic proper-
ties. Owing to their characteristic features, they can be used for various purposes
including wastewater treatment, healthcare, industrial sector. They can occur natu-
rally or can be created by different physical, chemical, and biological methods. In
Fig. 11.3, methods by which nanomaterials are developed, and mechanisms adopted
by them to eliminate toxicants from polluted matrices are represented. Nanomate-
rials are broadly classified into organic, inorganic, carbon, ceramic, metal oxide, and
biogenic-based kinds. The use of nanotechnology for wastewater management has
gained a lot of attention and popularity in recent times. In the following subsection,
important categories of nanomaterials, and innovative nanomaterials explored so far
for their potential to treat pharmaceutical wastewater are discussed.
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Fig. 11.3 Methods of synthesis of nanomaterials and important mechanisms involved during
treatment

11.4.1 Classification of Nanomaterials for Wastewater
Treatment

11.4.1.1 Carbon-Based Nanosorbents

Carbon-derived nanomaterials that are made up of carbon atoms have high mechan-
ical strength, large surface area and volume, strong electron affinity, flexibility during
functionalization, and many useful properties that remove pollutants from wastew-
ater in a more efficient way (Ali et al. 2019a, b; Adeleye et al. 2016). However,
they are not cost-efficient, have exceptional specificity and environmental toxicity.
Single-walled and double-walled carbon nanotubes, carbon nanofibers, graphene,
and carbon composites are commonly used carbon-based nanomaterials. Carbon
nanotubes are cylindrical-shaped (rolled graphene sheets) carbon allotrope that is
composed of hexagonal lattice in sp2 hybridization (Mohmood et al. 2013). These
rolled nanotubes may contain single or multiple layers of carbon atoms. Graphitic
nanomaterials consist of sp2 hybridized carbon atoms placed in a honeycomb lattice
in a two-dimensional single layer (Thines et al. 2017).Graphene-based nanomaterials
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possess a larger surface area with more adsorption potential and lesser production
costs and remove the pollutants with higher efficiency (Santhosh et al. 2016).

11.4.1.2 Ceramic-Based Nano-Adsorbents

This category mainly includes silica-based and chitosan-derived nanomaterials.
Silica-based nano adsorbents are in the size range of 50 nm–1µm and are made with
silicon alkoxides under the catalytic action of ammonia. Nano-sized silica is highly
stable, biocompatible, non-toxic, highly selective, and possesses high surface area
and adsorption potential. Silica particles with the size range of 2–50 nm are meso-
porous silica-based nanomaterials, and particles with sizes lesser than this range are
termed nanoporous nanoparticles (Thirunavukkarasu et al. 2020). These nanoparti-
cles have been found highly effective in removing pollutants from the waste stream.
Chitosan, a polymer of de-acetylated-b-glucosamine prepared by de-acetylation of
chitin is a good adsorbent and removes the colloidal pollutants by coagulation or
flocculation method. This chitosan-based nanomaterial is biocompatible and easy
to develop, thus a promising option for pollutant removal (Thirunavukkarasu et al.
2020).

11.4.1.3 Metal Oxide-Based Nano-Adsorbents

Metal-based nanoparticles have a higher surface area, high adsorption potential
(though poor in continuous column studies), charged surface, are easy and cheap
to synthesize, are capable of mediating electrostatic interactions and solute transfer
process, and generate little secondary pollutants (Aguilar-Perez et al. 2020). All these
distinguishing featuresmake them suitable for use in organic pollutants removal from
wastewater, and antibiotics (amoxicillin, doxorubicin, rhodamine) from pharmaceu-
tical effluents (Kadu et al. 2017; Dodoo-Arhin et al. 2020; Karimnezhad et al. 2020).
Physical approaches like electrolysis, pyrolysis, evaporation- condensation, sputter
deposition, laser ablation; chemical methods including microemulsion, reduction,
electrochemical and thermal decomposition, co-precipitation can be used to make
metallic nanosorbents (Vijayaraghavan and Ashokkumar 2017).

11.4.1.4 Biogenic Nanosorbent Materials

These nanomaterials are prepared from biological sources like plant extracts,
bacteria, fungi in combination with metallic salt solution, in presence of bioac-
tive substances like enzymes, vitamins, alkaloids, phenolics, peptides, and under
different experimental conditions (Ali et al. 2017). Though these nanomaterials
are environment-friendly and can be recovered from waste also, the limitation is
that they require skilled research endeavors and a controlled environment for their
fabrication and utilization (Jafari and Aghamiri 2011). Biogenic nanomaterials have
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been found efficient for the treatment of wastewater from the pharmaceutical sector.
Aguilar-perez et al. (2020) studied that during the growth of Pseudomonas aerug-
inosa (bioactive source), secondary metabolites were formed which helped in the
formation of zirconium nanoparticles by contributing capping and stabilizing agents.
These nanomaterials were found with an adsorption capacity of 526.32 mg/g for
tetracycline.

11.4.2 Commonly Used Nanomaterials for Pharmaceutical
Wastewater Treatment

11.4.2.1 Electrospun Lignin Nanofibers

Lignin is distorted through electrospinning into anionic nanofibers under the influ-
ence of electric current, to eliminate pollutants from wastewater through adsorption.
Nanofibers synthesized by electrospinning of lignin are green, inexpensive, non-
toxic, and reusable, and hence are gaining popularity in this era where sustainable
development is desired. Camire et al. (2020) used nonwoven electrospun nanofibrous
lignin (156 nm in diameter) and polyvinyl alcohol to extract fluoxetine (pharmaceu-
tical compound) from wastewater, and they found that 70% of the compound was
adsorbed by the nanomaterial.

11.4.2.2 Zirconium Oxide with Polyaniline Nanocatalyst

The semiconducting metal oxide materials like TiO2, ZrO2, and ZnO can decompose
organic pollutants (Shah et al. 2018). The low-cost zirconiumoxides are heterogenous
photocatalysts that have high redox potential, excellent chemical and optical prop-
erties, which make them suitable for photo-decomposition of pollutants. Polyaniline
is also a promising material in the advanced oxidation process for the degrada-
tion of a broad range of organic pollutants. However, ZrO2 nanoparticles modified
with polyaniline can decompose the contaminants photocatalytically in presence of
photons belonging to the UV-light region with higher efficiencies (Shirmardi et al.
2018). Vijayalakshmi et al. (2020) used nanocomposite of polyaniline and zirconium
oxide for decomposition of ciprofloxacin and found that the pharmaceutical antibi-
otic was completely removed from wastewater in just 2 h. They prepared zirconium
oxide nanoparticles by heating a white homogenous solution of zirconium oxychlo-
ride at 180 °C for 12 h and calcinating the obtained catalysts at 600 °C for 4 h.
Zirconium oxide/polyaniline nanocomposite was then prepared by in situ oxidative
polymerization of aniline in acidic medium (2M HCl), in presence of zirconium
oxide nanoparticle, and ammonium disulfate as an oxidant. Stirring is necessary
till the solution separates green-colored precipitate. The precipitates obtained are of
zirconium oxide/polyaniline nanocomposite that is then filtered and collected.
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11.4.2.3 Graphene-Based Nanomaterials

Nanocomposites made from graphene-derived materials (for example, graphene
oxide, reduced graphene oxide, pure graphene) can efficiently remove pharma-
ceutical compounds like aspirin, caffeine, acetaminophen through adsorption. Al-
Khateeb et al. (2014) found adsorption capacities of 18.1, 13.0, and 19.7 mg/g for
aspirin, acetaminophen, and caffeine, respectively. In another study, caffeine, carba-
mazepine, diclofenac, and ibuprofen were removed by 98.2, 97, 97, and 95.5%,
respectively with combined graphene-based nanomaterials (Rizzo et al. 2015).
Graphene oxide can remove tetracycline with 313 mg/g adsorption capacity (Gao
et al. 2012). Lin et al. (2013) used graphene oxide with magnetic particles for
pharmaceutical wastewater treatment and reported 39.1 mg/g adsorption capacity
for tetracyclines. Li et al. (2017) also used graphene oxide—Fe3O4 nanocomposite
for adsorption of chlorpheniramine. It was found that a trace amount of magnetic
nanoparticles onto graphene oxide improved the adsorption capacity, but their high
concentration significantly reduced the adsorption capacity of graphene or graphene
oxide for pharmaceuticals.

11.4.2.4 Curcumin-Loaded Nanostructured Lipid Carrier

Nanoscale lipid carriers loaded with curcumin can decrease the growth of bacte-
rial strains in autoclaved hospital wastewater (Shajari et al. 2020) at 25 °C. These
curcumin-based lipid nanomaterials can be prepared by themethod given byAli et al.
(2010), i.e., hot high-speed homogenization method. In this method, cetyl palmitate
and black seed oil (solid and liquid forms of lipid, respectively), and curcumin are first
dissolved in ethanol to make an oily phase. Hot aqueous phase [tween 80 (0.25%)]
is then added to oily phase at 80 °C, left for half an hour, homogenized for 10 min at
14,000 rpm, and finally cooled to room temperature to obtain curcumin loaded lipid
carrier nanoparticles.

11.4.2.5 Titanium Oxide/Oxygen or Nitrogen Linked Heptazine-Base
Polymer (TiO2/ONLH) Nano-Photocatalyst

Titaniumoxide (titania/TiO2) is an effective semiconductorwith photocatalytic prop-
erties, a high level of heat and chemical resistance, cost-effectiveness, and non-
toxic and eco-friendly nature (Choi et al. 2018). However, there are a few limi-
tations of using it including that titania performs only in UV region, quantum
yield is low, structural tunability is poor, and pollutants degrade slowly during
the photocatalytic process. Therefore, to overcome these disadvantages, scientists
proposed several new approaches including doped titania, organic semiconductor
nano-photocatalysts, polymeric photocatalysts (Xiang et al. 2018). Owing to their
low price and controllable structures, polymeric nano-photocatalysts are exploited
for wastewater treatment nowadays.
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ONLH is a heptazine-base polymerwith oxygen or nitrogen links that is integrated
into titanium oxide nanoparticles to generate a TiO2/ONLH nanocomposite which
functions well in natural sunlight (Zhang et al. 2018). In a study by Zhang et al.
(2021), TiO2/ONLH nanocomposite was used to degrade pharmaceuticals under the
effect of sunlight. Particularly, the fluoroquinolone containing compounds like N-
piperazinyl, and certain cardiovascular drugs containing long aromatic side chains
were easily degraded by the nanocomposite. Propranolol degradation was aided by
the presence of -OH- and -O2, owing to the hydroxyl radical addition, ipso substi-
tution, and ring-opening reactions. TiO2/ONLH was also found to reduce the toxic
transformation products formation. The nanocomposite was prepared from semicar-
bazide hydrochloride by heating at a heating rate of 5 °C/min for 5 h in a muffle
furnace at a constant temperature of 550 °C.

11.4.2.6 Multi-Wall Carbon Nanotubes/Titanium Oxide
(MWCNT/TiO2) Nanocomposite

MWCNT are non-metallic multi-wall carbon nanotubes. The MWCNT/TiO2

nanocomposite is synthesized using the method described by Gao et al. (2009). Puri-
fiedMWCNT are first sonicated to get dispersed in 1M acid solution [H2SO4:HNO3

(3:1)], then heated to 140 °C, cooled to room temperature, sonicated again, washed,
filtered, and the dark precipitates of MWCNTs are collected. The acid-treated
MWCNT and TiO2 were then added to an isopropanol solution, sonicated for
1 h, vigorously mixed with a solution of 7 ml titanium isopropoxide in 40 ml
isopropanol, left at room temperature for 2 h, precipitates were filtered, washed
with a mixture of ethanol/water (1:1 v/v), dried at 100 °C for 2 h, and produced
MWCNTs/TiO2 nanocomposite was stored for further use. Tetracycline degradation
utilizing a MWCNT/TiO2 nanocomposite and ultraviolet-C radiation was investi-
gated by Ahmadi et al. (2017). Complete removal of tetracycline (up to 10 mg/L)
at 3:2 ratio of MWCNT:TiO2 after 100 min, 3% mineralization after 300 min. In
the same operational settings, the COD concentration of 2267 mg/L in genuine
pharmaceutical wastewater dropped to 342 mg/L after 240 min.

11.4.2.7 Biogenic Fe3O4/Au Nanocomposite

Fe3O4/Aunanocomposite can efficiently degrade imatinib and imipenemdrugs under
UV and visible radiations. Mirsadeghi et al. (2020) reported 92 and 96% degradation
of imatinib and imipenem after exposure of 1200 s to UV light, and 82 and 84% after
exposure of 3600 s to visible light. Firstly, 5 mM HAuCl4.3H2O was prepared in
distilled water; Fe3O4 nanoparticles were dispersed in 100 mL of Carum carvi L.
seeds extract; and then for preparation of Fe3O4/Au nanocomposite, 20 mL solution
of HAuCl4.3H2O was added to Fe3O4 nanoparticles. The solution was continued
to mix for up to an hour, then left for one day so that biosynthesized Fe3O4/Au
nanocomposite is separated.
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11.4.2.8 Manganese Oxide/Nano-Graphite
/2-Ethylanthraquinone/Activated Carbon
(MnOx/nano-G/2-EAQ/AC) Cathode

Electrochemical advanced oxidation processes employed for wastewater treatment
use cathode made from highly conductive and chemically resistant materials like
graphite, porous carbon, activated or fibrous carbon (Liu et al. 2013; Le et al. 2015).
However, oxidation efficiency of cathodes can be improved by impregnating elec-
trodes with catalysts including anthraquinone (Tammevesk et al. 2001; Zhang et al.
2007), 2-ethylanthraquinone (2-EAQ) (Wang et al. 2011), tert-butyl-anthraquinone
(TBAQ) (Valim et al. 2013). The presence of catalysts improves the generation of
OH− radicals and enhances oxygen reduction. MnOx is also a suitable semicon-
ductor for use in electrochemical advanced oxidation processes, but it has poor
electrical conductivity. However, MnOx can be used in the processes after doping on
carbonmaterialwith high conductivity (nano-graphite).DopedMnOxdecoratedwith
catalysts is found more efficient for oxygen reduction. Recently, novel manganese
oxide/nano-graphite/2-ethylanthraquinone/activated carbon (carbon material with
high conductivity and better oxidation efficiency) cathode has been used by
researchers to treat wastewater containing pharmaceuticals. The prepared cathode’s
activitywas evaluated bymeasuringH2O2 and -OHyields, aswell as phenol degrada-
tion (Wang et al. 2016). The authors found that after 6 h of electrolysis, the biodegrad-
ability of antibiotics in pharmaceutical wastewater was increased from 0.01 to 0.31.
The following steps were taken to make the novel nanocomposite cathode: in a water
bath, 0.75 gms of 2-EAQ/AC, 0.75 gms of MnOx/nano-G, and 4.5 gms of poly-
tetrafluoroethylene (10%) are mixed (at 65 °C). This combination is subsequently
pressed over stainless steel mesh, yielding MnOx/nano-G/2- EAQ/AC cathode. The
wet electrode is then dried, and used in wastewater treatment studies.

11.4.2.9 ZnO/Sepiolite Heterostructured Nanomaterials

ZnO nanoparticles are incorporated on the surface of a fibrous clay material (sepi-
olite), and the surface is modified using cetyltrimethylammonium bromide, tetram-
ethoxyortosilicate, or magnetite (Fe3O4) nanoparticles to generate ZnO/sepiolite
heterostructured nanomaterials that can beused in photocatalytic degradation of phar-
maceutical drugs like ibuprofen, acetaminophen, antipyrine (Akkari et al. 2018). The
ZnO/sepiolite nanocomposite is prepared in two steps: first, sepiolite ismodified in an
aqueous medium using cetyltrimethylammonium bromide, and subsequently, ZnO
nanoparticles are precipitated fromZn-acetate inmethanolwith potassiumhydroxide
(Aranda et al. 2008; Akkari et al. 2016). ZnO nanoparticles are then dispersed in 2-
propanol and added to sepiolite modified with cetyltrimethylammonium bromide
also dispersed in 2-propanol (5% w/w) to obtain ZnO: organoclay (0.5:1 weight
ratio). To generate the ZnO/sepiolite heterostructure, the mixture is ultrasonicated,
the recovered solid is dried overnight at 60 °C, and calcined at 500 °C for 1 h under
nitrogen and 4 h under air flux. This nanomaterial is of superparamagnetic nature.
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11.4.2.10 Tungsten Oxide and Carbon Nanotube (WO3/CNT)
Heterojunction Nanocomposite

WO3/CNT nanocomposite can be prepared by sol–gel/hydrothermal method given
by Yu et al. (2017). For the synthesis of the nanomaterial, 1 ml lactic acid is added
to a 60 ml aqueous solution of sodium-tungsten-dehydrate. The colorless solution
turns to a yellow gel-type suspension after some time, which is then autoclaved
and washed with ethanol to eliminate residual impurities. Centrifugation is used to
collect the final products, which are then dried in an oven at 85 °C for 30 h.WO3/CNT
nanocomposite together with visible and ultrasound radiations can be applied for the
degradation of tetracycline in pharmaceutical wastewater (Isari et al. 2020a). Results
revealed that 60mg/L of tetracycline can be degraded in one hour at pH: 9, US power:
250 W/m2, and light intensity: 120 W/m2. Moreover, 90.6% of COD and 83.7% of
TOC can also be eliminated after 220 min.

11.4.2.11 Ni-Al Layered Double Hydroxide Nanoparticles

LDHs (layered double hydroxides) are a type of synthetic ionic inorganic substance
that has a clay-like structure and contains divalent or trivalent metal ions such as Zn,
Mg, Cu, Co, Ni, Al, Fe, Cr (Evans and Slade 2006). Nickel-aluminum layered double
hydroxide (Ni-Al LDH) nanomaterial consists of two layers Ni and Al with nitrate
anions in the interlayer. Ion exchange reactions or surface adsorption can exchange
interlayer anions with various inorganic or organic anions. In this way, this nano-
material helps in the removal of pollutants from wastewater. The co-precipitation
method is used to make Ni-Al LDH. Under vigorous stirring at room temperature,
0.581 g Ni(NO3)2.6H2O and 0.375 g Al(NO3)3.9H2O are dissolved in deionized
water, and the reaction is maintained for 30 min under nitrogen protection. Then, the
reaction mixture is subjected to hydrothermal treatment at 90 °C for one day, then
centrifuged for 10min at 4000 rpm, washed, dried at 60 °C, and then stored for future
use (Abdolmohammad-Zadeh et al. 2013). Ni-Al layered double hydroxide nanoma-
terials have been used by Abdolmohammad-Zadeh et al. (2014) for the degradation
of mefenamic acid in human serum and real pharmaceutical wastewater.

11.4.2.12 ZnO Nanoparticles

Zinc oxide nanoparticles are widely used by environmental engineers for the removal
of pollutants from environmental matrices (Kulkarni et al. 2016; Khezamia et al.
2017). Zinc oxide can be synthesized from zinc nitrate [Zn(NO3)2] by a wet chemical
method. 0.5 M aqueous solution of Zn(NO3)2 is continuously stirred for 1 h at 70 °C.
When this solution is poured dropwise into a 1M solution of sodium hydroxide, a
milky white solution is obtained which is then left overnight after stirring for 2 h.
Prepared nanoparticles of ZnO (in precipitate forms) are separated, washed with
ethanol, oven-dried at 70 °C, and preserved for use (Sridara et al. 2018). Sridara
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et al. (2018) reported a maximum of 90.1% removal of phenol from pharmaceutical
wastewater at pH 6. The percentage removal of phenol increased with an increase in
pH and temperature.

11.4.2.13 Nanoparticles Prepared from N, Cu Co-doped TiO2

Decorated on Single-Walled Carbon Nanotube

Titania has a lowadsorption capacity but a high capacity for agglomeration andphoto-
induced charge mobility which limit its application in industrial uses due to lower
oxidative potential. However, co-doping titania with certainmetals or non-metals can
enhance the light absorption potential and photocatalytic performance of titania in the
visible light window, and effectively decrease the band gap value (Eslami et al. 2016;
Adyani and Ghorbani 2018). Furthermore, the adsorption capacity of titania can be
increased with adsorbent support of carbon nanotubes. Carbon nanotubes possess
admirable electron mobility, larger surface area, mechanical strength, and thermal
stability (Payan et al. 2017). The large surface area of carbon nanotubes creates
more sorption sites for target pollutants, and they increase the lifetime of electrons
by enhancing the charge separation potential of titania (Dahl et al. 2014). Therefore,
the technique of co-doping of metals/non-metals on carbon nanotubes impregnated
with titania nanoparticles is a promising approach for the removal of pharmaceutical
drugs from wastewater. Isari et al. (2020a) used N, Cu co-doped TiO2 nanoparticles
decorated on single-walled carbon nanotube for pharmaceutical wastewater treat-
ment, and reported 93% and 89% reduction in COD and TOC, respectively in 3 h.
This novel hybrid nanomaterial was synthesized by sol-gel/hydrothermal method.
0.15 gms of carbon nanotube were added to the solution containing 20 ml distilled
Mili-Q water and 40 ml absolute ethanol, mixed well for 1 h. After 1 h, 2 gms
fine powder of NCuT were added to the above mixture, mixed for 2 h by the ultra-
sound probe, autoclaved, oven-heated at 120 °C for 3 h, cooled, and dried to get N,
Cu-TiO2-carbon nanotube nanocomposite.

11.4.2.14 Molybdenum-Doped Organic-Inorganic Hybrid TiO2

Nanoparticles

TiO2 has been recognized as the most effective nano-photocatalyst. Furthermore,
doping TiO2 with metals can improve the treatment potential of TiO2-based nanopar-
ticles (Sayilkan et al. 2007; Zhang et al. 2008). Doping with molybdenum has
been also explored in recent times and applied for pharmaceutical wastewater. Pure
TiO2 was employed as the starting material for the molybdenum-doped TiO2 hybrid
nanoparticles, and then the dopant (MoO3) was added. About 10 mL 1 N HCl was
added as a mineralizer. n-butylamine was added to the aforesaid mixture in various
concentrations (0.8, 1.0, 1.2, and1.4M) andvigorously swirled for a fewminutes. The
final mixture was then autoclaved, cooled to room temperature, washed, allowed to
settle, washed again to remove any remaining surfactant and solvent. The collected
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product was dried for a few hours in a hot air oven at 40–50 °C, and the dried
particles were exposed to photocatalytic testing. Using molybdenum-doped TiO2

organic-inorganic hybrid nanoparticles (modified with n-butylamine at 150 °C at
autogeneous pressure for 18 h), 93% degradation of pharmaceutical effluents was
reported by Shahmoradi et al. (2010).

11.4.2.15 Cu-Doped TiO2 Decorated on Single-Walled Carbon
Nanotube Ternary Porous Nanocomposite

Cu-doped TiO2 impregnated on single-walled carbon nanotube nanocomposites have
been currently investigated for pharmaceutical effluents treatment. The nanocom-
posites were synthesized through the hydrothermal method given by Yang et al.
(2013). Single-walled carbon nanotubes were added to the solution of 20 ml distilled
water and 40 ml absolute ethanol, exposed to ultrasonic treatment for 1 h, uniformly
mixed with Cu-doped TiO2, stirred for 2 h. The homogenous milky suspension was
obtained which was then autoclaved, oven-heated at 120 °C for 3 h, cooled, dried,
and finally calcinated to get finely powdered nanocomposite. Payan et al. (2019)
used Cu-doped TiO2-carbon nanotube nanocomposite with 4% Cu content and 10%
carbon nanotubes for sulfamethazine removal at pH 7, and an initial drug concentra-
tion of 30 mg/l. They found complete degradation of sulfamethazine after 135 min,
and 59.3% of TOC, and 74.6% of COD after 390 min exposure to solar radiations.

11.5 Conclusion

Water pollution due to pharmaceutical drugs is a serious environmental threat.
Conventional technologies are less capable of removing pollutants from pharmaceu-
tical wastewater whereas nanotechnology has been perceived as the most interesting
and effective solution in the area of wastewater management. The technology has
been gaining spotlight ascribed to the ecologically safe, energy-effective, low cost,
small size, greater surface area, high porosity, high reactivity, and better catalytic
and adsorption properties of the nanomaterials. The composition and source/process
stage of drug formulation decides the level of toxicity of wastewater generated and
resultant adverse hazards on environmental and human health. Different types of
nanomaterials are used for treatment purposes including carbon-based, chitosan-
based, metallic-oxide-based, and biogenic-based. Researchers have developed many
pristine, doped, and hybrid nanomaterials for the enhanced treatment of pharmaceu-
tical wastewater. Scientists have also fabricated innovative biological nanomaterials
with high capability, selectivity, affinity, intensity, and capacity for the treatment
of wastewater. With the use of different nanomaterials possessing unique physico-
chemical and surface properties, nanotechnology has shown efficient degradation of
almost all the pollutants present in wastewater.
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Chapter 12
Photocatalytic Decolourization of Dyes
Using Nanoparticles-Assisted Composite
Catalysts

Sameena Mehtab, Shubham Sharma, Minakshi Pandey, and M. G. H. Zaidi

Abstract Over the years, demand of dyes is tremendously increased due to the
continuous growth of textile, paper and leather market size. Effluents from these
industries are challenging sources of residual dye pollutants into the environmental
water. Coloured water deteriorate the water quality, decline dissolved oxygen levels,
damage photosynthesis, enter the food chain and may lead to severe health hazards.
Treatment and recycling of dyes-polluted water can help in conservation of water and
preventingwater pollution footprint in environment. There exist a remarkablemethod
known as photocatalysts which may be utilized for achieving various goals such as
antifogging, antifouling, production of hydrogen, antibacterial activity, degradation
of different kinds of pollutants in wastewater, sterilization, self-cleaning, deodor-
ization, conservation and storage of energy and purification of air. This process is
gaining more focus towards wastewater treatment for complete mineralization of the
pollutants under mild temperature and pressure requirements. A photocatalyst must
have good light UV–Vis light absorption capability for better photocatalytic perfor-
mance. Recently, a process of dye decolourization with the help of nanocomposites
has been turning into a prominent technology in the direction of environmental reme-
diation. Due to the ability to stabilize the excited electron in the conducting band via
reduction in rate of hole/electron recombination and decreasing the semiconductor’s
band energy, the nanocomposites have gained significant high photocatalytic effi-
ciency over the nanoparticles. Enhanced photocatalytic efficiency can be achieved by
synthesizing specific nanocomposites through conducting polymerswithmetal/metal
oxides nanoparticles.
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12.1 Dyes and their Classifications

Dyes are natural or synthetic chemicals used to impart different colours in any
substance. Chemical structure of dyes possesses conjugated system, electron reso-
nance and one or more colour-bearing group (chromophore) that can undergo π–π*
and n–π* transitions, that absorb light in visible region of spectrum (400–700 nm)
and impart colours in dye molecules. There are many ways to classify dyes; a very
common classification of dyes is based on the origin by which it is made, accordingly
classification is given as below (Allen 2013; Hunger 2007).
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12.1.1 Natural Dyes

Dyes are derived from plants, fungi, lichens and minerals sources without any chem-
ical processing. Since very beginning man started dyeing their clothes with dyes of
natural origins. The majority of natural dyes are derived from plant sources like root,
seeds, leaves, flowers, barriers, bark, wood and fruits. Natural dyes do not require
any special care, they are wonderful and rich in tones, act as health cure especially
as food dyes have which fortunately come with no problems related to disposal, and
also with no effects such as carcinogenic effect with the quality of being an easily
biodegradable. The requirements for Natural dyes are as simple as a dye house to use
for applying on matrix, and along with it, a mild reaction condition has to be there
for the purpose of their extraction and application. However, Natural dyes also come
with some limitations such as poor colour yield, poor fastness properties, limited
colour patterns and difficult process of blending dyes (Merdan et al. 2017).

12.1.2 Synthetic Dyes

They are primarily used worldwide for their application in printing textiles which
attach themselves via chemical bonding that takes place between the molecules of
dyes and the fibres. These are basically a class of highly coloured organic substances.
However, there are various manners in which the classification of dyes can be done
such as, according to the application of the materials, chemical structure and consti-
tution, etc. (Chiu et al. 2019). A lot of organic dyes fall under the category of synthetic
dyes that are used in the textile industries. Apart from organic dyes, inorganic dyes
like sodium dichromate are also utilized for the extraction of certain specific colours.
The classification of organic dyes is generally based on their chemical constitution.
But when it comes to textile processing, dyes classification takes place on the basis
of their usage and some important well-known types of dyes are briefly described
here.

12.1.2.1 Reactive Dyes

If we talk about their proper names for the reactive dyes, then they are referred to
with the name of “fibre reactive dyes”, which actually are the water-soluble anionic
compounds.When it comes to obtaining the desired bright shades, the dyes belonging
to this class are the largest ones which are extensively used on the cellulosic (cotton)
for the same purpose. Reactive dyes are also very well-suited for nylon, wool and
silk too. The auxiliaries that are needed include sodium chloride, sodium carbonate,
urea and buffers (Benkhaya et al. 2020).
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12.1.2.2 Disperse Dyes

Disperse dyes holds the property of being water insoluble, therefore, they are mainly
used for dyeing polyester. Dyeing synthetic fibres such as cellulose acetate and
polyamides is one of the minor use cases of them. Among all the dyes, the title of
the smallest dye molecule is held by the disperse dye molecules. The composition
of dispersed dye molecules is azobenzene or anthraquinone molecule based with
attached nitro, amine, hydroxyl, etc. (Harfi and Harfi 2017).

12.1.2.3 Acid Dyes

When it comes to dyeing wool and other animal fibres, the acid dyes are the exclusive
pick for it. They are widely used on nylon in the scenario where high wash fastness
is a must. Acid dyes are water-soluble anionic salts of sodium and sulphuric acid
or organic acids. The other requirements for the perfect dyeing via acid dyes are:
sulphuric acid, formic acid, ammonium phosphate, ammonium sulphate, sodium
sulphate, acetic acid, ammonium acetate and levelling agents.

12.1.2.4 Sulphur Dyes

These dyes are water-insoluble in nature and composed of either sulphur or sodium
sulphide. The application of sulphur dyes is usually carried out at high temperature
of 600–1000 °C in alkaline solution medium, mainly on cotton for economical dark
shades. Reduced sodium sulphide solution of sulphur dyes is applied, afterwards it
gets reoxidized to insoluble form on the fibre. Sulphur dyes are mainly applied to
cotton for economical dark shades. When it comes to resistance, they are excellent
for washing but perform poorly in sunlight. They usually provide very poor fastness
to chlorine. The other requirements for the perfect dyeing via acid dyes are: sodium
sulphate, acetic acid, sodium sulphide, sodium chloride, sodium carbonate, hydrogen
peroxide and sodium dichromate.

12.1.2.5 Basic Dyes

Basic dyes also referred to as “cationic dyes” are water-soluble in nature. The dyes
belonging to this class are known for their bright colours. It also has good fastness and
is majorly applied on polysters, silk, wool and acrylic fibres. Most often these dyes
fall under the category of hydrochlorides or salts of organic bases. Their application
follows along with organic acids such as sodium sulphate, formic acid, acetic acid,
oxalic acid, tannic acid and sodium acetate.
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12.1.2.6 Direct Dyes

They are also referred to as “substantive dyes”. These are mainly azo compounds
with sodium salts of sulphonic acids. They are anionic compounds which are soluble
in water. Their primary use case is for dyeing cotton. This class of dyes is used by
most of the small dyeing houses because of the low cost they offer, and how easy they
are to apply. And they even require less auxiliary chemicals which include sodium
chloride, sodium sulphate, sodium nitrite, sequestering agents, hydrochloric acid and
aromatic amines. Direct dyes offer colours that are stable for washing but the colour
fastness they offer is not up to the mark.

12.1.2.7 Mordant Dyes

This category comprises both types of dyes—natural dyes and synthetic dyes.
Because of the fact that they show no affinity for textile fibres, the fibres are
mordant with a metallic oxide before being applied. Chromium oxide is the most
commonly used mordant, therefore giving these dyes the other name of chrome
dyes. Other chemicals needed are sulphuric acid or formic acid, sodium (or potas-
sium) dichromate, acetic acid, sodium sulphate, ammonium sulphate and penetrating
agents.

12.1.2.8 Vat Dyes

If we talk about resistance to both washing and sunlight, the Vat dyes are considered
to be the most resistant towards both. They are made from indigo, anthraquinone
and carbazole and are water-soluble in nature. After this process, they are applied
to fibre and then reoxidized to the original insoluble form. Other chemicals which
are needed for dyeing with vat dyes include caustic soda, sodium hydrosulphite,
dispersing agents, hydrogen peroxide and perborate.

12.1.2.9 Azoic Dyes

Azo dyes are composed of azo component (–N = N–) and used for serving the
purpose of cotton fabrics dyeing. They are widely used dyes and largest component
of textile dyes that comprise 6–70% of all textile dyestuff in practice. In the dyeing
process, colours are formed inside fibres, by in situ reaction of coupler followed by
application of azo dyes.
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12.1.2.10 Pre-metallized Dyes

These are mordant dyes that carry metallic oxide (usually chromic) in their structure.
This vanishes any need for the adding of dichromates in the entire process. These
dyes are applied on nylon, silk and wool.

12.2 Dyes-Based Water Pollution

In the growing world, requirements of synthetic dyes are continuously increasing
due to the wide range of applications in the textile, paper, leather, paints, cosmetics,
pharmaceuticals and food industries.Worldwide, up to 10,000 different dyes are used
and their total annual production is around 7× 105 metric tons. Among all industries,
the textile industry contributes towards the most elevated release of dye effluents to
the environment (Lellis et al. 2019).Wastewater discharge fromdyes processing units
is one of the major environmental concerns. Dyes impart different colours in water
bodies that hindered the photosynthesis by decreasing the light penetration in water
and in turn affecting the food source of aquatic life form (Hassan and Carr 2018).
Dyes water pollution also disturbs the aquatic biota by decreasing the dissolved
oxygen levels in water bodies (Imran et al. 2015). The presence of even a small
measure of dye in water causes deterioration in water bodies likewise lessens the
solubility of dissolved oxygen subsequently expanding the natural oxygen demand
of water, upgrades the turbidity of water and annihilates the food web of that specific
region. In addition, the effluent of dyes components from industries deteriorate the
aquatic flora and fauna by generating a thin deposition over water bodies.

Dyes are being designed with a combination of complex chemicals and when
these dyes get released inwater they undergo oxidation and reduction, which produce
hazardous by-products which further increase need for their removal from wastew-
ater. Dyes and their by-products when leach out in water do not break down and
stay for a very long period of time and disturb the water ecosystem (Chequer et al.
2013). Dyes are serious environmental pollutants and can cause severe toxic, allergic,
mutagenic and carcinogenic effects if entered in food chains (Sandhya 2010). Dyeing
industries released huge amount of dyes containing coloured effluents into environ-
mental bodies. Dyes have adverse effects on all forms of life and it is important to
treat dyeing water effluent before their final disposal. Dyes are complex, long-lasting
and toxic pollutants in the climate, there is a high scope for investigating and creating
different strategies for their degradation.
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12.3 Existing Treatment Options

In the course of recent years, substantial investigations were carried out for the
decolourization of industrial effluents from dyeing effluents. Both industrial and
municipal wastewater required diverse treatment methods to eliminate dyes, prior to
their discharge into aquatic environment. Depending on the complexity of polluted
water, so far different methods have been used for dye degradation in the environ-
mental samples. Some importantways for dyedegradation reported are sono-catalytic
degradation (Salavati et al. 2012; Li et al. 2014; Taghizadeh and Seifi-Aghjekohal
2015) ozonation (Hu et al. 2016), chemical oxidation (Esteves et al. 2016; Al Angari
et al. 2019), adsorption (Hashem and El-Shishtawy 2001; El-Shishtawy and Melegy
2001; El-Shishtawy and Soltan 2002; Sathian et al. 2014; El-Zahhar and Awwad
2016), photocatalytic degradation (Cai et al. 2015; Chandra et al. 2016; Elango and
Roopan 2016; Kumar et al. 2016a, 2016b), coagulation (Wei et al. 2015; Huang et al.
2015), microbiological decomposition (Kumar et al. 2016a, 2016b) and adsorption
processes (Hao et al. 2000). However, in some of these methods, dye’s pollutants are
only transferred from one phase to another and leaving the problemmostly unsolved.
Conventional methods of treatments for example, adsorption on activated carbon,
compound precipitation, and separation, coagulation are non-damaging strategies
and just exchange dyes starting with one phase to the next, causing secondary pollu-
tion that requires further treatment. There is a critical requirement for an exception-
ally productive framework to treat dyeing water for the total degradation of harmful
particles into simpler non-toxic forms. Numerous industries and research centres
treat chemical dyeing water utilizing different methodologies before releasing them
into environment. Regularly rehearsed approaches incorporate physical methods—
sedimentation, floatation and filtration. Microbiological methods can be used for dye
degradation, but these methods are quite slow and cannot degrade complicated dyes.
The chemical methods include coagulation or flocculation, filtration, ozonization,
illumination, adsorption, photolysis and particle pair extraction. These compound
strategies are helpful yet uneconomical as they require high energy and enormous
usage of the chemical reagents for the degradation of dyes from the water bodies,
so they are not in much practice. These techniques are extravagant and demand high
set-up expenses and are incapable to meet restrict effluent colour standards. There-
fore, considerable consideration has been centred around the complete oxidation of
organic compounds to innocuous items, for example, CO2 and H2O by the advance
oxidation–reduction measures.

Recently, photocatalysis emerged as the latest green technology relying on
advanced redox processes and is quite proficient in producing varied reactive species
with the likes of oxygen and nitrogen species, oxygen and hydroxyl radicals. Photo-
catalysis has gained massive attention because of its potential application in degra-
dation of different types of organic dye molecules from wastewater (Cavassin et al.
2015; Ramazanzadeh et al. 2015; Waiskopf et al. 2016; Nosaka and Nosaka 2017;
Podporska-Carroll et al. 2017).
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12.4 Photocatalysis Approaches: Basics and Types

Photocatalysis has been raised as a capable technology for considering the global
environmental issues related to the water pollution caused by the dyes. In the word
“photocatalysis”, prefix ‘photo’means something that is related to photon or light and
‘catalysis’ refers to the process of accelerating the rate of chemical reaction without
altering the end product. The catalyst is a substance, which reduces the activation
energy to increase the rate of reaction. Photocatalysis is a process including reactions
that take place through absorbing light by photocatalyst for accelerating reactions
rate. Generally photocatalysts are semiconductors in nature that generate electron–
hole pair on exposure to the light. On the basis of physical state of the reactants,
photocatalytic reactions can be categorized in two categories as homogeneous and
heterogeneous photocatalysis.

12.4.1 Homogeneous Photocatalysis

Homogeneous photocatalysis involves the reactions in which both photocatalyst and
medium are same in same phase. They contain an optimized single phase solu-
tion including soluble catalysts as photosensitizer or light absorbing system and act
as redox reactions catalytic sites for target substrate (dyes). The presence of a light
absorber is essential for this process as it is responsible for chemicalmodification into
desired products. After activation in excited state photon-absorbing species acceler-
ates the target chemical reaction by interacting with light and substrate. Transition-
metal complexes show suitable stability and electronic band gap that make them
a good choice to use as homogeneous photocatalysis. Most common application of
homogeneous catalysis is the formation of OH• radicals using ozone in photo-Fenton
system to generate accessible and clean fuel in the form of molecular hydrogen from
solar energy (Tahir et al. 2020).

12.4.2 Heterogeneous Photocatalysis

Photocatalytic reactions in which the phases for both catalyst and reactant are not
same are known as heterogeneous photocatalysis (Gaya andAbdullah 2008). Hetero-
geneous photocatalysis has showcased themselves as an efficient tool for various
important reactions like, water splitting, photoreduction, hydrogen transfer, organic
synthesis, and metal deposition, water and gaseous detoxification, etc. (Carp and
Huisman 2004). Semiconductor materials like ZnO, TiO2, Fe2O3, CdS, MgO, WO3,
etc., have been proven as good choice to be used as photocatalysis (Rajeshwar et al.
2008). These materials have photostability, inertness to chemical environment and
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wide range of band gap, due to which there is acceleration in creating the chem-
ical equilibrium between reagent and products in the heterogeneous system. In this
process the photocatalytic efficiency depends on the interaction of the catalyst with
the photon to produce electron/hole pairs that generate free radicals for onward
reaction. There is a simultaneous transfer of the excited electrons to the reducible
specimen which is accepted by catalyst from the holes-occupied oxidizable spec-
imen. In both directions, the net flow of the electrons turns out to be null with the
catalyst being unaltered.

Energy difference between lowest unoccupied molecular orbital (conduction
band) and highest occupied molecular orbital (valence band) is defined as band gap.
Materials with band gap energy (Eg) in the range 1.5–3.0 eV behave as semicon-
ductors and exhibit the ability to conduct electricity even at the room temperature.
All photocatalysts are mainly semiconductor in nature and on expose to light filled
valence band electron absorb required energy and get excited to empty conduction
band to produce an electron–hole (e−h+) pair or charge carriers.

Catalyst + hv → e− + H+

H2O + h+
vb → OH + H+

e−
cb + O2 → O−

2

O2− + H+ → HO2

2HO2 → H2O2 + O2

H2O2 → 2OH

Excited electrons work for reducing an acceptor and holes are used for oxidation
of donor molecules. The ability to provide an environment for both the oxidation
and reduction makes the photocatalyst important for the photocatalysis. The relative
position of the semiconductor’s valence bands and conduction’s together with the
substrate’s redox levels are deciding factors for destiny of the excited electron and
hole. There are four ways for the interaction to take place between the semiconductor
and substrate that happens based on the relative positions of conduction and valence
bands and also the redox levels. These four different ways are:

• For the reduction of substrate to happen, the redox level of substrate has to be
lower compared to the semiconductor conduction band.

• Substrate get oxidized, when substrate redox level is higher than semiconductor
valence band.

• When substrate redox level is higher than the conduction band and lower than
the valence of the semiconductor, there is no possibility of oxidation as well as
reduction.

• When the redox level of the substrate is lower than the conduction band and higher
than the valence band, both the reduction and the oxidation of the substrate can
happen.
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Cu2O is a p-type photocatalyst with band gap 2.0–2.2 eV in the visible range, which
has to deal with the photo-wavering and photo-corrosion. We can utilize the devel-
oped Cu2O nanocomposite with n-type semiconductor like Fe2O3 to get rid of these
drawbacks.

12.5 Nanocomposites for Photocatalysis Degradation
of Dyes

Decolourization and degradation of dyes effluents has been a challenging topic for the
researchers all over the world. Nanocomposites based photocatalyst have enhanced
light absorption for harvestingmore photonic energy and found to be promisingmate-
rials for degradation of dyes. Photocatalytic nanocomposites are specially designed
coupled of two or more semiconductors that display higher redox behaviour than
photogenerated charge carriers. Photocatalytic nanocomposites have recombination
of photocharge carriers with high surface area that exposes more active sites for
catalytic activity (Loddo et al. 2018; Khan and Lee 2021; Xu et al. 2019; Loghambal
et al. 2018). The core of this technology lies when nanocomposites are irradiated by
light energy (higher than band gap of nanocomposite), there is transfer of an electron
to the empty conduction band of the nanocomposites from the fully filled valence
band (Kumar et al. 2020).

Nanocomposites are effective materials, when excited with visible or UV light
generates a reactive hydroxyl radical and superoxide, which rapidly degrade the dye
molecules or organic pollutants (Rajagopalan 2016). So there is a need to develop
synergistically coupled nanocomposites that produce reactive oxygen radicals for
efficient dye removal from water.

12.5.1 Nanoparticles Zeolite Composite Based Photocatalysts

Catalytic activity of nanoparticle is improved by employing porous supports mate-
rials of large area and high ion exchange capacity as matrices or stabilizers in
composite. Recently e.g., Zeolites supported ZnO−Fe2O3−MnO2 nanocomposite
have been reported greater effects on photocatalytic degradation of dyes to escalate
the wavelength of excited light that improves light catalytic activity and utilization
efficiency. Investigations suggested that by encapsulating the non-metal ion such as
sulphur, phosphorus, nitrogen, carbon or oxygen into oxide fine particles through
mechanochemical methods, the band gap of ZnO can be narrowed. These modified
ZnO composite have stronger absorption in the visible region which improves the
degradation of organic dyes pollutants. The conventional liquid impregnation process
synthesizes zeolite immobilized TiO2 nanocomposite, which were used to efficient
degradation of methylene blue dye (Saqib et al. 2019).
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12.5.2 Nanoparticles Carbon Material Composite-Based
Photocatalysts

Carbonaceous materials composite are excellent choice for synthesizing the modi-
fied photocatalysts. Activated carbon, carbon quantum dots, carbon nanotubes
(SWCNT or MWCNT)/nanofibres, graphene, fullerene and carbon aerogels have
been investigated as carbonaceous photocatalysts. Carbon component increases
hetero-conjunctions and surface area of carbon phase in the composite of carbon
semiconductors that can trap photogenerated electrons to suppress the recombina-
tion of electron and hole (Ge et al. 2019). Thesemodified carbonaceous photocatalyst
have capability for enhancing the capacity of visible light absorption, reaction sites,
the electron transportation, adsorption capacity of reactants and utilization stability.

Pd co-doped TiO2 on double-walled carbon nanotube-based nanocomposites was
prepared by amodified sol–gelmethod that results in enhancedphotocatalytic activity
towards degradation of eosin yellow. Carbon nanotubes change the morphology and
increase optical properties of nanocomposites and work as excellent electron transfer
channels to provide high electrical conductivity and electron storage capacity.

Manganese dioxide nanoparticles/activated carbon (MnO2/AC) composites were
prepared through chemical reduction method and utilized for photodegradation of
Congo red dye. Morphological study also revealed that MnO2 NPs were well-
dispersed on AC and their degradation efficiency to degrade CR dye is more than
MnO2 NPs (Khan et al. 2019).

Graphitic carbon nitride (g−C3N4)/TiO2 nanocomposite shows 97% greater effi-
ciency towards the degradation of rhodamine-B dye with modified surface area and
higher absorption of light (Monga and Basu 2019).

12.5.3 Nanoparticles Conducting Polymers Composite-Based
Photocatalysts

The conducting polymers have π-conjugated system and have high photogener-
ated electron–hole pairs charge separation to work as excellent nanocomposites.
Conducting polymer nanocomposites provides better surface for catalysis under light
illumination and has electronic characteristics like σDC and σAC electrical conduc-
tivity, low energy optical transition, high electron affinity and photoelectric proper-
ties. Metal nanoparticle decorated conducting polymer nanocomposites have gained
much attention towards photocatalytic materials for dye degradation. Conducting
polymers like polypyrrole (PPy), polyaniline (PANI), polythiophene (PTh) and poly-
acetylene (PAc) act as photosensitizer for conducting and semiconducting material
because of their extended π-conjugated electronic system with high charge carriers.
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The composite of polyaniline reinforced with BiOCl have shown increased
absorption intensity under visible region by chemisorption method owing to syner-
gistic effect between PANI and BiOCl, primary used for photodegradation of methyl
orange dye (Wang et al. 2013).

The in situ oxidative polymerization method was used for synthesizing a
nanocomposite of polyaniline with TiO2 and graphene (PANI@TiO2/GN) (Kumar
et al. 2016c). Characterization evaluates to well-distributed peaks of TiO2 within
PANI and GN nanosheets network, which points towards the successful forma-
tion of PANI@TiO2/GN nanocomposites. Higher visible light absorption of
PANI@TiO2/GN over PANI@TiO2 and good photocatalytic activity for methylene
blue degradation are presented via optical analysis results. The sensitizing effect of
PANI and electron scavenging property of GN are the key factors behind the high
photocatalytic activity of PANI@TiO2/GN.

12.5.4 Nanoparticles Biopolymer Composite-Based
Photocatalysts

Recently, the photocatalytic capacities have been found to increase using nanopar-
ticles embedded in biopolymeric composites with enhanced surface area and active
sites. Due to biodegradable and non-toxic nature of biopolymers, their use has been
attracted in the development of nanocomposites. The modification of nanoparticles
using biopolymer accelerated photocurrent transport by increasing the number of
photogenerated electrons and holes (Sarkar et al. 2020).

Nanocomposite was synthesized by barium-assisted cross-linking of
carboxymethyl cellulose (CMC) with sodium alginate and ZnO nanoparticles.
60 mg nanocomposite of developed alginate-CMC:ZnO (in ratio 1:0.8) gives
90.12% photocatalytic degradation activity for congo red dye solution under sunlight
irradiation at pH 3 with reaction time of 110 min (Ramadhani and Helmiyati 2020).
Cellulose has also been considered as a supporting material to developed nanocom-
posites with ZnO nanoparticles that reflect improved photocatalytic efficiency for
methylene blue photodegradation (Melinte et al. 2019).

Biocomposite-based photocatalyst comprised of nanochitosan, CMC and TiO2

was reported for crystal violet dye degradation. Chitosanmetal nanocomposites have
been reported for photocatalytic degradation of several dyes as, chitosan/Pd for congo
red (Sargin et al. 2020), chitosan/Fe for basic dye (Kasiri 2019) and chitosan/La for
Azo dyes (Sirajudheen and Meenakshi 2019), etc.

The co-precipitation of sodium tungstate and calcium chloride with commercial
biochar synthesized the calcium tungstate (CaWO4)-doped biochar nanocomposites,
whichwere used for degrading and decolourizingmethyl orange and rhodamine dyes
(Zhang et al. 2019) (Fig. 12.1and Table 12.1).
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Fig. 12.1 Different Nanocomposites-based Photocatalysts

12.6 Mechanism for Photocatalyzed Dye Degradation

Photocatalysis is a photon-induced catalytic reaction in which oxygen acts as an
electron acceptor and creates reactive oxygen specieswhich breaks the dyemolecules
(Ajmal et al. 2014; Yang et al. 2005). In this eco-friendly and inexpensive method,
the polymeric nanomaterials are used for degrading the dyes from wastewater.

There are two types of mechanisms for dye degradation as discussed follows.

• Indirect dye degradation mechanism
• Direct dye degradation mechanism

12.6.1 Indirect Dye Degradation Mechanism

In this mechanism, the radical species (e− and h+) are generated by the photoexci-
tation of the semiconductor material that is responsible for the degradation of dyes.
Generally here semiconducting materials act as a photocatalyst, which may irradiate
the light energy for stimulating redox process.

Fundamental steps for indirect dye degradation are as follows.
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Table12.1 List of nanocomposites utilized for efficient dyes removal

Sr. No Nanocomposites Dye employed References

1 Carbon quantum dots
-modified ZnS

Alizarin red S (ARS) Kaur et al. (2016)

2 Urea Derived g−C3N4/ZnO Methylene Blue (MB)
Rose Bengal

Alharthi et al. (2020)

3 Graphitic carbon nitride
(g−C3N4) /TiO2

Rhodamine B (RhB) Monga and Basu (2019)

4 Polyaniline/ZnO MB Olad and Nosrati (2012)

5 ZnO/Ag Methyl Orange (MO) Kuriakose et al. (2014)

6 TiO2/MgO MO
ARS

Arikal and Kallingal (2021)

7 Guar gum/Al2O3 Malachite Green (MG) Pathania et al. (2016)

8 SnSe/SnO2 MB
RhB

Kaur et al. (2019)

9 ZnS/Fe2O3/Ag MG
Eosin blue (EB)

Sunkaraa and Botsab (2020)

10 ZnO/CeO2 MB Saravanan et al. (2012)

11 GO/TiO2 Orange ME2RL Kumaran et al. (2020)

12 Cu2O/Cu MB Li et al. (2018)

13 Al2O3/ZrO2 Reactive Blue 222
Reactive Yellow 145

Yaghoubi et al. (2020)

14 TiO2/reduced graphene oxide
(RGO)

RhB
Acid orange II (AO-II)

Wang et al. (2012)

15 TiO2/diatomite composites RhB
MO
MB

Zhang et al. (2016)

16 TiO2/CuO MO Koohestani and Sadrnezhaad
(2016)

17 ZnO/MWCNT RhB Yan et al. (2009)

18 Polyaniline/bismuth
selenide(Bi2Se3)

MO
RhB
MG

Chatterjee et al. (2019)

19 CNT/TiO2 nanotube MO Jiang et al. (2013)

20 Zirconium oxide
(ZrO2)/graphene(GR)

MB
RhB

Rani et al. (2016)

21 Metal-fullerene/TiO2 MB Meng et al. (2012)

22 ZrP/AgBr RhB Pica et al. (2019)

23 Zirconium/titanium/chitosan Orange II Demircivi and Simsek (2018)

(continued)
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Table12.1 (continued)

Sr. No Nanocomposites Dye employed References

24 Iron-modified biochar MB
Acid orange 7

Qiu et al. (2020)

25 Ag/TiO2/biochar composite MO Shan et al. (2020)

26 Nano-zerovalent
manganese/biochar
composite

Congo red Iqbal (2021)

12.6.1.1 Photoexcitation

Photoexcitation takes placewhen there is sufficient energy gap between filled valence
and empty conduction band. Due to electron excitation process, a hole generates in
the valence band (hVB+) and an electron in conduction band (eCB−).

The Eq. (12.1) indicates net result of generated electron and hole pair.

Semiconductor material + hv → e−(CB) + h+(VB) (12.1)

where, h: Planck’s constant 6.626 × 10−34 m2kg/s and v: frequency of incident light

12.6.1.2 Ionization of Water

The ionization of water molecule takes place by the hole generated in the filled
valence band as a result of visible beam irradiation and forms the reactive hydroxyl
radicals.

h+ + H2O → H+ + OH− (12.2)

h+ + OH− → OH• (12.3)

The hydroxyl radicals formed on the surface of irradiated semiconductor are strong
oxidizing agent, which can easily oxidize organic dyes contaminants.

12.6.2 Oxygen Ionosorption

The electron formed in conduction band reduces the oxygen molecule by forming
superoxide ion electron (O2

−), which prevents the electron–hole recombination and
induces the redox reaction.

e− + O2 → O−•
2 (12.4)
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12.6.2.1 Protonation of Superoxide

The hydroperoxyl radical (HO2
•) in conduction band can be formed by protonating

superoxide (O2−•) ion electron and afterwards H2O2. The peroxide is highly unstable
hence dissociates into hydroxyl radical.

O−•
2 + H+ → HOO• (12.5)

2HOO• → H2O2 + O2 (12.6)

H2O2 → 2OH− (12.7)

Dye + OH− → CO2 + H2O (12.8)

Dye + h+ → oxidation products (12.9)

Dye + e− → reduction products (12.10)

On the surface of photoexcited photocatalyst semiconductor, both oxidation and
reduction activities are prevalent. The entire procedure is depicted in Fig. 12.2.

Figure12.2 Indirect dye degradation mechanism
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The absorbed surface water of photocatalyst oxidized by hVB+, due to the shifting
of electrons from the filled valence band, forms strong oxidative decomposer
hydroxyl radicals (OH•). The reactive hydroxyl radical react with dyes organicmatter
and ultimately decomposes it into carbon dioxide and water (Eq. 12.9).

12.6.3 Direct Mechanism for Dye Degradation

In the direct dye degradation mechanism, the excitation of dyes occurs from ground
state to excited state after the irradiation under visible light photon (1400–800 nm).
This process is followedby injecting an electron in conduction bandof semiconductor
to convert dye species into a semi-oxidized radical dye cation (dye+•). Now the
reaction between trapped electrons and dissolved oxygen takes place, which lead to
superoxide radical anions (O2

•). The produced superoxide (O2
−•) gets protonated and

forms hydroperoxyl radical (HOO•) and afterwards hydrogen peroxide (H2O2). The
peroxide formed in above step is further dissociated into reactive hydroxyl radicals
(OH•), which is responsible for the oxidation of organic compounds.

Dye + h → dye∗ (12.11)

Dye∗ + TiO2 → dye+ + TiO2 (12.12)

12.7 Factors Affecting Photocatalytic Dye Degradation

The reaction that occurs on the surface of photocatalyst depends on various parame-
ters including semiconductor properties, particle size, absorption capacity, reaction
temperature, reaction time, pH and concentration of dyes. Surface properties of cata-
lyst also have an influence on the operating efficiency of the entire photodegradation.
Some important properties are discussed below.

12.7.1 Surface and Structural Properties
of the Semiconductor

Photocatalyst surfaceswith suitable redox potentials, good adsorbent properties, high
exposed facets with thermal stability and efficient towards solar energy absorption
shows better catalytic performances (Ahmed et al. 2010).
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12.7.2 Effect of Particle Size

There are various factors on which the efficiency of the photocatalysts depends such
as crystal structure, size of the particle, shape, surface area, porosity, composition of
crystals, electrical properties, surface functionalities and band gap aswell (Salah et al.
2004). The nanomaterial with larger surface area but smaller size results in efficient
photocatalytic performance over materials in bulk. There is a huge accumulation of
the atoms on the surface of a catalyst when its size is smaller. This is the reason for
its increased surface to volume ratio. This property is helpful to improve transfer
rates and the number of active sites of interfacial charge carriers, therefore leading
to the achievement of higher catalytic activities (Cernuto et al. 2011). The spherical
ZnO molecule demonstrates much greater efficiency, when compared to rod-shaped
and spindled ZnO samples which is ultimately because of its large surface area
(Saravanan et al. 2013a, 2013b).

12.7.3 Effect of pH

The pH of degradation reaction has influenced the ability of reaction rates and surface
charge of the photocatalyst. The highest degree of photo decolourization of methyl
orange was observed at pH 2, due to electrostatic attraction between the catalyst
surface and methyl orange (Zhu et al. 2012). However, the results of dye treatment
fetched on the basis of the dye adsorption strength can’t be explained due to the
presence of various other parameters which operate simultaneously. For example,
it has been found that on increasing the pH from 1 to 9 leads to decolourizing
of the reactive orange 4 from 25.27% to whooping 90.49% just after 40 min and
degradation amount changes from 15.16% to 87.24% just within 80min, respectively
(Muruganandham and Swaminathan 2004).

The dye degradation mechanism generates positive holes as major species for the
oxidation reaction at lower pH and hydroxyl radical at higher pH range (Tunesi and
Anderson 1991; Goncalves et al. 1999).

It is reported that decolourization and degradation rate of dyes are increasing
with increase in pH (Mahvi et al. 2009) and concentration of H+ ions exceed at
lower pH range, which is responsible for reducing the azo group electron densities
by interacting with the azo linkage. This ultimately leads to decrease in the reactivity
of hydroxyl radicals (OH•) by electrophilic mechanism. It’s also reported that, when
dealing with photocatalysts, a cationic dye shows higher rate of adsorption than
anionic dyes (Baran et al. 2003; Tang and Chen 1996; Neppolian et al. 2002). TiO2 is
a strong oxidizing agent at lower pH, but when H+ is in excess that too at a very low
pH, it results in a decreased reaction rate due to agglomeration of TiO2 particles at
lower pH. It may affect the surface area of the catalyst by reducing it for maximum
adsorption of the dye as well as photon (Shukla et al. 2010).
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In summary, there may be dissimilarity in photocatalytic activities in dye degra-
dation reactions exhibited by different organic dyes because of the differences in
their chemical nature. Some dyes can be decomposed quicker in the acidic solutions,
while others decompose faster in alkaline solutions. As a result, before calculating
the ideal pH for maximum photodegradation rate, it is vital to investigate the nature
of the organic dyes to be destroyed.

12.7.4 Effect of Photocatalyst Load

Various studies are reported to analyse the effect of catalyst loading on the photocat-
alytic reaction particularly in the aqueous suspension form. It is also mandatory to
calculate the optimum amount of catalyst for degrading the dyes and this amount of
photocatalyst is dependent upon the intensity of visible light, reactor configuration,
types of dyes and morphology of catalyst (Reza et al. 2017; Riga et al. 2007). The
absorption of dyes on catalytic surface is increased with increasing the loading of
photocatalyst (Kaur and Singh 2007). The loading of TiO2 nanoparticle up to 1000
mgL−1 improves the rate of photo-decolourization with an overall 60% total organic
carbon removal rate. The reported optimized condition for photocatalytic degrada-
tion of reactive red 198 is 0.3 gL−1 and consumption of TiO2 is 0.5 gL−1, which
explains a direct relationship of the amount of catalyst with optimal level of light
absorption and the amount of decolourization at a steady level (Mahvi et al. 2009).

12.7.5 Effect of Initial Dye Concentration

The concentration of dye is inversely proportional to the rate constant of decolouriza-
tion which may affect the degradation and decolourization rate. At higher concen-
tration of dyes, the more active sites of catalyst surface is filled with ions of dye
which can lead to the decrease in the production of hydroxyl radicals. For reactive
yellow dye, the variation in initial concentration of dye also affects its photocat-
alytic degradation and discolouration in the concentration range (0.025–0.1 gL−1)
(Kamat et al. 2000; Ilinoiu et al. 2013). The degradation efficiency of dyes can also
be increased by increasing the concentration of initial dye, such as, the increment of
the concentration of methyl orange reduces the path length of entering visible light
and the lower concentration of methyl orange reverses this mechanism (Zhu et al.
2012).
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12.7.6 Effect of Reaction Temperature

The higher temperature of semiconducting material during photocatalytic reaction
reduces the degradation rate by recombining electron hole pairs and eluting the
active reactant species. For example, the temperature of TiO2 material is elevated
above 80 °C during the photocatalytic reaction decreases the efficiency of photo-
catalytic activity. The lower value of activation energy (5000–20,000 J mol−1) of
photocatalytic reaction reflects the temperature dependence of the degradation rate.
Photocatalytic devices do not require heat and can work at ambient temperature
because of photonic activation. The optimal reaction temperature of TiO2 material
is observed to be between 20 and 80 °C for photocatalytic activity. The apparent
activation energy rises when the temperature is lowered to 0 °C (Pardeshi and Patil
2008). This optimal range is determined mostly by the material’s activation energy
in the photocatalytic reaction.

12.7.7 Effect of Pollutant Adsorption Strength

There is an important role of the competitive adsorption which takes place between
the water molecules and the dye to be generated in the heterogeneous photocatalysis.
There is a limit of not more than one nanometre far for photogenerated reactive
oxidizing species from where it generates. This causes to reduce the rate of dye
degradation with the increasing distance from the surface of the catalyst particles
(Chatterjee and Dasgupta 2005). However, in various studies, there hasn’t been any
report related to the direct relationship between photodegradation and adsorption.
The adsorbed molecule or intermediate act as poison on the catalyst surface. The
presence of coulombic interactions between the active group of photocatalyst dye and
the molecule are necessary for the proper adsorption of the dye (Bizani et al. 2006).
The complexity in the layers of dye molecules throughout the surface of the catalyst,
resulting in limited interaction between the catalyst and the excited dye molecule in
scenario, where there is a direct degradation reaction between the catalyst and the
incoming light during the indirect mechanism (Wiszniowski et al. 2002). In both the
above situations, there is an expectation of reduction in the photooxidation process
and it may decrease the initial rate of dye in the presence of acidic solution, which in
the case of alkaline solutions, shows lowering in the degradation rate reflecting the
trouble faced by anionic dye molecules in approaching the catalytic surface (Vautier
et al. 2001).
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12.7.8 Effect of Inorganic Salts

Mineral ions are commonly associated with dye concentrations wastewater. The
higher amount of mineral ions such as iron, copper or phosphate, etc., in dye contents
ofwastewater have the ability to reduce the photodegradation efficiency. The possible
and major reasons for this can be the competition of these substances with the dyes
for the sites which are active on the surface of the photocatalyst and thus deactivating
the photocatalyst, which ultimately results in decreased degradation of targeted dyes.
While the higher oxidation state of some cations like zinc, calcium and magne-
sium does not trigger inhibitory effect on the rate of photodegradation. A significant
amount of the inorganic anions like carbonate, chloride, sulphate and nitrate can be
found in the wastewater released by the dye industry (Hussein et al. 2014). The pres-
ence of salts in wastewater dyes has an adverse effect on the colloidal stability, which
leads to rapid transfer of mass and decreases the surface contact of the photocatalyst
and dye molecule.
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Chapter 13
Zinc Sulphide Nanoparticles
as a Bacteriostatic and Invigorated
Catalytic Tool for Multiple Dye
Degradation: An Approach Towards
Environment Remediation

Aayasha Negi, Reena Gangwar, and Devendra Singh Negi

Abstract The objective of this research is to assess a green strategy to synthesize
multifunctional Zinc sulphide nanoparticles (ZnS-NPs), a material that has attracted
significant attention in recent years. An aqueous extract ofGirardinia diversifolia (G.
diversifolia) leaves was utilized to form ZnS nanoparticles and their properties were
evaluated using various analytical techniques such asUV-Vis, Tauc plot, XRD, FTIR,
EDX, and TEM. The extract’s phytoconstituents serve as a reducing and capping
agent, as determined by FTIR. UV spectrum exhibited a peak near 262.31 nm, which
is corresponding to characteristic peak of ZnS nanoparticles. ZnS-NPs are cubic crys-
talline in nature as shown by XRD investigation. Moreover, morphological examina-
tions using TEM and EDX revealed that the integrated spherical particles (11.28 nm
particle size) are largely constituted of Zinc (52.38%) and Sulphur (31.23%). The as-
prepared ZnS-NPs show potential antibacterial abilities against 5 bacterial strains in
this investigation and the maximum zone of inhibition were determined using agar
well diffusion method. ZnS-NPs acted as an efficient catalyst for the degradation
of hazardous dyes (4.124 eV band gap energy). The dye degradation of Methylene
blue (MB), Acridine orange (AO), and Rose bengal (RB) was examined utilizing
nanoparticles. As a result, the ZnS-NPs produced in this study are appropriate for
industrial wastewater treatment. Increased reaction rate as well as % degradation
efficiency were attained by increasing the concentration of dye.
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13.1 Introduction

Enormous population explosion in the twenty-first century has prompted a series
of obstacles, including metabolic stress, medical hurdle, and pollution. Chemical
pollutants emitted by the textile sector have become a major source of water contam-
ination, causing terrible diseases transmission throughout the world. Scientists are
working over a range of physical and chemical techniques to assist in resolving these
concerns but all the efforts to combat the treatment of effluents from textile factories
are proving ineffective. Nanomaterials due to high surface area to volume ratio show
enhanced properties than their bulk parts. The high reactivity of nanomaterials is crit-
ical for eliminating contaminant from polluted water through photocatalytic degra-
dation (Jabeen et al. 2017). Numerous novel photocatalytic chemicals and materials
have been developed over the last few decades. Synthesis of inorganic semicon-
ductor nanomaterials has gained researcher’s interest due to their features, which
include high reactivity, low melting point, electrical, optical, and magnetic compe-
tences. Inorganic semiconductor nanomaterials, band gap engineering, and particle
size control are regarded as critical tools for tailoring properties for various photo-
catalysts and other light emitting materials across a variety of sectors. Due to the effi-
ciency and possible applicability of semiconductor photocatalysis, it has the potential
to completely eradicate harmful compounds. In environmental remedy, metal oxide
is frequently employed as a photocatalyst (Hoffmann et al. 1995). Recently, transition
metal sulphides, particularly ZnS, have been extensively studied and researched due
to their superior catalytic properties than TiO2 (Yanagida et al. 1986). Formalized
paraphrase Zinc sulphide was among the first semiconductors discovered, having
a wide band gap of >3.72 eV found in cubic or wurtzite nature (Fujiwara et al.
1998). Potential applications in ZnS nanostructures have been reported, comprising
nanorods, nanowires, and nanobelts (Biswas and Kar 2008; Kar et al. 2005). These
findings demonstrate that ZnS nanoparticles (NPs) are effective photocatalysts due to
the rapid formation of electron–hole pairs by photoexcitation and the highly negative
reduction potentials of excited electrons. Photocatalytic properties are demonstrated
not only in the photoreductive production of H2 fromwater and the photoreduction of
CO2, but also in the phototransformation of various organic substrates, including the
oxidative formation of carbon–carbon bonds from organic electron donors, cis-trans
photoisomerization of alkenes, and photoreduction of aldehydes and their derivatives.
ZnS nanoparticles have previously been synthesized by a wide range of chemical
methods, including solvothermal/hydrothermal methods (Gou et al. 2004; Yanagida
et al. 1986). As a result, ZnS has been found in various nanoform using different
techniques to synthesize technologically essential nanostructures in a simple and
environmentally friendly manner. Furthermore, contamination by microbiological
species is a big concern. According to the study, the most well-known microbes
(Staphylococcus aureus, Escherichia coli, Kelbsiella species, and Pseudomonas
aeruginosa) are responsible for 14.8% to 60% of post-injury contaminations. There
was a perceived need for the creation of creative solutions to these difficulties over
the time (Dessalegn et al. 2014; Elumalai and Velmurugan 2015). With the passage
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of time, there has been a dire need for the development of techniques that pose
minimal risk and are unlikely to introduce harmful materials into the environment.
The “GreenMethod,” which synthesize NPs by utilizing plant resources, has discov-
ered a comprehensive solution to this unresolved difficulty. Green Method focuses
on producing the desired product without the use of hazardous intermediates since
green techniques are cost-effective, ecologically friendly, and chemical-free (Zheng
et al. 2015).

In this study, ZnS nanoparticles were synthesized utilizing G. diversifolia leaves.
G. diversifolia, also known asBichooGhas,Nilgiri nettle, andHimalayan huge nettle,
is a plant native to India. Girardinia genus, Urticaceae family, grows abundantly
in moist and damp hill forests. G. diversifolia has traditionally been used to treat
gastrointestinal illnesses, chest discomfort, rheumatism, tuberculosis, headaches,
joint pain, diabetes, gonorrhoea, and delivery issues. It has also been used in ancient
days to heal bone fractures, internal traumas, and for blood purification (Liu et al.
2012; Shrestha and Dhillion 2003; Rana et al. 2021).

13.2 Materials and Methodology

13.2.1 Plants Collection Site

Disease-free G. diversifolia were collected from Lansdowne (29.8377° N, 78.6871°
E) Pauri District, Uttarakhand, India as shown in Fig. 13.1. By thoroughly washing
the leaves twice with distilled water, concomitant dirt were removed, which are then
air-dried and crushed using hand grinder.

13.2.2 Required Chemicals

Methylene Blue (C16H18ClN3S), Rose Bengal (C20H2Cl4I4Na2O5), AcridineOrange
(C17H19N3), and Sodium sulphide (Na2S.5H2O) were acquired from Fischer Scien-
tific while highly pure chemical Zinc nitrate (Zn(NO3)2) was obtained from Sigma
Aldrich.

13.2.3 Procured Bacterial Strains

V.C.S.G.Gov. Institute ofMedical Science andResearch, SrinagarGarhwal, Uttarak-
hand provided clinical isolate E. coli. S. aureus (MTCC-1144), Streptococcus pneu-
moniae (MTCC-655), Klebsiella pneumoniae (MTCC-4030), and P. aeruginosa
(MTCC-2474).
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Fig. 13.1 Location map

13.3 Experimental Details

13.3.1 Green Synthesis of Zinc Sulphide Nanoparticles

To remove any remaining dust or moisture, fresh G. diversifolia leaves were washed
many times using distilled water and air-dried. For 40 min, 20 g of powdered leaves
were mixed in distilled water and heated at 45 °C. The extract was chilled and
centrifuged at 4000 rpm to eliminate undesirable residues. It was then adjusted to
100 ml by combining it with double distilled water before filtration. The concentrate
was maintained at 4 °C for further research.

Following plant extraction, 200 mL of 0.1 M Zinc nitrate solution was added in
controlled calibration to 100 mL of 0.1 M Na2S.5H2O solution while continuously
stirring for an hour at 35 °C. After that, the white-coloured solution was swirled for
2 h at 25 °C. Subsequently, 20 mL of the resulting aq. extract was carefully added to
the white-coloured solution, which was then incubated at 50 °C for 3 h. The resulting
mixture was centrifuged at 2000 rpm for 15 min. The resultant was then dried at a
temperature of 50 °C and crushed to get fine particle. Following that, the properties
of the resultant ZnS NPs have been investigated utilizing several characterization
techniques (Alijani et al. 2019) (Fig. 13.2).
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Fig. 13.2 Schematic presentation

13.3.2 Characterization

The nanoparticles were air-dried before being analysed. Our previously published
paper (Negi et al. 2021)mentions the equipment used to characterize the created ZnS-
NPs.To study the functional groups in the leaf extract andNPs, air-dried nanoparticles
were grounded with KBr and scanned in the wavelength range of 4000–500 cm−1

using a FTIR spectrometer (Perkin Elmer Spectrum). An FEI Tecnai (HR-TEM)
instrument has been used to assess the dimensions of the generated NPs working at
40–120 kV voltage and equipped with Olympus soft imaging software, Germany.

13.3.3 Bactericidal Activity

The antimicrobial potential of the NPs depends on two basic characteristics which
are particle size and the material employed to synthesize NPs. According to the
literature review, the antimicrobial potential of ZnS nanoparticles can be described
as follows: (1) bacterial outer membrane denaturation; (2) creation of holes in the
bacterial cell membrane, leading to cell membrane breakdown; and (3) interactions
among both NPs and enzyme disulphide or sulphhydryl groups interrupt metabolic
processes, causing cell death.

13.3.4 Estimation of Photocatalytic Potential

Various impacting factors such as catalyst concentration, pH, dye concentration,
and solution temperature were investigated to assess catalytic activity. To generate
a colloidal suspension of ZnS-NPs, 1 mg of each dye (Methylene blue (MB), Rose
bengal (RB), Acridine orange (AO)) was continuously mixed in 100 ml of distilled
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water. The dye solution was therefore mixed with 5 mg ZnS nanoparticles and the
solution was then stirred in dark room for 20 min to make the absorption/desorption
between dye and catalyst to maintain equilibrium. After that the solution was kept
at the solar irradiation. To assess the rate of degradation, a known volume (5 ml)
was withdrawn at different intervals (0, 30, 60, 120, 150 min) and recorded using a
spectrophotometer at 200–650 nm and the degradation rate was calculated in terms
of change in intensity at max, i.e. 663 nm (MB), 450–465 nm (AO), and 450–650 nm
(RB).The usual equation was used to compute the per cent degradation. A variable
catalytic amount of samples (100, 150, and 200 mg) and dye concentrations (10,
15, and 20 ppm) were employed similarly, while the catalyst concentration was kept
constant.

Many organic pollutants can be destroyed by irradiation using semiconductor
nanoparticles on exposing to solar irradiation. When NPs activate by light, electron–
hole pairs are generated, which act as potent oxidizing and reducing agents.

ZnS + Energy → h+ + e−

The redox processes are denoted as follows:

OH− + h+ → •OH, O2 + e− → O−
2

The hydroxyl radical formed by the oxidation of adsorbed water or adsorbed OH
is the primary oxidant in dye degradation, and the presence of oxygen can prevent
the recombination of electron-hole pairs. CO2 and H2O are among the final products
of a complete reaction.

Dyes(MB) + •OH → CO2 +H2O+NH+
4 +NO−

3 + SO2−
4 +Cl− (Soltani et al.

2012) (Fig. 13.3).

            O2 
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   S          Zn            C     N  H 
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Fig. 13.3 Mechanism of photodegradation
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Fig. 13.4 (a) UV-Vis spectra. (b) Tauc-Plot

13.4 Results and Discussion

13.4.1 Band Gap Evaluation from Optical Observations

The UV-Visible absorption spectral band at 262.31 nm has been projected which is
quite similar to the characteristic band of ZnS accounted earlier (Moussaoui et al.
2010). The band gap energy (Ebg) of these NPs has been estimated using the equation
Ebg = hc/λ, where h refers to plank constant and c, λ are velocity of light and
wavelength, respectively (Fig. 13.4).

13.4.2 Phase/Structure Analysis

Powder XRD analysis was performed to investigate crystallographic phases and NPs
XRD patterns. Peaks in the XRD graph at 2θ of 13.96°, 40°, and 53.37° correspond to
lattice planes (111), (220), and (311), respectively, and reveal a crystalline and cubic
structure with a crystalline size of 29.86 nm, which is similar to the characteristic
structure of ZnS. The equation is used to calculate the lattice parameter of the ZnS as
1/d2h,k,l = (h2+K2+ l2)/a2. The average crystalline size of the synthesized nanopar-
ticles was determined using Scherrer’s formula (Negi et al. 2021). To investigate the
mechanism of ZnS nanoparticles formation as well as provide information on the
chemical changes that occur in the functional groups involved in the reduction, an
FTIR spectrum was examined, which revealed a very strong peak at 3424.4 cm−1,
which was most likely assigned to the plant extract’s -OH stretching groups. Due
to the changes in the chemical environment and a decrease in the concentration of
covalent bonds in the solution, the intensity of this band declined substantially in
the broad peak at 2934.10 cm−1. At 1593.02 cm−1, the existence of (N-H groups or
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Fig. 13.5 (a) XRD analysis. (b) FTIR spectrum

aromatic rings) linked to ZnS nanoparticles has also been detected. The observed
peak at 1490.31 cm−1 was assigned to the C= S stretching band, and ZnS vibrations
at 1051.356, 742.248, and 535.857 cm−1 resulted in a reduction in band intensity,
indicating a reduction in binding dosage or reducing agent adsorption on the surface
of metal NPs (Fig. 13.5).

13.4.3 Morphological Analysis

EDS spectral analysed the elemental compositions of synthesized nanoparticles as
depicted in Fig. 13.6(a). EDX analysis demonstrated the composition of ZnS-NPs,
revealing a Zinc content of 52.38%, Sulphur content of 31.23%, as well as carbon
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Fig. 13.6 (a) EDX Spectrum. (b) HR-TEM micrograph
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content of 16.39% as in Fig. 13.6(a). Furthermore, TEM scans were widely used to
explain shapes, surface morphology, and size of synthesized NPs. These scannings
were used to analyse size using digimizer software, which reported that the mean
size of these spherical particles is around 11.28 nm as shown in Fig. 13.6(b).

13.4.4 Bactericidal Potential

The antibacterial activitywas determined using the agarwell diffusionmethod earlier
employed in previously published paper (Negi et al. 2021) to evaluateAg-NPs against
two gram-positive pathogens, Staphylococcus aureus and Streptococcus pneumonia
as well as three gram-negative pathogens, K. pneumoniae, E. coli, and P. aerugi-
nosa, which is briefly as, each well was loaded with 100 L of the working suspen-
sion/solution of different plant extracts, and the wells were filled with the same
amount of extraction solvent for control using a micropipette. Plates were left for a
short period of time until the extracts diffused in the medium before being incubated
at 37 °C for 24 h. The tests were repeated three times, and the inhibition zones for
each extract were measured and the findings were recorded (Fig. 13.7 and Table
13.1).

13.4.5 Catalytic Potential

To degrade the dyes, distinct interaction boundaries such as starting dye dose, temper-
ature, pH were fluctuated. At pH 7.0, the absorbance intensity was found to decrease
steadily with increasing time intervals, with the greatest degradation of MB 53.8%
in Fig. 13.8(a), AO 63% in Fig. 13.8(b) and RB 76% in Fig. 13.8(c). The normalized
change in concentration and degradation efficiency was used to determine the photo
degradation of dye. After 30 min, the degradation effectiveness of a pure AO was
13%, and after 5 h, it was 23%. After 15 min of mixing ZnS-NPs, the efficiency was
stabilized at 35% which increased to 63% after 25 min. of consistent presentation
of sunlight. Degradation of pure RB was evaluated at 13%, which increased to 23%
after 2 h. After mixing ZnS-NPs for 10 min, degradation was 34% and increased
to 76% after 15 min. After 20 min of solar light irradiation, the photocatalyst’s MB
degradation potential was about 53.8% which was 11% in the early 5 min. It could
be because the catalyst utilized is a semiconductor that generates electron-hole pairs
when exposed to sunlight. Moreover, it was observed that photodegradation is dye
concentration-dependent. In the case of Methylene blue, the kinetic rate was 3.15 ×
102 min−1. For RB and Methylene orange, the rate constant was estimated at 6.3 ×
105 min−1 and 4.39 × 102 min−1, respectively.
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b

c
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e

Fig. 13.7 Bacterial inhibition zone

Table 13.1 Inhibition zone against bacterial strain at various concentration

S.No Pathogen CONTROL (Erythromycin) 50 μL 100 μL 150 μL

1 k. pneumonia – 9 mm 15 mm 16 mm 18 mm

2 S. pneumonia – 12 mm 13 mm 13 mm 15 mm

3 P. aeruginosa – 10 mm 9 mm 8 mm 9 mm

4 E. coli – – 13 mm 17 mm 19 mm

5 S. aureus – 9.5 mm 13 mm 19 mm 20.1 mm
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Fig. 13.8 (a) MB degradation by ZnS NPs. (b) Spectral variation of AO by ZnS NP at various
time. (c) RB degradation utilizing ZnS-NPs at multiple intervals

13.5 Conclusion

The production of Zinc sulphide by G. diversifolia is simple, quick, and environ-
mentally friendly. The plant is easy to obtain, and because it is abundant and has no
financial application, it could be used to generate efficient visible light photocatalytic
material with high purity ZnS. The goal of the synthesis was to determine antibacte-
rial medication resistance as well as the growing threat of environmental toxicity by
utilizing plants with well-known preferences. XRD, SEM, and TEM have been used
to characterize the cubic crystalline phase of ZnS-NPs synthesized at 60 °C from G.
diversifolia with a size restriction of approximately 11.28 nm and spherical shape.
The photocatalyst NPs are being used to manage contamination of water and keep
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the environment clean. Recent research found that biosynthesized Ag-NPs could
suppress a bacterial disease. As a result of these realities and findings, it is frequently
asserted that the current framework encompasses a broader range of potential uses.
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Chapter 14
The Current Scenario in Chitosan
Nanocomposite Application
in Wastewater Treatment

Shivani Uniyal and Jai Prakash Narain Rai

Abstract An intensified value of different pollution, in water resources associated
with their various consecutive environmental concerns, has engendered researchers
to seek suitable remediation strategies for wastewater treatment. The traditional tech-
nologies used in wastewater treatment encompass sorption, ion-exchange, precipi-
tation, membrane filtration, reverse osmosis, and solvent extraction. Among these
approaches, sorption has emanated as simple, robust, and efficient means for the
removal of a vast range of pollutants from wastewater. Over the past decades,
nanocomposites have been applied successfully as sorbents in various wastewater
treatment studies. Chitosan is an ample cationic biopolymer, with unique structure,
nontoxicity, biocompatibility, pluri-dimensional characteristic, with diverse appli-
cations. This chapter reviews recent developments in the application of chitosan
nanocomposites in the removal of a broad range of organic and inorganic contam-
inants from wastewater which comprehend synthesis and modification of chitosan-
based hydrogels, associated advantages, and, analytical performance. Furthermore,
innovative approaches prerequisite for surface modification and selectivity improve-
ment of chitosan nanocomposites to alleviate the pollutant removal efficiency are
addressed. Finally, the challenges and prospects for escalating the performance of
chitosan nanocomposite-based wastewater treatment methods are also discussed.
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14.1 Introduction

An extensive discharge of wastewater containing toxic elements resulted from rapid
industrialization and agricultural practices have escalated the demand for clean water
(Zhu et al. 2013; Huang et al. 2017). The World Health Organization and United
Nations are currently focussing on the development of sustainable wastewater treat-
ment solutions (Morsi et al. 2017). Conventionally, numerous methods are used
for wastewater treatment, such as coagulation/flocculation (Li et al. 2013; Wang
et al. 2015), membrane-based methods (Huang et al. 2009; Gogoi et al. 2016), etc.
However, adsorption has been the preferred method owing to its economic feasi-
bility, simplicity, and the potential applicability of using efficient and inexpensive
adsorbents as sludge ash, clay, zeolites, and resins (Inbaraj et al. 2016; Ahmad et al.
2019). Nanomaterials, materials having at least one dimension less than approxi-
mately 100 nm, are being used in various fields such as biomedical, sensor devel-
opment, catalysis, etc. (Mostafa et al. 2020). Owing to the large surface-to-volume
ratio, several kinds of nanomaterials are being employed for the adsorption of heavy
metal ions such as CeO2, Fe3O4, TiO2, and ZnO (Singh et al. 2010; Recillas et al.
2011).

Chitosan (CHI) is a poly-cationic polymer that attracts ubiquitous interest due to
its biocompatibility, low cost, nontoxicity, biodegradability, excellent film-forming
ability, great adsorption potential, and abundance (Ravi Kumar 2000; Ahmed and
Mirza 2018). The chemical structure of this well-known polysaccharide consists of
β(1→ 4)-2- amino-2-deoxy-β-d-glucan units (Abdou et al. 2008) and is derived from
the deacetylation of chitin, a constituent of the exoskeletons of some crustacean shells
(Komi and Hamblin 2016). The application of chitosan as a potential adsorbent in
wastewater treatment studies can be ascribed to the presence of amino and hydroxyl
groups and the resultant adsorption between chitosan and contaminant (Ahamad
et al. 2020). Despite the promising results achieved by the utilization of chitosan as
an adsorbent in the wastewater treatment strategies, there are still some formidable
bottlenecks in the practical application of alone chitosan such as weak bonding
potential andmechanical strength, poor reusable performance, lowchemical stability,
and potential production of secondary pollutants (Pan et al. 2011; Reddy and Lee
2013; Wu et al. 2017). Moreover, one of the prominent shortcomings cognate with
the use of raw chitosan that limits its use in an industrial scale is pH sensitivity owing
to the presence of -NH2 and -OH groups. To conquer these impediments, magnetic
materials are being applied to produce chitosan-based nanocomposite with more
stability and reusability (Sowmya and Meenakshi 2014; Chagas et al. 2019).
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14.2 Recent Methods Used in the Synthesis
of Nanocomposite

Coupled with technological development several physical, chemical, and biological
approaches have been developed for nanocomposite synthesis.

14.2.1 Solvothermal Process

Solvothermal synthesis encompasses a chemical reaction performed in a solvent at
temperatures and pressure above the boiling point and 1 bar, respectively (Nunes et al.
2019). The methods ensure high activity of the chemical reactant and synthesis of
products in a specific phase (Rane et al. 2018). A magnetic/graphene/chitosan-based
nanocomposite was developed through a facile solvothermal process (Rebekah et al.
2020). Successively, this adsorbent was employed in batch mode adsorption studies
and showed good results for the adsorption of 2-naphthol from aqueous solution,
exhibiting almost 99.8% adsorption.

14.2.2 Biogenic Synthesis

Biogenic synthesis of nanocomposites is another strategy to develop nanocomposite.
Sathiyavimal et al. used Psidium guajava aqueous leaf extract for the biogenic
synthesis of chitosan (CS)-coated copper oxide NPs (CS-CuO nanocomposite)
(Sathiyavimal et al. 2020). The developed nanocomposite was evaluated for congo
red and methylene blue degradation and the results showed 90.8% and 91.3% degra-
dation for congo red and methylene blue, respectively. The study advocated the use
of biosynthesized chitosan as an eco-friendly approach for industrial wastewater
treatment without affecting the aquatic systems. In a similar work, a simple one-pot
green route was utilized to synthesize chitosan-iron oxide (CS-Fe2O3) nanocom-
posite (Ahmad and Mirza 2018). The developed nanocomposites were investigated
and applied for Pb(II) and Cd(II) removal from industrial and hospital wastewater. In
this work, novel nanocomposites showed 72–83% and 75 to 86% removal efficiency
for Pb(II) and Cd(II), respectively.

14.2.3 Microwave Heating

Themicrowaveheating technique has also been explored in the nanocomposite prepa-
ration owing to less time required as compared to conventional heating methods
(Mostafa et al. 2020). The technique led to the formation of nanocomposites via the
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complexation reaction between functional groups of zinc oxide nanoparticles and
chitosan.

14.3 Removal of Pollutants via Nanocomposites

Table 14.1 summarizes the nanocomposites currently designed to remediate a vast
range of organic and inorganic contaminants in wastewater.

14.3.1 Organic Contaminants

Substantial research has been dedicated to the development and successful appli-
cation of novel nanocomposites for the treatment of organic contaminants in
wastewater.

14.3.1.1 Drugs

In recent years, the development of novel nanocomposites and their appli-
cations in drug removal from wastewater have drawn more attention. For
instance, Li et al. synthesized a novel chitosan-glyoxal/polyvinylpyrrolidone/MoS2
(CSG/PVP/MoS2) nanocomposites and evaluated their adsorption and photocat-
alytic potential for the drug from water (Li et al. 2019). The synthesized nanocom-
posite demonstrated remarkable diclofenac degradation (~94.5%) indicating poten-
tial and effective industrial applications. Another similar application described by
Ahamad et al. was to fabricate chitosan, thiobarbituric acid, malondialdehyde, and
Fe3O4 (CTM@Fe3O4)-based nanocomposite for the adsorption of tetracycline (TC)
(Ahamad et al. 2020). By using the batch technique, an optimized method for
excellent adsorption of TC was established, which resulted in ~215.31 mg g−1

TC adsorption. Li et al. fabricated a nanocomposite film by using NiFe2O4-
COF-chitosan-terephthalaldehyde and applied it to treat antibiotic contaminated
wastewater (Fig. 14.1) (Li et al. 2020).

14.3.1.2 Proteins

Polyaniline–metal hybrid has been evident to be a more efficient functional material,
which offers a promising platform for nanocomposite fabrication and application
in protein-rich wastewater treatment. For example, Mostafa and Darwish, reported
tuned chitosan polyaniline–metal (Cu and Ag) hybrid nanocomposites for bovine
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Fig. 14.1 Schematic illustration of preparation of NiFe2O4/COF/CS/TPA nanocomposites film
(NCCT). Reprinted with permission from Li et al. (2020)

serum albumin (BSA) degradation (Mostafa and Darwish 2014). The developed
nanocomposites demonstrated excellent oxidative catalytic degradation with 100%
tryptophane loss with simultaneous bactericidal activities against Bacillus subtilis
and Escherichia coli.

14.3.1.3 Dyes

To perpetuate the implementation of nanocomposites, copious attempts have been
devoted to developing a selective nanoparticle layer for the treatment of dye industry
wastewater. For example, Markandeya et al. developed an economical solution for
dye wastewater by the synergistic use of cenospheres, a waste product along with
chitosan (Markandeya et al. 2017). The rational combination of chitosan, cenospheres
(10:3), and glutaraldehyde, a cross-linking agent, leads to the formation of the novel
nanocomposite. The synthesized nanocomposite demonstrated about 97.30% and
94.22% removal for Disperse Orange 25 and Disperse Blue 79:1 dyes, respectively.
Unlike the economical use of a waste product, Ahmed et al. used a novel molecularly
imprinted polymer (MIP) chitosan-TiO2 nanocomposite for the selective adsorption
of Rose Bengal dye from wastewater (Ahmed et al. 2018). The obtained nanocom-
posite also showed superior adsorption toward the analyte of interest with 98.89%
adsorption compared to pure chitosan with 53.73% removal efficiency. Besides
the MIP decoration to boost the pollutant adsorption efficiency, doping with rare
earth elements have been used to increase the catalytic activity of nanocomposites.
Alimard synthesized a novel Nd-Ce doped Fe3O4-chitosan nanocomposite and eval-
uated the Fenton degradation of Direct Red 81 dye using it as a catalyst (Alimard
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2019). The results revealed increased catalytic activity of Nd-Ce doped Fe3O4-
chitosan nanocomposite as compared to Fe3O4-chitosan nanocomposite. Following
this, Mousavi, et al. utilized a chitosan-wrapped multi-walled carbon nanotube-
MWCNT (CWNT)-incorporated PEBAcoating to fabricate CWNT-PEBA/PESTFN
nanocomposite membrane (Mousavi et al. 2020). The obtained membrane showed
high performance for effacing of Malachite green dye from water.

14.3.1.4 Polyaromatic Hydrocarbon (PAHs)

Chitosan nanocomposites have been comprehensively used in the removal of a
diverse range of organic pollutants including PAHs. In a recent study, iron-oxide-
based chitosan-nanocomposite was used to investigate the photooxidative degrada-
tion of anthracene and phenanthrene. Results revealed that themaximumdegradation
achieved for anthracene and phenanthrenewas 95%and 92%, respectively (Rani et al.
2020).

14.3.2 Inorganic Contaminants

Owing to its interaction with metal ions and concomitant nanoparticles, consider-
able interest lies in the employment of chitosan-based nanocomposites in heavy
metal adsorption studies (Anush and Vishalakshi 2019). Several demonstrations of
improved adsorption performance of inorganic contaminants through the synthesis
of novel nanocomposites paved the way for further research in the applications of
these materials in heavy metal removal from wastewater. For example, the role of
ZnO@Chitosan core/organically shell nanocomposite (ZOCS) in the treatment of
heavy metal contaminated waste has been demonstrated through the determination
of adsorption capacity by the use of the Langmuir isotherm model (Saad et al.
2018). In this work, adsorption-desorption cyclic results suggested its reusability
multiple times without loss in the efficiency. Furthermore, the metal ions adsorp-
tion capacity obtained using the fabricated nanocomposite was 117.6–476.1 mg g−1.
Alsabagh et al. designed multifunctional chitosan-based bi-nanocomposites and ter-
nanocomposites through structuralmodifications (Alsabagh et al. 2015). In the subse-
quent work, the synthesized nanocomposites were investigated for the removal of
Cu, Cd, and Pb from the wastewater and the results indicated efficient removal of
heavymetals, thereby advocating their potential use in wastewater treatment systems
(Morsi et al. 2017). Moussout et al. reported a nanocomposite synthesized with
chitosan (CS) and bentonite/chitosan nano biocomposite (nano 5%Bt/CS) (Mous-
sout et al. 2018). In this work, obtained nanocomposite was investigated for the
chromium (VI) ions adsorption capacity in tanning industry wastewater. Based on
the adsorption data, nanocomposite showed significant removal of chromium (VI)
ions via physical adsorption.
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14.4 Advancements in Chitosan Nanocomposites

Significant attention has been given to chitosan as an excellent dispersant due to
its ability to evenly disperse nanoparticles throughout its structure, during chelation
(Singh et al. 2011). The adsorption capacity of chitosan-based nanocomposites can
be further upgraded by the incorporation of new functional groups through various
modifications (Anush and Vishalakshi 2019). These modifications include chemical
modification, the use of different filters, and hydrogel-based modification (Mostafa
et al. 2020).

14.4.1 Chemical Modification

14.4.1.1 Incorporation of Organic Compounds and Surfactants

An innovative approach to develop modified chitosan was realized by Vakili et al.,
who modified chitosan beads with hexadecylamine (HDA) and 3-aminopropyl
triethoxysilane (APTES) surfactants (Vakili et al. 2017). The chemically modi-
fied chitosan beads showed a clear change in the RB4 adsorption behavior with
an improved adsorption capacity of 1.48 times. To further boost the adsorption
performance of chitosan-based nanocomposites, the triethylenetetramine (TETA)
can be deposited on these materials. For example, Wang et al. synthesized
triethylenetetramine-modified hollow Fe3O4/SiO2/chitosan magnetic nanocompos-
ites (Fe3O4/SiO2/CS-TETA) (Fig. 14.2) (Wang et al. 2020). Owing to hollow and
porous nano skeleton, as well as TETA-based modification, an excellent adsorption
capacity of Cr(VI) ions, i.e., 254.6mg g 1–1 was achieved by the fabricated nanocom-
posites. The results further confirmed rapid adsorption with good magnetic recovery
and reusability, making them suitable candidates for practical application.

14.4.1.2 Cross-Linking

In the cross-linking procedure, participating counterions led to the genesis of inter-
molecular or intramolecular linkages by diffusing into the polymer followed by
subsequent reaction (Hasirci et al. 2017). An ideal cross-linking agent used in the
process of nanocomposite synthesis must keep the active functional groups as in
pristine chitosan (Kucuka and Urucu 2019). Shankar et al. modified chitosan beads
by the 2-hydroxy-1-naphthaldehyde cross-linking agent (Shankar et al. 2020). With
this modification, good results were obtained in terms of adsorption efficiency of
pentachlorophenol (PCP)pesticide fromaqueous solution. In a similar study, chitosan
was modified by reaction with 3-methyl-1-phenyl-5-(piperidin-1-yl)-1H-pyrazole-
4-carbaldehyde (Anush and Vishalakshi 2019). The obtained Schiff base was then
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Fig. 14.2 Schematic illustration of the synthesis of hollow Fe3O4/SiO2/CS-TETA nanocomposites
and their application in recycle removal of Cr(VI) ions. Reprinted with permission fromWang et al.
(2020)

used to synthesize a cross-linked gel by cross-linking with epichlorohydrin. Modi-
fied chitosan gel was further decorated with Fe3O4 nanoparticles to prepare magnetic
nanocomposite, which showed improved adsorption for Cu(II) and Cr(VI) ions with
values 90.90 and 83.33 mg g−1, respectively. In another study, the cross-linker
(TEOS; Tetraethyl orthosilicate) was used in a different ratio to synthesize three
different matrices (PSCS-(1,2,3)) of polyhedral oligomeric silsesquioxane (POSS)-
modified chitosan nanocomposites. The prepared matrices were investigated for the
removal of Cd (II) from wastewater. Owing to the perfect balance between avail-
able active functional sites and the stability of synthesized matrices, PSCS-2 showed
the most superior performance among all the nanocomposite matrices (Kucuka and
Urucu 2019).

14.4.2 Nanofilters

The remarkable characteristics of nanoparticles can be transferred to the composite
only after attaining a strong interfacial bonding (Hu et al. 2014), which could be
achieved by employing a vast range of nanofilters as reinforcement phase such as,
silica-based modification and metal-based modification (Moura et al. 2016).
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14.4.2.1 Silica-Based Modification

Incorporation of silica materials in chitosan is reported to improve its thermal and
structural stability (Chew et al. 2011; Chen et al. 2012). Silica material can be
used in the form of layered silicates (Moura et al. 2016). The chemical structure
of layered silicates composed of tetrahedrally bonded silicon (Si) atoms and octahe-
drally bonded aluminum (Al) ormagnesium (Mg) atoms surrounded by four and eight
oxygen atoms, respectively (Reddy 2011). Copello et al. produced a layer-by-layer
silicate–chitosan composite and evaluated its stability and potential to adsorb heavy
metals viz. Cd(II), Cr(III), and Cr(VI) (Copello et al. 2008). The results displayed
that the non-covalent immobilization method used in the investigation improved
the stability and adsorption capacity of the synthesized composites. Montmoril-
lonite (MMT) is an aluminosilicate, being used in the modification of chitosan-based
nanocomposites (Park et al. 2012; Ngwabebhoh et al. 2016). In subsequent work,
montmorillonite (MMT) was used for the synthesis of chitosan composite hydrogels
and the developed nanocomposite showed improved removal capacity for both Cu2+

and nitrazine yellow (NY) dye (Ngwabebhoh et al. 2016).

14.4.2.2 Metal-Based Modification

The mechanical properties and adsorption capacity of a chitosan matrix can signifi-
cantly be enhanced by the insertion of inorganic particles (Caridade et al. 2013). For
instance, in a study, chitosan beads were modified with zirconium and the modified
chitosan beads displayed efficient phosphate adsorption (Liu and Zhang 2015).

14.4.3 Hydrogel-Based Modification

Hydrogels are a unique class of polymers, which can imbibe an enormous amount of
water, with simultaneous conservation of their shape (Jeong et al. 2012). The appli-
cation of hydrogels has been a very common strategy for the improved adsorption
performance. Chitosan-based hydrogels are known to adsorb pollutants through the
process of complexation, electrostatic, and hydrogen bonding (Pakdel and Peigham-
bardoust 2018). There are numerous reports on the utilization of chitosan-based
hydrogels in the field of wastewater treatment (Kim et al. 2012; Mondal et al. 2015).
For instance, Yu et al. developed a hydrogel-based method to synthesize magnetic
chitosan iron(III) (MCh-Fe) hydrogel nanocomposites (Yu et al. 2013). The synthe-
sized nanocomposite demonstrated prompt and complete Cr6+ removal. In a study,
zirconium-chitosan hydrogel beads were fabricated and evaluated for the removal of
boron(III) (Kluczka et al. 2018). The results indicated significant boron(III) adsorp-
tion from wastewater. In subsequent work, a chitosan/AgCl/ZnO (CS/AgCl/ZnO)
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nanocomposite hydrogel was designed for the degradation of methylene blue (MB)
(Taghizadeh et al. 2020). The results of the degradation study further demonstrated
effective MB degradation by hydrogel beads system.

14.5 Outlook and Conclusion

Chitosan-based nanocomposites have been immensely utilized in the adsorption
studies of organic and inorganic contaminants from wastewater. To alleviate the
poor stability and increase the sorption efficiency, numerous amendments have
been done to construct modified nanocomposites. A variety of methods including
chemical modification, application of nanofilters, and hydrogel-based methods are
developed for preparing modified chitosan-based nanocomposites with improved
performance. The modified nanocomposites could be produced by the solvothermal
process, biogenicmethods, or by employingmicrowave heating. Despite the efficient
pollutant adsorption achieved by the chitosan-based nanocomposites, there are still
some bottlenecks associated with its use in practical application. For instance, efforts
are required to determine the long-term stability and robustness of the chitosan-based
nanocomposites for real-time use (Ahmad andMirza 2018). In addition, regeneration
potential of chitosan-based hydrogels should be thoroughly studied to determine the
economic feasibility (Pakdel and Peighambardoust 2018). Moreover, process opti-
mization for chitosan-based nanocomposites for each system must be accomplished
to modulate the eventual quality and parameters of the fabricated nanocomposite
(Yousefi et al. 2020). Since the functional groups in the chitosan could be engaged in
the cross-linking reaction, the adsorption efficiency can be affected in a cross-linking
procedure (Chen et al. 2012). Therefore the research studies should bedirected toward
developing innovative techniques to increase the sorption efficiency.

We believe that chitosan-based nanocomposites with their excellent pollutant
adsorption characteristics will provide a new vision to the researchers and lead to
practical application with further modifications.
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Chapter 15
Biochar Impregnated Nanomaterials
for Environmental Cleanup

Prachi Dixit, Kajal S. Rathore, and Shivom Singh

Abstract Biochar-based nanomaterials have shown unbelievable prospective in
managing various environmental contaminations and display immense enhancement
in functional groups, surface active sites, pore size properties, catalytic degradation
properties, etc. Their applications gaining increase interest due to the simplicity
of preparation methods and their enhanced physicochemical properties. Therefore,
the development of such nanomaterials has targeted in various research objectives
including water/wastewater treatment, soil remediation, agriculture, and pollution.
Sorption, catalysis, redox reaction and other structural and functional properties of
biochar showed the alteration or removal of contaminations from the environment
and are considered as incredible efficient ways in handling various challenging envi-
ronmental issues. Considering the quick expansion of biochar-based nanomaterials.
This chapter will serve the helpful information to summarize the various applications
of this magical material in environmental cleanup, along with wastewater treatment,
soil remediation, and agriculture advancement. In addition, synthesizing such effi-
cient nanoparticles will provide a novel approach against various environmental
concern and promise vast applications of nanotechnology.
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15.1 Introduction

Biochar is a carbon containing solid material produced by pyrolysis of bio-organic
supplies at <700°C under anoxic conditions (Lehmann et al. 2006). The crude
supplies of biochar are primarily biomass squander (straw, defecation, or muck),
with advantages squander asset use as well as adequately ease natural weakening
(Chen and Chen 2009). The strategies to make biochar, including pyrolysis, aqueous
carbonization, gasification, etc., distinctive bio-natural materials, pyrolysis temper-
ature, change techniques, and different components will impact the exhibition
of biochar. The most examinations predominantly center on these territories, for
example, soil execution guideline (Lehmann et al. 2011), worldwide environmental
change (Woolf et al. 2010), and sustainable biofuels (Abdullah andWu 2009). Lately,
biochar in the field of wastewater treatments has become an interesting research
(Uchimiya et al. 2010; Chen et al. 2011; Fang et al. 2014).

Groundwater and surface water sullying with poisonous minor components is an
overall ecological issue on account of harmful, non-degradable and cancer-causing
nature of these components (Adrees et al. 2015; Rizwan et al. 2016; Antoniadis et al.
2017). Arsenic (As) is a metal found bounteously in the earth hull (Khalid et al.
2017; Shakoor et al. 2019). It is the 12th bountiful component in human body and
20th in the subsurface land arrangements (Shakoor et al. 2016). In watery condi-
tions, As is basically found in two inorganic structures: arsenite III and arsenate
V (Niazi et al. 2015; LeMonte et al. 2017; Awad et al. 2019). It is delivered from
enduring of As containing minerals, normal cycles, anthropogenic exercises, and As
containing pesticides (Niazi et al. 2018; Shahid et al. 2018). It is assessed that > 70
nations have As fixation from under 0.5 to more than 5000 μg/L which is disturbing
for future (Shahid et al. 2020). As tainting causes numerous well-being impacts in
people, plants, and creatures (Khalid et al. 2017; Waqas et al. 2017). It is unavoid-
able to remediate As tainted water with economical and condition amicable proce-
dures attributable to intense and interminable As harming, significant cost-effective,
eco-accommodating, and supportable methodologies have been investigated by the
specialists for the appropriation of weighty metals from sullied fluid frameworks
(Shakoor et al. 2016; Niazi et al. 2018; Hina et al. 2019).

Heavy metals are released from various industries including mining, metal
completing the process of, electroplating, glass, materials, earthenware production,
and capacity batteries. As of late, there have been developing worries over water
contamination by substantial metals delivered from modern effluents because of the
poisonous impacts of their particles on creatures and their collection in biota. Among
these heavy metals, copper (Cu) and mercury (Hg) have gotten extensive consider-
ation because of their harmfulness. The presence of these metal particles in water
jeopardizes people and amphibian lives since they collect in the natural ways of life
(Wang et al. 2012). In this way, there is the need to decontaminate and reuse wastew-
ater defiled by substantial metal particles to make sure about elective wellsprings of
water (Ali 2010) and to ensure our evolvedways of life (Wanget al. 2012).A few treat-
ment innovations have been recommended to eliminate these heavy metal particles
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from polluted wastewater including adsorption, particle trade, synthetic precipita-
tion, layer advances, switch assimilation, and electrochemical treatment (Demirbas
2008). Among these advances, adsorption is a widespread, generally advantageous,
and quick strategy for treating heavy metals sullied arrangements economically and
effectively (Dupont and Guillon 2003). The significant points of interest of this treat-
ment innovation are its low buildup age and the possibility to recuperate and reuse
the pre-owned adsorbent (Yu et al. 2013). Moreover, bio sorbents are ecologically
cordial as well as promptly accessible in adequate amounts, and a very notable bio
sorbent is biochar. The biochar is a fine-grained, permeable, and carbon-richmaterial
delivered from the warm debasement of natural materials under oxygen-restricted
conditions. Biochar has likewise been demonstrated to be a powerful sorbent for the
sorption of awide assortment of inorganic and natural toxins fromfluid arrangements
(Xue et al. 2012). The advancement in biochar creation (Cha et al. 2016; Liu et al.
2017) and its application in compound combination and sorption science (Qian et al.
2015; Inyang and Dickenson 2015; Inyang et al. 2016) have been assessed.

15.2 Preparation of Nanobiochar

Before understanding the formation process of nanobiochar, it is necessary to
understand the procedure of biochar formation. This is as follows:

Biochar arrangement techniques are for the most part pyrolysis, aqueous
carbonization, gasification, and different strategies. Pyrolysis is a decay response
under high temperature and anoxic condition (Fig. 15.1). In light of pyrolysis time,
temperature, and warming rate, it tends to be partitioned into moderate pyrolysis,
quick pyrolysis, and “blaze” pyrolysis (Onay andKockar 2003). Studies have demon-
strated that lower pyrolysis temperature and more slow warming rates add to the
development of strong items, in the moderate warm splitting, the substance of strong
item up to 35%, and in this way, slow pyrolysis is considered as a fundamental
planning of biochar (Kambo and Dutta 2015). Hydrothermal carbonization (HTC)
alludes to the response of biomass in a submerged stale framework for 5 minutes to
16 hours at a weight of 2–6 MPa and < 350°C temperature (Kambo and Dutta 2015;
Tan et al. 2015; Berge et al. 2015). Hydrothermal carbonizationmeasure utilizes H2O
as the response medium under high pressure and warming conditions, it is difficult to
create destructive substances. Subsequently, the biochar arranged by this strategy is
more appropriate for the adsorption of water poisons (Regmi et al. 2012; Zhang et al.
2013). In any case, this technique is restricted by the arrangement conditions, the
requirement for high weight and high temperature of the costly reactor. In light of its
high planning cost (Regmi et al. 2012), the functional application is hard to promote.
Different techniques, for example, drying, gasification, fast pyrolysis, and “flash”
pyrolysis, are fundamentally used to create bio-oil or vaporous materials (Tan et al.
2015) as a result of the moderately little yield of strong items acquired, for example,
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Fig. 15.1 Production process of nanobiochar (Source: Ramanayaka et al. [2019])

gas-item substance of gasification about 90%, in which the higher the temperature
the higher the substance of vaporous items.

15.2.1 Factors Affecting the Pyrolysis Procedure

The crude materials for the preparation of biochar are bountiful. Fundamentally, any
type of natural material can be pyrolyzed (Laird et al. 2009). Because of the huge
yield of biomass strong waste assets, biomass is a typical crude material for biochar,
predominantly including wheat and corn straw, wood chips, nut shell, rice husk,
animals and poultry fertilizer, kitchen squander, muck, organic product skin, and so
forth (Tan et al. 2017).

Biochar arranged from various materials contains various extents of cellulose,
hemicellulose, and lignin, so its yield, component piece, and debris content are unique
(Crombie et al. 2013). Enders et al. (2012), found that the debris substance of straw
biochar is higher than that of other biochar, which is basically brought about by
the high Si substance of straw. Yuan et al. (2011), looked at the physicochemical
properties of biochar arranged from various feed stocks. The debris substance of
biochar from corn straw arranged at 700°C was the most elevated, contrasted with
canola, soybean, and nut straw biochar.
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15.2.2 Other New Methods

Notwithstanding the pyrolysis, hydrothermal carbonization, and microwave
carbonization examined above, streak carbonization and torrefaction (Chen et al.
2015) are different techniques for biomass change. During the flash carbonization
measure, the flash fire is lighted at a high weight (1–2 Mpa) on the biomass pressed
bed to change over the biomass into the gas and strong stage items (Cha et al. 2016).
It is accounted for that about 40% of biomass is changed over to strong stage items
at 1 Mpa (Mochidzuki et al. 2003). Plasma pyrolysis innovation is predominantly
applied in the readiness of syngas and coke. Contrasted and the customary splitting
innovation, it can enormously expand the syngas and diminish the yield of bio-oil
(Tang and Huang 2005). Be that as it may, it is hard to advocate the new pyrolysis
innovation because of its significant expense and vitality utilization.

The physical and synthetic properties of biochar rely principally upon the kinds of
feedstock and pyrolysis conditions, i.e., temperature, habitation time, reactor type,
andwarming rate. Ordinary carbonization, quick pyrolysis, flash carbonization, gasi-
fication, and microwave helped pyrolysis are the fundamental thermo-compound
cycles that are normally used to create biochar (Manyà 2012). It has been exhibited
that the biochar delivered at 600–700°Chas lessHandO functional groups because of
drying out and deoxygenation of the biomass yet shows profoundly fragrant nature
with efficient carbon layers and has lower particle trade abilities (Uchimiya et al.
2011; Ahmad et al. 2014). Then again, the biochar was created at lower temperature
at around 300–400°C by Glaser et al. 2002. It is unpredictable and heterogenous
physical and substance organization of biochar that gives its amazing properties of
contaminant evacuation by means of sorption (Vithanage et al. 2015).

A blend of biochar and deionized water (1:50, w/w) was sonicated for 40 min. at a
recurrence of 37 kHz. In the wake of agreeing to 36 hours, the suspension was taken
out and a similar measure of refinedwater was added to the encourage to be sonicated
for the subsequent time. This technique was rehashed multiple times until Tyndall
wonder not evident in the suspension under static infrared shaft light, and the suspen-
sion from every treatment was gathered in a similar compartment. The suspension
was separated utilizing a polyethersulfone layer channel with a width of 0.22mm and
the filtrate was gathered. So as to dodge the misfortune by direct centrifugation and
to gather little measure particles, a between molecule charge guideline strategy was
utilized to gather the bio-nanoparticles (BNPs). The pH esteem directs the charge
properties of the molecule surface. Therefore, a technique for pH changing was
utilized to alter molecule surface electron. Particles effortlessly grouped could be
gathered subsequently to diminish their cooperation power. Gathered particles were
dried before yield figuring, and after that scattered by pH alteration, where these
dispersive nanoparticles were utilized for additional investigations.
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15.3 Adsorption Mechanism of Nanobiochar

Adsorption is a significant natural process, which impacts the biogeochemistry of
contaminations. Biochar-based nanomaterials can adsorb numerous sorts of toxins,
similar to natural mixes, weighty metals, and microorganisms (Lu et al. 2020). The
adsorption system is relying upon the nature of the contaminants and the compound
properties of the adsorbent surface (Rosales et al. 2017). The significant courses
of adsorption could be generally isolated into physical course where the adsorbate
chooses the outside of the adsorbent, the precipitation course where the adsorbent
structure layers on the adsorbent surface, and the pore-filling course portrayed by
the buildup of the adsorbate into the pores of the adsorbent (Pignatello 2011). When
all is said in done, biochar with bigger surface zone has more sorption destinations,
encouraging the sorption limit. The biochar-based composites additionally have a
bigger surface zone by impregnating biochar with explicit materials. For this situa-
tion, the biochar principally assumes a part as a platform with high surface region
on which different materials are kept (Sizmur et al. 2017).

The electrostatic fascination capacity on the outside of biochar assumes a signif-
icant part in the adsorption of poisons. By and large, the surface power of biochar is
negative, so it has a decent adsorption execution for positive particles, for example,
smelling salts, weighty metals. In the event that the biochar is adjusted, so the surface
power is decidedly charged, anions, for example, phosphate can be adsorbed (Deng
et al. 2017).

As far as component arrangement, C, H, O, N are the significant components
that structure the network of biochar, and different components like Si, P, S show
diverse mass rates in explicit biochars, which play a unique or even significant part
in sorption of explicit poisons by shaping sorption destinations with various struc-
tures that have solid fondness toward toxins (Lu et al. 2020). For instance, the sorp-
tion of Pb and Al on biochar was ascribed to the co-precipitation with P and Si in
the biochar as Pb5(PO4)3(OH) and KAlSi3O8, respectively (Cao et al. 2009, 2011;
Qian and Chen 2013). In contrast to some other carbonaceous fuel, nanobiochar is
commonly utilized as a dirt alteration and in water treatment. The physicochemical
properties of nanobiochar, for example, surface zone, charged surface, and utilitarian
gathering differ obviously dependent on the biomass source and pyrolysis condi-
tion, which influence the adsorptive limit of nanobiochar to substantial metals and
natural mixes (Nartey and Zhao 2014). There has been accounted for that the sorption
conduct between natural mixes and carbon-based material for the most part follows
systems, for example, pore-filling, electrostatic connection, hydrophobic commu-
nication, hydrogen holding association, and π-EDA cooperations, and some of the
time the synchronous event of a few sorption instruments (Ji et al. 2011).

By and large, the adsorption of natural contaminations by nanobiochar-based
material is basically through the mix of pore immobilization and electrostatic fasci-
nation of natural practical gatherings. The adsorptions of hefty metals are fundamen-
tally through electrostatic fascination, particle trade, and complexation response of
surface utilitarian gatherings (Fig. 15.2) (Deng et al. 2017).
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Fig. 15.2. Adsorption and regeneration mechanism in nanobiochar. (Source Sanromán et al.
[2020])

15.4 Applications of Nanobiochar in Environmental
Cleanup

Among the increased number of publications, nanobiochar materials can be used for
environmental cleanup such as wastewater/water treatment, pollution, soil remedi-
ation, agriculture advancement, and constructed wetlands, etc. (Fig. 15.3). In this
section, some applications of nanobiochar are discussed below:

15.4.1 Nanobiochar in Wastewater Treatment

The evacuation of substantial metals has been one of the principle research interests
in use of biochar-based nanocomposites for cleaning of wastewater.

For the most part, biochar has a higher surface zone, high pH, and a negative
surface charge. This encourages explicit adsorption of metal particles by means of
oxygenated practical gatherings, electrostatic appreciation for fragrant gatherings,
and precipitation on the mineral debris segments of the biochar. And yet biochar is
normally a helpless adsorbent for oxy-anions contaminants like NO3

−, PO4
3−, and

AsO4
3− (Lima and Marshall 2005).

The impacts of various nanomaterials on the adsorption of substantial metals are
primarily shown in the accompanying viewpoints:

1. Influence on a superficial level utilitarian gatherings of biochar.
2. Improvement or decay on the pore property of biochar.
3. Serving as dynamic destinations themselves.
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Fig. 15.3 Varoius
applications of nanobiochar

Two principle impacts of nanomaterials on biochar are existed during the time spent
inorganic contaminants expulsion: upgrading the surface zone of biochar and impreg-
nating nanocomposites on the biochar surface, which may drastically expand the
adsorption of inorganic contaminants from water (Zhang and Gao 2013; Jung and
Ahn 2016). Biochar got from various biomass have been seriously and successfully
utilized as sorbents for natural contaminants in water and wastewater. The best worry
of natural contaminants in watery arrangements has been centered on phenols and
colors. For example, pyrolysis biochar got from macroalgae have been adequately
used to eliminatematerial colors (malachite green, gemviolet, andCongo red),which
are not really debased because of their security to light and oxidizing operators, and
protection from vigorous absorption (Chen et al. 2018). Biochar has additionally
been accounted for as a viable adsorbent for phenols in wastewater (Thang et al.,
2019; Mohammed et al. 2018). Inorganic contamination in wastewater incorporates
Cr, Cu, Pb, Cd, Hg, Fe, Zn, and As particles and mixes like nitrate and nitrite of
nitrogen, NH4, P, and sulfides of hydrogen that cause critical danger to well-being
(Cao et al. 2009).

15.4.2 Nanobiochar in Soil Remediation

Organic pollutants, for example, polycyclic aromatic hydrocarbons (PAHs) and ioniz-
able natural contaminants and substantial metals in soil can be immobilized through
nanobiochar application. The toxin immobilization contrasts in reliance on contam-
ination type, ecological conditions, and biochar properties. Likewise, the type of
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biochar and application rate is subject to the contaminant blend and soil explicit
properties. The alteration of soils for their remediation targets diminishing at that
point danger of poison move to waters or receptor creatures in vicinity. The natural
material, for example, biochar may fill in as a mainstream decision for this reason
since its source is organic and it might be legitimately applied to soils with little
pre-treatment (Beesleyet al. 2011). There are two viewpoints which make biochar
alteration better than other naturalmaterials: the first is the high soundness against rot,
with the goal that it can stay in soil for longer occasions giving long haul advantages
to soil and the second is having greater capacity to hold the supplements. Biochar
correction improves soil quality by expanding soil pH, moisture holding capacity,
cation-trade limit, and microbial flora (Mensah and Frimpong 2018).

Nanobiochar can settle heavy metals in the defiled soil, improve the nature of the
sullied soil (Ippolito et al. 2012), and has a noteworthy decrease in crop take-up of
substantial metals. If there should be an occurrence of acidic sullied soils, contingent
upon the sort of biochars and replaceable cations (Na, Mg, K, and Ca) present in it
could hold the key for the arrival of a portion of these cations during sorptionmeasure
with the weighty metal, and in this manner may advance the adjustment cycle.

Numerous investigations have shown that nanobiochar-revised soil can help retain
an assortment of natural contaminants (Table 15.1), consequently diminishing their
take-up by plants. Use of a limited quantity of biochar to soil can essentially decrease
the aggregation of pesticides and other natural contaminations in plants (Hilber et al.
2009; Kookana 2010). Biochar is applied to soil for the molding and treatment
purposes; application can likewise be positive in decrease of harmful parts. Ongoing
examinations have demonstrated that biochar is additionally equipped for adsorbing
substantial metals, for example, lead, cadmium, nickel, and some striking natural
contaminants that polluted soils which can hurt human, plants, and animals (Ameloot
et al. 2013). Subsequently, utilization of nanobiochar can conceivably give another
answer for remediation of the soil contamination.

Table 15.1 Impacts of nanobiochar in application on bioavailability of toxins in soils

Contaminants Effect Reference

Diuron chlorpyrifos
and carbofuran

Reductions of chlorpyrifos and carbofuranin
total plant residues, respectively

Yu et al. (2009)

PAHs Pore water concentrations of PAHs were reduced
by biochar, with greater than 50% decrease of the
heavier, more toxicologically relevant PAHs

Beesley et al. (2010)

Pentachlorophenol Biochar reduced PCP bioavailability in soil Xu et al. (2011)

Chlorobenzenes (CBs) Biochar amendment significantly reduced the
bioavailability of CBs

Song et al. (2012b)

Hexachlorobenzene
(HCB)

Biochar amendment of soil resulted in a rapid
reduction in the bioavailability of HCB, even at
0.1% biochar application rate

Song et al. (2012a)
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15.4.3 Nanobiochar in Agriculture

There are a few reports which show that biochar has the ability to invigorate the dirt
microflora, which brings about more prominent amassing of carbon in soil. Other
than adsorbing natural substances, supplements, and gases, biochars are probably
going to offer a territory for microbes, actinomycetes, and organisms (Thies and
Rillig 2009). The utilization of biochar expanded mycorrhizal development in clover
bioassay plants by giving the appropriate conditions to colonization of plant roots
(Solaiman et al. 2010). Carrots and vegetables developed on steep inclines and in
soils with fewer than 5.2 pH demonstrated essentially improved development by the
expansion of biochar (Rondon et al., 2004). It was discovered that biochar expanded
the natural N2 fixation of Phaseolus vulgaris (Rondon et al. 2007) chiefly because
of more prominent accessibility of micronutrients after use of biochar. Lehmann
et al. (2003) reported that biochar reduced leaching of NH4+ by supporting it in the
surface soil where it was available for plant uptake. Biochar can build the estimation
of non-gathered agrarian items (Major et al. 2005) and advance the plant development
(Lehmann et al. 2003; Oguntunde et al. 2004).

15.4.4 Nanobiochar in Air Remediation

Nanobiochar could reduce air pollution by adsorbing the emissions of gaseous air
pollutants. A large number of studies have shown that nanobiochar can inhibit the
emissions of NO2, CO2, and CH4 (Liu et al. 2011). It also has the potential to
reduce greenhouse gases emissions by reducing soil organic carbon (Lehmann 2007).
Besides greenhouse gases, biochar from different feedstock has also been modified
by the combination of physical and chemical modification as an alternative method
of removingHgo fromflue gas, H2S gas adsorption andVolatile Organic Compounds
(VOCs) (Shen et al. 2015; Zhang et al. 2017).

15.4.5 Nanobiochar in Carbon Sequestration

Carbon sequestration via nanobiochar production is technically feasible. The produc-
tion of biochar hacks this carbon cycle by transforming carbon into a stable form
that can persist degradation, preventing emissions to the atmosphere (Qambrani et al.
2017). By combining the photosynthetic route with pyrolytic conversion, an efficient
carbon removal system can be designed. At scale, biochar production should ulti-
mately influence the atmospheric carbon balance by reducing atmospheric carbon
concentrations (Fawzy et al. 2021).
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15.5 Conclusion

In the present study, the synthesized biochar-based nanocomposites exhibited excel-
lent capacity for environmental cleanup. It is practical and ecological inviting with
improved qualities of nanocomposites for the disinfecting of sullied water and other
natural cordial processes. Nanobiochar has been used as likely impetus in ecolog-
ical remediation with noteworthy progression in the ongoing years. Nanobiochar
creation, functionalization, and their utilization in heterogeneous redox reduction
of tenacious inheritance and rising contaminants have been assessed. Significant
accomplishments and energizing discoveries of biochar-substrate cooperation have
been examined. The adsorption component of nanobiochar on contaminations is the
aftereffect of synergism of numerous sorts of adsorption measures. In spite of the
fact that the advancement of nanobiochar is still in its outset. Nanobiochar is a prac-
tical and reusable material that presents a wide scope of opportunities for the further
advancement of natural cleanup.
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Chapter 16
Application of Biomimetic Membranes
for Water Purification

Sneh Gautam, Pushpa Lohani, and Poonam Maan

Abstract The deterioration of water quality is a big global problem at present that is
increasing continuously due to the rapid growth of population, uncontrolled industri-
alization and urbanisationwhich causing seriouswater pollution.Variousmembrane-
based technologies like forward osmosis, reverse osmosis and Electrodialysis etc.
are being used for water purification but fabrication material and techniques are still
the main limitations of these technologies. Recently, the biomimetic membrane is
emerged as a potential candidate for membrane-based water purification technology
due to its extremely high permeability and selectivity for water molecules. Funda-
mentally, the biomimetic membrane is mainly composed of three components: aqua-
porins that are transmembrane protein and selectively works as water channels for
passage of water molecules through the membrane; amphiphilic matrix, it works as a
housing material for aquaporins in which these proteins are embedded, and the third
component is the porous solid substrate that augments the mechanical strength of the
membrane. In this chapter, each component has been discussed in detail along with
previous examples of biomimetic membrane fabrication techniques. Besides this,
the applications of biomimetic membrane for wastewater treatment and challenges
associated with this technology have also been focused in this chapter.
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Abbreviations

AEM Anion-exchange membrane
BCPs Block copolymers
CA Cellulose acetate
CEM Cation-exchange membrane
CO2 Carbon dioxide
CTA Cellulose triacetate
ED Electrodialysis
FO Forward osmosis
IEM Exchange membrane
kDa Kilo Dalton
LMH Litere/m2/h
MPD m-phenylene-diamine
NF Nanofiltration
PA Polyamide
PAEK Poly(arylene ether ketone)
PAH Polyallylamine hydrochloride
PAI Polyamide-imide
PAN Polyacrylonitrile
PBI Polybenzimidazole
PCTE Polycarbonate rack-etch
PE Polyethylene
PEG Polyethylene glycol
PEI Polyethyleneimine
PES Polyethersulfone
PMAA Poly(methacrylic acid)
PP Polypropylene
PSF Polysulfone
PVA Polyvinyl alcohol
PVDF Polyvinylidene fluoride
RO Reverse osmosis

16.1 Introduction

Water scarcity, climate change and increase in population are the most serious
challenges of the twenty-first century. Fast-growing population, climate change,
increasing global warming and industrialisation are enhancing water scarcity day by
day. Besides this, continuous complexwaste discharge from industries andmunicipal
waste are also causing contamination in freshwater resources like lakes, rivers and
oceans. However, the demand for fresh drinking water is increasing with the increase
in global population. According to UNICEF and WHO, over 1.1 billion people do
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not have access to safe drinking water (WHO 2012; Giwa et al. 2017). Hence, water
scarcity is a serious threat to our long-term existence that demands prompt action.
As a result, one of the most important research areas is creating state of the art
for collecting freshwater from urban and industrial wastewaters (Elimelech, 2006).
Therefore, innovative separation and purification technologies are essential to purify
polluted and contaminated water (Burek et al. 2016; Van Loosdrecht and Brdjanovic,
2014). The most common methods of water purification are thermal processes and
membrane purification technology (Giwa et al. 2017). Thermal processes like multi-
effect distillation, vapour compression, multi-stage flash and humidification dehu-
midification are generally based on condensation and evaporation of water (Giwa
et al. 2017). However, in membrane purification technologies which include forward
osmosis (FO), reverse osmosis (RO), electrodialysis (ED) and nanotechnology-based
processes, membranes are used as salt rejection barriers. Membrane technology is
more energy-efficient and produces high-quality water than conventional purification
technologies (Kesieme et al. 2013). RO is the most commonly used membrane sepa-
ration technique for water purification, accounting for over 55% of all desalination
plants in the world (Miller et al. 2015), still associated with the problem of fouling. In
membrane treatment technologies, the membrane performance mainly depends on
fabrication techniques and the material used to fabricate the membrane. The perfor-
mance of the membrane selective layer is limited by the absence of molecular-scale
design in existing membrane fabrication technologies (Baker 2012; Gin and Noble
2011).Water purificationmembranes are typically comprised of polymericmaterials.
However, with incremental advancements in polymeric membrane materials, there
has been little improvement inmembrane performance still neededmore attention for
further improvement in fabrication technology. On the other hand, recent advances
in nanotechnology have emerged as alternate techniques to circumvent the limita-
tions of traditional membranes. Nanotechnology advances give the opportunity of
biomimicry which imitate natural processes to address arduous scientific and engi-
neering challenges (Conrad et al. 2016; Bar-Cohen, 2011). Biomimetic membranes
are a type of membrane that mimics the structure of biological membranes and are
the product of these researches. Aquaporin is a foremost transmembrane protein that
permits only water to pass through plasma membranes in biological systems (Weig
et al. 1997). It works as awater channel that is highly selective and permeable for only
water molecules and completely blocks ions and other contaminants from passing
through (Giwa et al. 2017). In the last few years, the use of aquaporin for water
purification has gained pronounced attention in water treatment industries (13–15).
Aquaporins have unique selectivity and permeability for water molecules that are
practically incomparable to any man-made membrane or technology. Various tech-
niques like vesicle fusion (Wang et al. 2015), chemical crosslinking (Sun et al. 2013a),
vesicle adsorption (Li et al. 2012), magnetic-aided adsorption (Sun et al. 2013b) and
interfacial polymerisation (Zhao & Zou, 2012a; Zhao & Qiu, 2012b) have been
developed to fabricate of aquaporin-based biomimetic membrane for water purifi-
cation. Firstly, this chapter summarises the fundamental concepts of conventional
technologies, including a review of their benefits and drawbacks to emphasise their
current limitations. Further, the concept of biomimetic membrane and its building
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blocks have been discussed in detail by highlighting the most recent research and
development in aquaporin-based biomimetic membranes. Finally, the advantages of
aquaporin membrane with their challenges and prospects have been discussed.

16.2 Conventional Membrane for Water Purification

Presently, various membrane technologies are used for water purification which
includes RO, FO and ED that can be differentiated according to their driving
force which may be high pressure, temperature and electricity. These membrane
technologies have some advantages and disadvantages that have been discussed
below.

16.2.1 Reverse Osmosis

In RO technology, water flows across a semipermeable membrane against pressure
(Wenten, 2016). This system can easily eliminate impurities like salt, solid parti-
cles, organic components and biological contaminants etc. (Fane et al. 2015; Fuwad
et al. 2019a, b). This system can reject 95–99% impurities. However, RO system
is not sufficient to remove the gases like CO2 due to the lack of ionisation in the
solution (Fuwad et al. 2019a, b). RO system needs high pressure to purify the water
thus, the efficiency of RO system mainly depends on the pressure-bearing capa-
bility of a membrane which is influence by the materials of the membrane. In RO
system, to bear high pressure, various polymer-based membranes made up of CA,
polyamide, PVA, PES, PMAA, PAEK, PVDF and PSf etc. are being used (Giwa
et al. 2019). Among various polymers, polyamide membranes are more popular than
others due to their high water permeability, salt rejection efficiency, a wide range of
operational pH (4–11) and temperature (Fuwad et al. 2019a, b). Nonetheless, these
membranes are highly sensitive towards the oxidising agents which cause fouling of
the membrane that is a major drawback of RO system. Apart from polyamide, CA is
another option for ROmembrane (Fuwad et al. 2019a, b). Initially, cellulose diacetate
membrane was used for water purification which rejected 98% salt but showed the
deprived water permeation (Lee et al. 2011). Later cellulose diacetate membrane has
been replaced with cellulose triacetate which exhibited enhanced mechanical and
chemical stability and improved chlorine resistance. Further, the efficiency of the
cellulose-based membrane was improved by blending with other polymers which
displayed high resistivity against chlorine, oxidising agent and fouling with a narrow
operational pH range (4–6).

Apart from numerous advantages of RO system include maximum salt rejection,
high permeate flux and ultrapure water filtration, there are some constraints of this
system. RO membranes are more susceptible to mechanical damage and fouling as
compared to the other existing methods due to high pressure which is continuously
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Table 16.1 Various water purification technology with their characteristic features

Purification
process

Membrane
materials

Driving
force

Advantages Disadvantages References

Reverse
osmosis

CA, PA and
thin film
composite
materials

High
hydraulic
pressure

Removal of
95–99%
dissolve
solute,
Ultrapure
water filtration

Pre-treatment
required, high
operation cost,
stream
rejection
volume high,
membrane
fouling

(Fuwad et al.
2019b; Nunes
and Peinemann
2010)

Forward
osmosis

CA, CTA,
PBI, PES
and PSf

Differential
pressure

highly
resistance
against
fouling, low
energy
consumption,
long
membrane life

low water
permeation,
internal
concentration
polarisation,
high solute
rejection

(Xu and Ge 2018)

Electrodialysis PVDF,
PVA, CA,
PP and PE

Electric
potential
differences

Removal of
dissolved salt
and ions,
Antifouling
mechanism

Uncharged
species remain
in the water,
scaling, high
cost and short
life span of the
membrane

(Sosa-Fernandez
et al. 2018)

applied on the membrane that push the impurities into the membrane. These impuri-
ties trap inside the membrane and block it which is not easy or almost impossible to
clean. Besides this, RO is not suitable for low salt concentration due to high energy
consumption (Bartels et al. 2005). Moreover, a high-energy pumping station and
high cost of pre-treatment process and large membrane area dramatically increase
the cost of RO system (Wilf and Bartels, 2005; Latorre et al. 2015) (Table 16.1).

16.2.2 Forward Osmosis

FO is popular as an emerging technology for water purification. In this technology,
differential pressure is applied across a semipermeable membrane in the direction
of water flow to purify the water. FO has some advantages over RO technology. It is
highly resistant to fouling and consumes low energy. However, prolonged use may
cause surface fouling of membrane which can be easily removed by backwashing
without any chemical treatment. The performance of FO membrane mainly depends
on the chemical structure of the polymer, pore size and thickness of themembrane (Xu
and Ge 2018). The membrane is fabricated by comprising a thin and dense selective
layer on a porous support layer which provides mechanical stability to the membrane
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(Lu et al. 2014). Various polymers have been explored to fabricate the FOmembrane
in past few years. CA mainly cellulose triacetate (CTA) and crosslinked polyamide
(PA)made by interfacial polymeriszation areis used to fabricate comparatively dense
selective layers (Li and Wang 2010; Zhao & Zou 2012a; Lau et al. 2012), however,
relatively loose selective layers can be synthesiszed by using PBI and crosslinked
polyamide-imide (Wang et al. 2007; Setiawan et al. 2013). On the other hand, the
porous support layer is synthesiszed by PSf, PES, PAN, and PVDF (Xu and Ge 2018;
Jung et al. 2004). Further, in various previous studies, fouling and low water perme-
ability of FO membrane hasve been overcome by surface modification and blending
with different other polymers (Guiver et al. 1990; Duong et al. 2015; Zhong et al.
2013). Still, there are some challenges associated with FO membranes such as draw
solution recovery, lowwater permeation and internal concentration polariszation and
high solute rejection (Fig. 16.1).

Fig. 16.1 Schematics of (a) Reverse osmosis and (b) Forward osmosis (Mecha, 2018); (c) Elec-
trodialysis techniques (Gurreri et al. 2020). Both References are adopted from Creative Commons
Attribution licence
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16.2.3 Electrodialysis

ED technology is mainly used for the desalination of seawater or brackish water
(Tanaka, 2015). In this technology, dissolve salt and ions are removed from water by
passing it through a stack of ion IEMunder the influence of electric potential (Jaewon
2021). IEM are two types according to the charge present on the membrane i.e. CEM
and AEM. CEM consists of negative charges groups (groups like PO3H−, PO3

2−,
COO− and SO3

−) which only allow passing cations however anions are rejected by
these membranes. AFM have positive charges (NH3

+, NR3
+, NRH2

+, PR3
+, NR2H+

and SR2
+) that only allows themovement of anion and retain the cations (Gurreri et al.

2020). During the process, when the electric potential difference is generated across
the electrode, cationsmigrate towards the cathode by diffusing throughCEMwhereas
anion moves towards the anode through AEMwhich only allow the passing of anion
(Fuwad et al. 2019a, b). IEMs can be differentiated into homogenous and heteroge-
neous membranes according to their fabrication method. Homogenous membranes
are fabricated by blending of polymers or polymerisation of monomers and grafting
of polymers with various moieties and charged groups chemically bounded with the
membrane (Yaroslavtsev and Nikonenko 2009). Heterogeneous membranes contain
physically mixed charge groups that are evenly distributed throughout the membrane
and exhibit uniform properties in all regions. For the fabrication of IEM, organic and
inorganic both types of materials are used. Organic compounds include various types
of polymers like PVDF, PVA, CA, PP and PE etc. (Cheng et al. 2014; Pandey et al.
2014; Hosseini et al. 2012) and block copolymers (Müller et al. 2012) having several
charged groups such as acrylonitrile, acrylic and methacrylic (Hosseini et al., 2014;
Chakrabarty et al., 2013). Inorganic membranes are synthesised by using zeolites
and phosphate salts through these membranes are very costly and possess weak elec-
trochemical properties. Nowadays, for further enhancing the properties of IEMs,
the organic and inorganic compounds in an association are being used to fabricate
the membranes which have been found high in mechanical and thermal properties
and chemically resistance (Khan et al., 2015). Thus, ED is very effective to remove
dissolved salts and ions from the water that selectively eliminate many ions, and it is
more economic than RO. Besides this, the fouling of these membranes can be easily
removed by reversing the electrode polarity. Therefore, the antifouling property is the
most significant property of this technology. Still, there are some challenges which
include the short life of the membrane, high cost and scaling. Besides these, the
membrane only removes the charged particles and there is no effect on uncharged
species (Fuwad et al. 2019a, b). Further, the ED consume more energy with an
increase the salt concentration which is not feasible.

Thus, various membranes have been used in water purification and desalination.
However, It is always a challenge to obtain excellent membrane stability and perme-
ability, high salt rejection and outstanding flux at one time which can reduce energy
consumption. Nowadays, aquaporin–based biomimetic membranes have been used
as a promising candidate for water purification due to their high stability and water
permeability, excellent salt rejection property.
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16.3 Biomimetic Membrane

The biomimetic membrane has gained great significance over conventional
membrane due to its extraordinary performance in terms of stability, permeability,
salt rejection and energy consumption. The biomimetic membrane is mainly influ-
enced by the structure and function of the biological membrane which contains
aquaporin transporter protein that allows only water molecules to pass through it.
Aquaporin has extraordinary selectivity for water molecules, and it is capable to
reject any very small molecules like boric acid, chlorides, dissolved gas, urea as well
as proton also (Giwa et al. 2017; Ismail et al. 2015; Tang et al. 2015). Besides this,
aquaporin transport protein also showed excellent permeability for water molecules
and can transport up to one billion water molecules per second which are 5 to 1000
greater than the conventional membrane (Phongphanphanee et al. 2008; Ma et al.
2012). Due to these properties, aquaporin-based biomimetic membranes are highly
efficient for water purification and would be a breakthrough for the desalination
world. A commercial biomimetic membrane mainly consists of three components:
aquaporin which is a transporter protein for water molecules across the membrane,
amphiphilic polymers in which aquaporin molecules are embedded and supportive
matric that provide and improve the mechanical stability to the membrane.

16.3.1 Aquaporins

Aquaporins are transmembrane proteins found in all three domains of life, archaea,
bacteria and eukaryotes (Zardoya and Villalba, 2001; Lee et al. 2005; Heymann
and Engel, 1999). These proteins are necessary for maintaining water homeostasis
in cells and allow water molecules to pass through the cell membrane selectively.
Aquaporins were identified in plants, animals and microbes after the first finding of
aquaporin protein in red blood cells (Denker et al. 1988).Depending on their structure
and function, aquaporins are differentiated into three subfamilies. Aquaporins that
exclusively allow only water to pass through it is called orthodox aquaporins. Other
than water, some aquaporins enable tiny molecules such as carbon dioxide (Ende-
ward et al. 2006) urea, ammonia (Holm et al. 2005) and glycerol (Holm et al. 2005;
Litman et al. 2009) to pass through; these proteins are referred to as aquaglycero-
porins (Mukhopadhyay et al. 2014). A third subclass called subcellular aquaporins or
super-aquaporins was recently identified which has an unusual amino acid sequence
from the other two families; however, their function is still unclear due to limited
investigations and problems in synthesis and purification (Ishibashi, 2006; Ishibashi
et al. 2011; Fuwad et al. 2019a, b). So far, nearly 13 aquaporins have been identi-
fied in various organs and tissues of mammals (Gena et al. 2011; Giwa et al. 2017).
The kidney contains six of these molecules (Nielsen et al. 2002). Some of the most
studied Aquaporins include Aquaporin 1, Aquaporin 2, Aquaporin 3, Aquaporin 4
and Aquaporin Z (Giwa et al. 2017) (Fig. 16.2).
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Fig. 16.2 Overall Crystal structure of human aquaporins (AQP5). Representing tetramer viewed
of AQP: (a) parallel to the membrane and (b) from the extracellular side (Roche and Törnroth-
Horsefield 2017 under Creative Commons Attribution licence)

The sequence of aquaporin-1 exposes its general unit structure in the form of two
tandem repeats, each comprising three transmembrane spanning segments (Tang
et al. 2015). The six transmembrane segments surround a central pore in an hour-
glass shape with pseudo-two-fold symmetry, as revealed by biochemical study and
crystal structural analysis. Each repeat denotes a hemi-pore, in which two hemi-
pores fold together to produce a water channel (Tang et al. 2015). Each tandem
repeat comprises a loop with an asparagine–proline–alanine (NPA) signature motif
between TM2 and TM3 (Tang et al. 2015). According to research with mammalian
aquaporin-1, it occurs in the plasma membrane as homo-tetramers. Aquaporins have
a significant degree of sequence similarity: sequence identity present from 26 to
49% and augmented with 45–60% in the channel region. The three-dimensional
structures of all aquaporins are highly similar. The root-mean-square displacements
for Cα atoms are almost fixed in the overall chain range which is between 0.17 and
0.23 nm, and 0.07 to 0.13 nm in the membrane-spanning helices which indicating
towards the conserved structure of a protein (Hashido et al. 2005). However, different
glycosylation patterns is present in different aquaporins. The peptide backbone of
aquaporin-1 is around 28 kDa (equivalent to around 112 kDa for the tetramer),
while the glycosylated forms range from 40 to 60 kDa (equivalent to up to 240 kDa
for the tetramer) (Borgnia et al. 1999; Tang et al. 2015). Most aquaporins have
phosphorylation motifs of cytoplasmic protein kinase A, indicating a regulatory
function (Han and Patil, 2000).

16.3.2 Amphiphilic Polymers

Aquaporins are transmembrane proteins embedded inside the plasma membranes in
living tissues (VonHeijne 2007). Therefore, to develop a biomimeticmembrane, they
must be integrated into specific amphiphilic membranes made up of lipid bilayers
or block copolymers (BCPs) that imitate the structure of the plasma membrane
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(Wallin and Heijne, 1998). Lipids (Sessa and Weissmann 1968) and BCPs (Discher
and Eisenberg, 2002) are two examples of materials in which aquaporins can be
incorporated to synthesise a biomimetic membrane.

Lipids are amphiphilic substances that form bounded vesicular structures termed
liposomes in an aqueous environment. By adding various components or modifying
their composition, the surface charge and properties of themembrane can be tailored.
Many techniques have been developed to reconstitute aquaporin proteins in lipid
membranes since their discovery. Detergent-based reconstitution that includes deter-
gent removal, dilution and dialysis is the most popular method (Zeidel et al. 1994;
Prasad et al. 1998) to incorporate aquaporin in a lipid membrane. However, the
mechanical strength of these lipids is not properly suitable to perform the effec-
tive function of the biomimetic membrane. Because the function of transmembrane
protein is mainly influenced by membrane mechanical features such as membrane
fluidity and stabilitywhich is controlled by adding additives like cholesterol (Liu et al.
2000).On theother hand,BCPs are also employed to develop abiomimeticmembrane
that mimics the plasma membranes by creating polymersomes that provide higher
stability and durability due to the presence of polymers. BCPs gives the opportunity to
increase the length of a polymer chain, select the right blocks, incorporate functional
groups for manipulating the properties like thickness, permeability and durability of
the membrane (Fuwad et al. 2019a, b). Stoenescu et al. (2004), His-tagged aquaporin
0 was introduced into a BCP and observed that the protein orientation depends on the
symmetry of polymers. In another study, aquaporin was introduced into ABA BCP
vesicles which exhibited a twofold rise in water permeability as compared to the
commercial membrane (Kumar et al. 2007). Xie et al. (2015) investigated the influ-
ence of the length of the BCP hydrophobic chain on the Aquaporin permeability and
observed that the hydrophobic mismatch is directly connected to the osmotic perme-
ability of aquaporins. In biomimetic water filtration systems, both lipid-based and
synthetic polymeric membranes are currently employed. Recent research has found
that BCP membranes surpass lipid membranes in terms of cost, durability, rejec-
tion of small molecules like water (Discher et al. 1999), ambient phase transition
temperature and lifespan (Jaskiewicz et al. 2012).

16.3.3 Substrate for Membrane Support Used in Various
Techniques

Membrane fabricated by using both lipid and synthetic polymeric materials is too
delicate to bear hydrostatic pressure since their thickness is only a few nanometers in
each case, which necessarily required solid support to improve membrane stability
and mechanical strength (Fuwad et al. 2019a, b). Solid supports have a porous struc-
ture and are comprised of organic or inorganicmaterials. Organic substrates provide a
lot of versatility in chemical manipulation of surface, high porosity and uniform pore
size that makes it easier to evaluate the performance of manufactured membranes
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(Fuwad et al. 2019a, b). They also have the ability to retain proteins and lipids, which
makes them suitable for use in biomimetic membranes.

Nanofiltration substrates are also popular choices for membrane support because
of their higher flux than RO and significantly better retention than ultrafiltration,
particularly for low molecular weight molecules including ions, sugars and natural
organic materials (Mohammad et al. 2015). Hence, the substrate plays such an essen-
tial role in separation, most biomimetic membranes are made on a nanofiltration
substrate. Furthermore, nanofiltration substrates have a low surface roughness which
favours lipid stability and membrane formation (Freger 2004), and their surface
charge may be easily adjusted to meet process requirements (Schaep and Vandecas-
teele, 2001). Depending on the surface charge and lipid structure, various materials
like CA, Psf and PAN are utilised as a substrate to get the best results. According
to the substrate structure and surface properties, various methodologies are used to
obtain, potent and impeccable membranes. These methods include vesicle fusion
(Wang et al. 2015), chemical crosslinking (Sun et al. 2013a), vesicle adsorption (Li
et al. 2012), magnetic-aided adsorption (Sun et al. 2013b) and interfacial polymeri-
sation (Zhao & Qiu, 2012b, a). Because of its simplicity and low defect creation,
vesicle fusion is the most extensively used approach for stabilising membranes on
a substrate. The surface charge and structure of both vesicles and substrate have
a role in conjugation methods (Fuwad et al. 2019a, b). By using a vesicle fusion
approach, a lipid bilayer membrane was synthesised by Kaufman et al. (2010) on
a commercial nanofiltration polymeric membrane. Their research lighted on vesicle
fusion on a solid substrate and confirmed lipid bilayer coverage on two membranes,
NF-7450 and NF-270. Owing to the presence of sulfonated Psf, NF-7450 surface has
strong acidic SO3

− groups and due to the presence of weakly acidic COO– groups
of NF-270 has a negative charge on its surface. Even though the membranes showed
good lipid bilayer coverage (97%) at a low pH (pH 2), still had two issues. At low
pH, the stability of aquaporin proteins may affect, and it is also challenging to main-
tain lipid vesicles with a hydrophilic head on the hydrophobic surface. Wang et al.
(2012) used layer-by-layer assembly of polyelectrolytes to synthesise biomimetic
membranes. In this study, various alternative PEI and PSS polyelectrolyte layers
were used to coat negatively charged H-PAN membrane. To produce a lipid bilayer
membrane, on the modified substrate, positively charged liposomes were shattered
on PSS layers (Wang et al. 2015). In another study, Sun et al. (2013a, b, c) generate
a simple technique to enhance the incorporation of aquaporin vesicles and increase
their mechanical strength by applying magnetic force. Magnetic force was used to
immobilise magnetic nanoparticles containing proteoliposomes between the poly-
electrolytes multilayers on the H-PAN substrate. Further, the stabilisation of lipo-
somes was performed by the PAA-PSS blend and the polyelectrolyte layers of PAH.
Further, Li et al. (2014) used the polymer crosslinkingmethod to create an aquaporin-
based nanofiltration membrane. In this study, due to adhering capacity of PDA with
or without covalent bonding to a surface, it was used to coat proteoliposomes. Subse-
quently, at high temperature, PAI membrane was used to stabilise PDA-coated prote-
oliposomes and PEI polyelectrolyte layer was applied for encapsulation (Li et al.
2014). A research was conducted by Zhao and Zou (2012a), and Zhao and Qiu
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(2012b) to synthesise aquaporin incorporated biomimetic membrane by interfacial
polymerisation. In short, proteoliposomes containing MPD was used to soak Psf
substrate and then subjected to TMC to generate a crosslinked polyamide layer
encasing proteoliposomes (Zhao & Zou, 2012a; Zhao & Qiu, 2012b). This process
was found more effective in terms of chemical cleaning (Li et al. 2017), long-term
operations (Xia et al. 2017) and osmotic membrane bioreactors (Luo et al. 2018) as
compared to traditional membranes. Besides this, the process was also found suitable
for scale-up the production of the membrane (over 200 cm2) with the least defect.
By generating amide bonds between lipid bilayers and a porous Psf substrate, Ding
et al. (2015) fabricated an AqpZ incorporated planar biomimetic membrane. The
aquaporin bilayer was maintained by an amidation reaction between amino groups
of the proteoliposomes and the carboxyl groups of the PDA layer on a Psf substrate
that had been modified with a PDA layer. Recently, Fuwad et al. (2019a, b) used
PCTE substrate functionalized by PDA to stabilise aquaporin liposomes by elec-
trokinetic immobilisation approach. In this process, the aquaporin liposomes were
propelled over the substrate by electrokinetic force which causes liposomes to entrap
within or on the pores of the substrate and ensure a uniform coating of liposomes
without aggregation or rupture. The fabricated membrane exhibited a high water flux
of 7.45 LMH and 97.8% NaCl rejection with an excellent desalination property.

Further, inorganic compounds are also used as a substrate for membrane fabrica-
tion. These substrates havemore chemical,mechanical, thermal stability than organic
substrates and are also more expensive as compared to the organic substrate. Besides
this, these materials have more advantages like well-defined pore structure, resis-
tance to solvent and easy to sterilise. Among various inorganic compounds, alumina
is frequently used as a substrate to fabricate biomimetic membranes due to its high
pore density and uniform pore size. Duong et al. (2012) used alumina as a substrate
to fabricate a membrane that was functionalized by gold to deposit a polymer bilayer
through covalent interaction between the gold- and disulfide-functionalized ends of
polymeric vesicles. However, due to the large pore size (approx. 55 nm), some flaws
appeared in the membrane bilayer, despite the fact that the membrane pore size was
uniform with high porosity. Wang et al. (2011) anticipated the use of PEG headrest
reinforcedwith alumina to protect aquaporin to denature by contact with the substrate
surface.

16.4 Advantages and Challenges of Biomimetic Membrane

Conventional membranes have wide pore size distributions which permit diffusion
of species that should be held by the membrane, and inappropriate initial flux blocks
the pore of the membrane are the primary problems of these membranes. Further,
lack of isoporosity that causes fouling is also a common problem of conventional
membranes (Fane et al. 2015; Shi et al. 2014). Additionally, due to the inherent nature
of the fabrication material and procedure, all conventional membranes typically have
a low pore density (Ulbricht, 2006). Hence, attaining high flux with low pore density
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is another difficulty associated with the conventional membrane. Owing to intrinsic
structural features of aquaporin, aquaporin-based membrane is only the answer to
various unresolved problems of conventional membranes However, The aquaporin
structure has an ideal pore size, which prevents undesirable species from blocking
pores and make membranes resistant to fouling (Li et al. 2015).

For the industrial application of biomimetic membrane, there are still some chal-
lenges that need to be overcome. First, aquaporin protein production is critical to the
success of these membranes. However, due to their low stability in a specific aqueous
environment to control the purity and quantity of these hydrophobic proteins are
difficult which require the use of specific detergent. Second, incorporation of intact
and functional aquaporin protein in the artificial system is a difficult task. While
lipid and BCP-based compounds are the perfect analogues to plasma membrane
however these substances are low in mechanical stability which is again a limitation
of thesemembranes. Further, upscaling of fabrication of aquaporin-based biomimetic
membrane is also a challenge that needs to resolve in the future research.

16.5 Conclusions and Future Prospects

Various membrane technologies are being used for water purification. Nonetheless,
due to several limitations of conventional memnbarne technologies, aquaporin-based
biomimetic membrane is emerging as an alternative solution for water purification
owing to its advanced properties like high selectivity and permeability for water
molecules. However, this membrane is more selective for water molecules but it is
still associated with some challenges. The production of aquaporin in intact and pure
form, and further incarpoartion in lipid and BCP-based materials are quite difficult.
Additionally, upscaling of the biomimetic membrane for industrial use is also chal-
lenging. However, several approaches are being utilised to hit the current problem
associated with the industrial application of these techniques. Nanolipoprotein parti-
cles approach can be used to maintain the purity and stability of aquaporin, and
further incorporation efficiency into the membrane without the use of detergents in
aqueous environments. Although, 3D bio-printing is also emerging as a potential
approach to fabricate defect-free aquaporin membranes.
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Chapter 17
Nanobiosensors: Diagnostic Tools
for Environmental Contaminants

Rama Pal, I. Rashmi, and Jai Prakash Narain Rai

Abstract Environmental pollution, a growing global concern, adversely affects
human health and socio-economic development. Besides the presence of various
environmental contaminants like chemical substances, heavy metals, viruses,
bacteria, parasitic pathogens and their toxins, emerging environmental contaminants
(also calledmicropollutants) have drawn scientific attention and public concerns. The
growing demand for environmental pollution control necessitates the development of
rapid analytical tools with greater efficacy and precision for the on-site and real-time
monitoring of a broader spectrum of various pollutants without extensive sample
preparation. Nanobiosensors thus appear as a powerful alternative to conventional
analytical techniques that are associated with the issues such as the requirement of
sophisticated and expensive instruments and expert personnel for their operation.
Nanobiosensors are the fabrication products of nanoscale hybrid materials, such
as complexes consisting of nanoparticles (NPs) and biological molecules which
are ideal for the detection of contaminants with ultrahigh sensitivity, selectivity
and rapid responses. Thus, the use of nanobiosensors will significantly improve
environmental monitoring approaches in the future. This chapter emphasizes on
nanobiosensor approaches for environmental pollutants monitoring, challenges and
future perspectives.
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17.1 Introduction

Environmental pollution is a major global problem that adversely affects human
health and the sustainable socio-economic development of society. The various envi-
ronmental samples have been contaminated with heavy metals, organic compounds,
pathogens and toxins which is a serious issue to be addressed by environmental
scientists and governments. Additionally, the presence of emerging pollutants in
the aquatic environment resulting from the point and diffuse pollution has strongly
raised scientific interest and public concern (Kvenvolden and Cooper 2003; Duan
et al. 2007; Busetti et al. 2005).

The traditional monitoring techniques of heavy metals, pesticides, pathogens and
toxic intermediates in soil and water are highly detailed and comprehensive which
is time and cost-intensive (Malik et al. 2013; Shahbazi et al. 2018). To overcome
the drawbacks associated with traditional techniques, different biosensors (a device
comprised of a biologically active element to recognize the analyte of interest) are
being developed. Biosensor is an integral unit of a biological recognition element
with a signal transducer component to produce an electrical or electronic signal to be
detected, amplified andmeasured by a detector in order to quantify a specific analyte.
The accuracy of a biosensor’s function depends upon the efficient signal capture of
the interaction between the analyte and the biological element by the transducer
and converting them into magnetic, optical, gravimetric, fluorescent, electrochem-
ical or electrochemiluminescent signals. Hence, nanomaterial-enabled biosensors
provide precise detection, on the nanomolar to sub-picomolar level, of environ-
mental contaminants (Aragay et al. 2012) as nanomaterials are capable of immo-
bilizing bioreceptor elements at higher mass-to-volume ratio and even play the role
of transduction element itself. Because of the nanosize (1–100 nm) of nanomaterials,
new and better signal transduction technologies have been designed for accurate and
rapid analysis of single or multiple components in vivo.

This chapter gives an overview of the different types of nanobiosensors (mechan-
ical, optical, electrochemical, and magnetic) and their potential applications for the
detection of various pollutants along with challenges and future perspectives.

17.2 Nanobiosensors

Nanobiosensors are altered version of a biosensor and employ various nanomaterials
for immobilizing various biomolecules (recognition component) to detect very small
quantities of toxic contaminants in environmental samples. Nanobiosensors can also
be a unit comprised of nanosized biologically derived functionalized element linked
to a physical/chemical transducer. Thus, a nanobiosensor can be characterized on
the basis of three components: a nanomaterial(s), a biological recognition element
(bioreceptor) that interacts with an analyte and provides specificity, and a signal
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Fig. 17.1 The schematic representation of a nanobiosenser consisting of bioreceptors and trans-
ducer

transducer (e.g., electrochemical, optical, mass, etc.) to produce an electronic signal
that is proportional to the concentration of a target analyte (Fig. 17.1).

The basic functions of nanomaterials in biosensors can be mainly classified
as: (1) immobilization of biomolecules; (2) enhancement of electron transfer or
signal production; (3) labeling biomolecules; and (4) acting as reactant. The roles
that different nanomaterials have played in biosensor systems are summarized in
Table 17.1.

17.3 Nanomaterials for Biosensing

The nanobiosensor technology gained momentum after the exploration, synthesis
and possible utilization of nanomaterials. The nanomaterials can be categorized as:
(i) nanoparticles, (ii) carbon nanotube and (iii) nanowire.

Nanoparticles provide high surface areas per unit volume due to their extremely
small size. They can be synthesized using standard chemical techniques without
the requirement of advanced fabrication processes. Most biological molecules can
be labeled with metal nanoparticles without compromising their biological activ-
ities. The nanoparticles including gold, silver, palladium, platinum, copper and
cobalt have been widely used in the manufacturing of nanobiosensors. The gold
and silver nanoparticles have unique localized surface plasmon resonance (LSPR)
ranging between the visible and infrared spectrum, which is sensitive to the compo-
sition, shape, size (aspect ratio), surrounding environment and interparticle spacing.
This plasmonic property laid the foundation for the development of colorimetric
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Table 17.1 Nanomaterials used in nanobiosensors

No Nanomaterial type Advantages References

1 Carbon nanotubes Stable at exo- and endohedral
functionalization, improved
enzyme loading, higher aspect
ratios and high electrical
conductivity (approximately 100
times greater than copper wires)

Chen et al. (2008), Pedrosa et al.
(2010) and Oliveira et al. (2013)

2 Nanoparticles Better loading of bio-analyte, aid
in immobilization and possess
good catalytic properties

Li and Wei (2017), Swierczewska
et al. (2011), Maruthupandi et al.
(2020) and Wang et al. (2016)

3 Quantum dots Easy surface modification,
excellent fluorescence resonance
energy transfer donor and
quantum confinement of charge
carriers

Bala et al. (2018), Jia et al. (2018)
and Hu et al. (2019)

4 Nanowires High electrical conductivity and
wide applicability for bio- and
chemical sensing

Aluri et al. (2011) and Yunus et al.
(2012)

5 Nanorods Can be made from most elements
(metals and nonmetals) and
compounds; high excitation of
surface plasmons, size tunable
energy regulation, can be
coupled with MEMS and induce
specific field responses

Yu and Irudayaraj (2007),
Kuswandi (2018) and Shams et al.
(2019)

environmental sensors. The LSPR also intensifies the electromagnetic field near
the surface of nanoparticles, which is useful in detection through surface-enhanced
Raman spectroscopy. Magnetic nanoparticles made up of iron and its oxides possess
para- or superparamagnetic behavior under the influence of a magnetic field at room
temperature. The working principle for detection of analyte using magnetic nanopar-
ticles depends upon two relaxation mechanisms, i.e., Brownian and Neel relaxations.
The MNPs are functionalized with biocompatible coating to avoid their aggrega-
tion in the absence of magnetic field. The use of various magnetic nanoparticles in
nanobiosensors is summarized in Table 17.2.

QDs are “0-dimensional” nanosized crystalline semiconductor (ranging from 2 to
10 nm) with unique tunable optical properties, such as a broad absorption spectrum,
narrow emission peak and tunable emission wavelength, which is size-dependent.
They have replaced organic and fluorescent dyes in biosensing due to their strong
chemical stability with extreme resistance to photobleaching. QDs have been widely
used in detection of heavy metal ions and organic pollutants. Several kinds of QDs
have been synthesized, such as CdSe (Algarra et al. 2012), CdSe/ZnS (Sung and Lo
2012), CdTe (Chao et al. 2013; Gan et al. 2012), CdTe/CdS (Gui et al. 2012), ZnS
(Koneswaran and Narayanaswamy 2009) and ZnSe/ZnS (Ke et al. 2012).
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Table 17.2 Features ofmagnetic nanoparticle-basedbiosensors (adopted fromHerpoldt et al. 2017)

Mode Sensor type Key MNP
parameters

Limit of
detection

References

Volumetric
detection

NMR High transverse
relaxivity (T2)

<1 pM protein;
102 CFU/ml
bacteria

Min et al. (2012)
and Chen et al.
(2015)

Magnetic
susceptometer

Brownian
relaxation; colloidal
stability

4 pM DNA Strömberg et al.
(2014) and
Grossman et al.
(2004)

Surface
sensor

GMR High magnetic
moment, size

<10 fM protein Gaster et al. (2011)
and Hall et al.
(2013)

Hall-effect High magnetic
moment

Single cell Issadore et al.
(2012)

Nanozyme High catalytic
activity

<pg/ml protein Kim et al. (2015),
Xia et al. (2015) and
Duan et al. (2015)

Carbon nanotubes are hollow tubes made of either a single carbon sheet with
(SWCNT) or concentric carbon sheets of different diameters forming multiwalled
carbon nanotubes (MWCNT)with sp2 bonding (Rivas et al. 2007). Carbon nanotubes
enhance the electrochemical reactivity of important biomolecules and promote the
electrontransfer reactions of proteins. These have excellent electronic properties
depending upon electron valency of carbon atoms. Carbon nanotube-modified elec-
trodes have been shown to be useful in high-density surface loading of biomolecules
(e.g., nucleic acids) due to their large surface area and hollow structure and hence,
alleviating surface fouling effects (Wang et al. 2003). The combination of their wire-
like structure and high electroactivity to the surface adsorbates allows radial diffu-
sion affecting surface-to-noise ratio and leads to the development of highly sensitive
electrochemical biosensors ranging from amperometric enzyme electrodes to DNA
hybridization biosensors.

Nanowires are 1D structures with a length-to-width ratio greater than 1000. The
movement of electrons in these wires is free to travel along the length, but their
motion in the other two directions is quantum confined, thus differentiating them
from 3Dwires. The analyte binding on the surface of recognition element transduces
a change in the charge density including electric field on the surface of the nanowire
resulting in real time and quantitative detection. The antibodies-coated conductive
TiO2 nanowire (TiO2-NW) bundles have been fabricated for selective detection of
Listeria monocytogenes.
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17.4 Types of Nanobiosensors

Nanobiosensors can be classified based on the signals generated due to the interaction
between biological recognition element and the analyte as below:

17.4.1 Mechanical Nanobiosensors

There are two types of mechanical nanobiosensors, viz. cantilevers and acoustic
mechanical. Cantilevers can be either surface-stress sensors or dynamic-mode
sensors. The interaction between the recognition element and target molecules may
be electrostatic, van der Waals, hydrogen bonding, etc., which causes surface stress
leading to the deflection of the mechanical element. The degree of deflection is
proportional to the analyte concentration. The dynamic-mode sensors oscillate with
a resonance frequency which changes when the analyte is loaded on cantilever, and
is the basis for detection. The acoustic devices work on bulk acoustic waves (BAW)
or surface acoustic waves (SAW). The first one is sensitive to the changes in the reso-
nant frequency of a piezoelectric crystal in response to changes in surface-adsorbed
mass, while second responds to shear surface waves.

17.4.2 Optical Nanobiosensors

Optical biosensors exploit light absorption, fluorescence, luminescence, reflectance,
Raman scattering and refractive index of a sample under irradiation by ultra-
violet, visible or infrared light (Bănică 2012a). Two common approaches used
for analyte detection through optical nanobiosensor are fluorescence and surface
plasmon resonance-enabled spectroscopies. Fluorescence spectroscopy measures
the emission of an excited fluorophore after it returns to its ground state. Fluo-
rescent nanobiosensor uses QDs (quantum dots) or polymer nanoparticle or dye-
doped silicon probes due to their more photostability than traditional fluorescent
dyes (Vikesland and Wigginton 2010; Bae et al. 2012). The fluorescence signals
may be “turn-on” or “turn-off” depending upon conformational change in the sensor
due to interaction with the analyte of interest.

Surface plasmon resonance spectroscopy is basedon the localized surface plasmon
resonance (LSPR) of metal nanomaterials (Bănică 2012b; Wei et al. 2015) when it
is irradiated with polarized light. The shift in LSPR is proportional to the mass of
analyte on the surface.
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17.4.3 Electrochemical Biosensors

Electrochemical nanobiosensors relay on the measurement of changes in current
or potential that result from the interaction between an analyte and an elec-
trode. Different techniques have been used to record these changes and include
cyclic voltammetry, chronoamperometry, chronopotentiometry, impedance spec-
troscopy and various field-effect transistor-based methods (Grieshaber et al. 2008).
Nanobiosensor designs are based on the modification of solid electrode (e.g., plat-
inum, gold, silver and graphite) with nanocarbons (e.g., carbon nanotubes and
graphene), nanoparticles or functionalization with biological recognition elements
(e.g., antibodies and aptamers) (Sadik et al. 2009). Direct spatial contact between the
nanomaterial-enabled electrode and the recognition element amplifies signal several
times and improves signal-to-noise ratios compared to traditional electrochemical
techniques (Grieshaber et al. 2008; Sanvicens et al. 2009). The detection limits for
smaller particles improved due to their higher diffusivity and lower steric hindrance
(Garcia-Aljaro et al. 2010).

17.4.4 Magnetic Biosensors

Magnetic nanoparticles, viz. superparamagnetic (Fe3O4), greigite (Fe3S4),
maghemite (g-Fe2O3) and various types of ferrites (MeOFe2O3, where Me=Ni,
Co, Mg, Zn, Mn, etc.), have been extensively used in nanobiosensors. Magnetic
nanobiosensors are most suitable for detection in biological samples because of the
low background magnetic signal (Koets et al. 2009). Magnetic-relaxation switches
in superparamagnetic iron oxide nanoparticles are the underlying principle for detec-
tion mechanism, which results due to clustering of individual nanomagnetic probes
into larger assemblies following binding with an analyte. Analyte binding induces
enhanced dephasing of the spins of protons in the surrounding medium. The subse-
quent alteration in the spin–spin (T2) relaxation is detected by magnetic resonance
relaxometry (Reddy et al. 2012; Kaittanis et al. 2006).Magnetic nanobiosensors have
been used to detect proteins (Zhang et al. 2013), nucleic acids (DNA and mRNA)
and viruses (Perez et al. 2003).

17.5 Environmental Application of Nanobiosensors

For environmental applications, nanobiosensors are more field and user-friendly
over conventional analytical techniques due to their portability, miniaturization and
work. Nanobiosensors can be used as monitoring tools in the assessment of chem-
ical/biological/ecological quality of various environmental ecosystems via in situ
detection of inorganic/organic pollutants and pathogens (Andrea et al. 2011). The
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nanomaterials such as metal NPs (gold, silver, cobalt, etc.), CNT, magnetic NPs and
QDs have been intensively used in biosensors for detection of various contaminants
(Prasad et al. 2017), which are summarized in the following text.

17.5.1 Pesticides

Pesticides often target specific enzyme, and hence, many forms of pesticide detec-
tion are based on analyzing the activity of respective enzyme either directly or indi-
rectly. Many of the nanobiosensor methods developed for the detection of pesti-
cides are based on the action of the enzyme acetylcholinesterase (AChE) (Kuswandi
et al. 2008; Kuswandi and Swandari 2007). Pesticides such as organophosphates and
carbamates prevent hydrolysis of acetylcholine by inhibiting enzyme AChE through
binding to a serine moiety within the active site of the enzyme (Kuswandi et al.
2008; Kuswandi and Swandari 2007). Other compounds such as heavy metals and
detergents can be interfering agent in this process as they can also selectively inhibit
the enzyme (Nagatani et al. 2007; Kuswandi and Mascini 2005). In AChE-based
nanobiosensor, for the detection of monocrotophos (LOD 10 nm), gold nanopar-
ticles and multiwalled carbon nanotubes (MWCNTs) were used to modify glassy
carbon electrodes throughflow-based system. The carbon nanotubes contain chitosan
to increase the immobilization level and improve the stability of AChE. The gold
nanoparticles and MWCNTs promote electron transfer and catalyze the electro-
oxidation of thiocholine in their amperometric biosensor (Norouzi et al. 2010). The
detection of two pesticides methyl parathion and chlorpyrifos was established by
Viswanathan et al. (2009) through the fabrication of a electrochemical biosensor by
integrating the special features of ssDNA-SWCNT(single-walled carbonnanotubes),
PANI (polyaniline) and AChE. Aniline was polymerized electrochemically and
coated on vertically aliened thiol-terminated ssDNA-SWCNTs self-assembled on
gold electrode. The AChE was immobilized on PANI matrix. Thin PANI film on
SWCNT acts as good sensor for enzyme by-product acetic acid. The redox activity
of PANI thin film on SWCNTs increases as a result of changes in pH near the elec-
trode surface by enzymatic reaction (Fig. 17.2). This nanobiosensor can detect both
the pesticides up to 1 × 10 − 12 M.

Fig. 17.2 Schematic representation of electrochemical biosenser (Au/ssDNA-SWCNT/PANI/
active-AChE) working principle (Viswanathan et al. 2009)
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Afluorescence detection schemewas chosen as the transduction scheme formoni-
toring of the organophosphorus pesticides dichlorvos and paraoxon at very low levels
with liposome-based nanobiosensors. The enzyme acetylcholinesterase was effec-
tively stabilized within the internal nanoenvironment of the liposomes. The pH-
sensitive fluorescent indicator pyranine was also immobilized within the liposomes
for the optical transductionof the enzymatic activity. Increasing amounts of pesticides
leads to the decreased hydrolysis of the acetylcholine due to increased inhibition of
enzymatic activity and thus to a decrease in the fluorescent signal of the pH indicator.
The decrease of the liposome biosensors signal is proportional to the concentration of
dichlorvos andparaoxondown to 10−10 M levels. Zou et al. (2019) constructed a novel
bienzyme electrode [Cl/iron porphyrin (FePP)-modified MWCNTs/AChE/glassy
carbon electrode], which included AChE andmimetic oxidase FePP for the detection
of monocrotophos. The AChE electrodes generally have low stability and high over-
potential; in this electrode, FePP is covalently bound to the AChE carrier via ionic
liquid for increased electrode sensitivity and stability. Nanobiosensor was fabricated
by using silica nanoparticle co-encapsulated organophosphate hydrolase with a pH-
responsive fluorophore for paraoxon detection limit of 34 lM (Ramanathan et al.
2009).

17.5.2 Heavy Metals

Heavy metals may occur in the aquatic environment in the ionic form, or as
organic/inorganic soluble complexes adsorbed on the sediment or incorporating into
the biota. The ions are non-biodegradables pollutants and hence persist in the envi-
ronment for long leading to a greater risk to human health and ecosystem. The major
sources of heavy metal pollution are industrial effluents, mining and agricultural
practices. The problems of heavy metals contamination in water bodies establish an
urgent need for fast, sensitive and reliable methods for detection and treatment of
these compounds.

Chitosan is a well-known chelating agent for heavy metals, and the presence of
Zn(II) and Cu(II) can cause colloidal instability and loose aggregation (agglomer-
ation) of gold nanoparticles. This phenomenon causes a rapid color change that is
directly related to the heavy metal concentration. Pb(II) ions with a limit of 100 nm
to 200 µM have been detected following an aggregation-dissociation protocol (Liu
and Lu 2003) using the DNAzyme-directed assembly of gold nanoparticles cleaves
in the presence of Pb(II) and results in a blue to red color change.

Cantilever nanobiosensors have emerged as a modern technology for the analysis
andmonitoring of heavymetals. Rigo et al. (2019a) developed cantilever nanobiosen-
sors based on urease enzyme activity. Urease enzyme activity reduction proportional
to the concentrations of different heavy metals can be used for quantitative anal-
ysis of these metals in solution. The cantilever was functionalized with chemical
modification on the surface (70 nm of gold, 16-MHD) using self-assembled mono-
layers (SAM); the thiol group (-SH) located at one end of the 16-MHD adsorbs
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to the gold surface, while the carboxyl group present at the other end is avail-
able. To covalently immobilize the urease enzyme on this cantilever surface, the
carboxyl groups of 16-MHD were coupled to the primary amine groups present
in the structure of the enzyme with the EDC and NHS crosslinking agents. Then,
NHS is added to increase the efficiency bound with the primary amine present in
the enzyme by the carboxylic acid. The heavy metals present in the water solution
bind to the active site groups of the urease enzyme by reacting with the sulfhydryl
groups, causing a stress tension on the cantilever surface, resulting in a deflec-
tion that was measured by the voltage change of the cantilever nanobiosensor.
Cantilever nanobiosensors with phosphatase alkaline were also developed by Rigo
et al. (2019b) and applied to detect heavymetals (Pb, Ni, Cd, Zn, Co and Al) in water.
The nanobiosensor surface was functionalized with the self-assembled monolayers
(SAM) technique usingN-hydroxysuccinimide (NHS),N-(3-dimethylaminopropyl)-
N0-ethylcarbodiimide (EDC), 16-mercaptohexadecanoic acid and phosphatase alka-
line enzyme. The sensing layer, with 80 nm of thickness, is deposited on the
cantilever surface with a uniform morphology. The nanobiosensor has a fifteen days
stability with a detection limit in the ppb range. Quantum dots have already been
reported as potential nanobiosensors for the detection of heavy metal ions in the
soil, water and food. Khachatryan and Khachatryan (2019) developed a nanosensor
for the detection of Pb2+ and Cu2+ ions using novel starch-based nanocomposites
embedded spherical ZnS quantum dots (10–20 nm) capped with L-cysteine. They
were characterized using IR and UV spectra, photoluminescence and TEM/SEM
photographs. The decreased emission intensity of the photoluminescent spectral
bands was proportional to the concentrations of Pb2+ and Cu2+ ions in the solution.

17.5.3 Microbes

Several biosensors using different nanomaterials have been developed for the detec-
tion of various microbes in environmental samples. A nanobiosensor was developed
for selective detection of Salmonella by using anti-Salmonella polyclonal antibodies
immobilized by streptavidin–biotin binding or covalent binding to the quantum dot
surface (QDs) (Kim et al. 2013). Anti-Salmonella antibody-coated beads were used
to separate and concentrate cells from sample. The separated cells were labeled
with antibody-conjugated QDs to form complexes. The fluorescent signals from
complexes were measured with fluorometer.

A label-free immunoassay was developed by Bu et al. (2019) to detect pathogenic
bacteria in water by introducing diversely positive charges functionalized AuNPs
((+) AuNPs). The (+) AuNPs can be loaded on negatively charged bacteria via elec-
trostatic interaction, leading to a color labeling to target bacteria. Afterward, the
(+) AuNPs-bacteria complex can be selectively recognized by monoclonal antibody
(McAb) immobilized on test (T)-line. Under optimum conditions, the proposed LFS
could be used for detecting Salmonella enteritidis (S. enteritidis) and Escherichia
coli O157 (E. coli O157) with a superior sensitivity 103 CFU/mL and 104 CFU/mL,
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Fig. 17.3 Schematic representation of one-step detection of S. typhimurium using antibody-
functionalized magnetic nanospheres (IMNS) and fluorescent nanospheres (IFNS) (Wen et al.
2013)

respectively. A nanoparticle-based electrochemical biosensor was developed for
rapid and sensitive detection of plant pathogen DNA (Lau et al. 2017). The assay
involved rapid isothermal amplification of target pathogen DNA sequences by
recombinase polymerase amplification (RPA) followed by gold nanoparticle-based
electrochemical assessment with differential pulse voltammetry (DPV).

Amine-functionalized MNPs have enabled rapid and cost-effective capture of
bacterial pathogens in several matrices (Huang et al. 2010). Wen et al. (2013)
demonstrated a one-step method for the sensitive detection of S. typhimurium using
antibody-functionalized magnetic nanospheres (IMNS) and fluorescent nanospheres
(IFNS) as shown in Fig. 17.3. The IMNS/IFNSweremixed and incubated at 37 °C for
60 min. with S. typhimurium-spiked solution to achieve a detection limit of 10 CFU/
mL−1 in a 1-h period with high specificity.

Wang et al. (2016) developed novel bioprobes based on biotin-labeled single-
strandedDNA (ssDNA) aptamers conjugatedwith streptavidin-boundRuBPY-doped
silica NPs for detection of S. typhimurium. Shams et al. (2019) developed ssDNA-
GNRs biosensing system for the identification of both Campylobacter jejuni and
Campylobacter coli species using specific cadF gene. The mechanism of detection
was based on prodigious capability of gold nanorods (GNRs) to sense changes in the
local environment and interparticle distance.

17.6 Challenges and Future Perspectives

Progress in the development of nanobiosensors is gaining momentum, which has
revolutionized the environmental monitoring. The overall mechanisms have become
time-efficient, cost and user-friendly. The inventions of different nanostructures
like those of quantum dots, nanoparticles for enzyme immobilization and hybrid
nanostructures with multiple functionalities have been significantly improving the
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transduction mechanism. Future argues very well for these dynamic, versatile and
quick recognition systems considering their multidimensional potential. The use of
nanomaterials has enabled the development of novel chemical-biological conjugate
biosensors for multidimensional performance upgradation. Though nanobiosensors
are the most dynamic, versatile and quick recognition systems for efficient envi-
ronmental monitoring, their durability for long-term and safe applications is not
always practicable. The harsh and hazardous conditions of environmental samples
would easily destruct the composition and/or structure of the nanosized catalysts. The
stabilitymatters a lot in environmental applications asmetal leaching from nanosized
metal-based catalysts and/or newly formed intermediates can cause secondary pollu-
tion. Nanopollution risks the demolition of ecosystems and human health. Therefore,
the sensing technology should be coherently designed and judiciously applied taking
into account all the activity, selectivity and stability. The induced different processes
within the nanomaterial and environmental sample interface could be specific to size,
shape, composition, surface feature or hybridizations of the materials. The chem-
istry of environmental processes, bio-chemical engineering and materials science
should be brought together for the practical environmental applications of theo-
retical findings to optimize nanobiosensors performance. However, there is a wide
scope for fundamental understanding, identification and manipulation at the nano-
/biointerfaces to optimize their performance and stability in real-world operating
conditions, hence leading to the commercialization of these technologies.

17.7 Conclusion

Great efforts in the development of nanomaterials and the corresponding nanobiosen-
sors have brought up enormous opportunities to conventional sensing technologies.
The significant advantage is rapid results outcome because the approach to increase
signal rather than the target analytes has revolutionized the paradigm of detection.
This leads to the speediness in environmental monitoring and management, hence
the betterment of ecosystems and public health.
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Chapter 18
Prospects and Challenges
of Bio-Nanomaterials for Wastewater
Treatment

Meenakshi Sati, Vishwanath Sharma, Anup Jyoti Goswami, Krishna Giri,
and Gaurav Mishra

Abstract Water is a precious and limited resource on earth which play pivotal role
in life, agriculture, industries and ecological processes. Toxic chemical substances
released from industrial processes, agricultural activities, gray water and sewage are
the major water pollutants. Due to increasing human population, industrial and agri-
cultural operations, themagnitude ofwater pollution has been increased significantly.
Release of untreated or partially treated effluent in the environment is themajor source
of water pollution. Pollution of drinking water sources and natural water bodies
have negative effects on human health, living organisms and ecological systems.
The existing physical and chemical methods of wastewater treatment are neither
eco-friendly nor cost-effective, under such circumstances pollutants removal from
contaminated water warrant alternative and eco-friendly technologies. Bioremedia-
tion is an alternative to these technologies where plants, microorganisms and organic
materials are used for treatment and removal of toxic chemicals and metal ions from
pollutedwater.With the emergence of nanoscience and its concept of thinking big and
working small, nanotechnology-based treatment methods have proved to be the most
effective and eco-friendly approach to combatwater pollution.Development of nano-
based bioremediation technologies gives rise to a novel, much rapid and efficient
remediation technology termed as nanobioremediation. Nanobiremediation utilizes
microorganisms and plants to synthesize bio-nanomaterials which have potential to
clean wastewater generated from large-scale industrial processes. It is advantageous
over other treatment methods because of pollutants removal without posing any toxic
effects to the microorganisms and also enhances microbial activity in the contami-
nated environment. Although much research has been carried out on application of
bioremediation for wastewater treatment, however, a little is known about bio-based
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nanomaterials in wastewater treatment. This chapter aims to comprehend the recent
advances and application of bio-nanomaterials for wastewater treatment and scope
of environmental pollution control.

Keywords Bio-nanomaterials ·Water pollution · Nanobioremediation

18.1 Introduction

Water is an essential resource for survival and development of living beings on
earth. Availability of clean and safe water can boost the economy of any country,
but due to the rapid industrialization, population growth, extensive agricultural prac-
tices and urbanization have led to the spread of enormous amounts of pollutants
in water which ultimately deteriorate the quality of water. Pollution is one of the
major causes of the declining quality of the environment in today’s world. Water
pollution is the serious issue of global concern for living being health, threat to
biodiversity and aquatic ecosystem. Wastewater contains many hazardous pollutants
which originate from sewage, agricultural and industrial processes. Treatment of
wastewater using physical, chemical and biological methods is essential to protect
living organisms and the environment. Wastewater treatment is a process of sepa-
ration of pollutants from polluted water using different processes before releasing
it in the environment. Various techniques such as electrochemical, advanced oxida-
tion processes and valorization have been used for wastewater treatment (Gupta and
Shukla 2020). These techniques have higher operational cost and generate several
byproducts of environmental concern. Use of efficient, eco-friendly and economi-
cally viable technologies can help to achieve the goal of environmental sustainability
(Chauhan et al. 2020). The development of nanotechnology and nanoscience has
opened new avenues for the remediation of water pollutants. Bioremediation of water
pollutants using bionanoparticles is one of the eco-friendly and economically feasible
approach. Nanotechnology is among the fastest growing areas of scientific research
and technology development across theworld.Nanoparticles have found applications
in bioremediation of heavy metal pollution, solid waste, hydrocarbons and uranium
contamination, groundwater and wastewater remediation (Chauhan et al. 2020).
Nanoparticles have unique capabilities to remove toxic substances from wastew-
ater and also provide a healthy substrate for microbial activity which accelerate the
process of environment clean-up (Sherry et al. 2017).

Nanoparticles used for bioremediation are biologically synthesized from plant
extracts, fungi and bacteria. Traditionally, nanoparticles produced by chemical and
physical methods are very costly. Therefore, the need of a cost-effective pathways
for biosynthesis of nanoparticles arose. Synthesis of nanoparticles by using plant
extracts and microorganisms is a cost-effective and alternative method than the
conventional methods. Nanoparticles are highly reactive particles because of high
surface to volume ratio. Nanoparticles can be either used as activated nanoparticles
or as a carrier, due to smaller size and high surface to volume ratio. Due to quantum
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effect nanomaterials require less activation energy to make the chemical reactions
feasible and faster. Nanoparticles also exhibit surface plasmon resonance which is
helpful for the detection of toxic material (Sherry et al. 2017; Rizwan et al. 2014).
Small size of nanoparticlesmakes themmost appropriate purification agents. Biolog-
ically synthesized iron nanoparticles have been used in remediation of wastewater
due to their redox potential, magnetic susceptibility and non-toxic nature (Bolade
et al. 2020). The different types of bio-nanomaterials such as zinc, iron, silver, gold,
copper, etc. synthesized from plants, animals and microbes have been used at the
nanoscale for clean-up technology as well as wastewater treatment.

18.2 Nanobioremediation

Integration of bio-based nanomaterials for removal of pollutants from wastewater is
known as nanobioremediation. The rapid urbanization, industrialization and modern
agricultural practices (excess use of fertilizers and pesticides) cause environmental
pollution and adverse effect the living organisms. The remediation of wastewater
pollutants using nanoparticles is more efficient than other methods due to smaller
size, high surface area to volume ratio and higher activity of nanoparticles (Baruah
et al. 2019).Green synthesis of nanomaterials frommicroorganisms andplant extracts
has proved a path toward the eco-friendly approach for remediation of pollutants.
Nanobioremediation approach includes a wider range of potential applications with
low cost and minimum negative impacts on the environment (Rizwan et al. 2014) for
treatment of groundwater and wastewater (Yogalakshmi et al. 2020), heavy metals,
hydrocarbons (Gisi et al. 2017) and polluted soil sediments (Bharagava et al. 2020).

Presently, nanomaterials have been used for removal of toxic pollutants from
contaminated sites in the environment. The basic principle of nanobioremediation is
defined as the degradation of organic wastes using nanocatalysts as a medium which
allows them topenetrate deep inside the contaminants and facilitatemicrobes to act on
such substanceswithout affecting the surrounding (Yadav et al. 2017). Nanomaterials
bring the pollutants (complex organic compounds) to a level where the pollutants can
be degraded easily into environmentally innocuous byproducts (Pandey2018). In this
process, a proper interaction between nanoparticles and microorganism is essential
for nanobioremediation of toxic pollutants. Tan et al. (2018) reported that interac-
tions among nanomaterials, microbes and contaminants depend on size and shape of
nanomaterials, surface coating, chemical nature of the nanomaterials, contaminant,
media, pH, reaction temperature and type of organism used in synthesis. Stability
of nanomaterials is major issue for synthesis of nanoparticles. Microorganisms have
the potential to reduce the size of metal ions at nanoscale and produce nanoparti-
cles/materials because of extracellular enzymes. Bacteria have special affinity for
metals and this unique metal binding property makes them useful for nanobioreme-
diation. Apart from bacteria, yeast and fungi are also being used for biosynthesis of
nanoparticles. The purpose of using fungal cells is to harness the fungal proteins for
large amount of nanoparticle synthesis. Biosynthesis of nanoparticles is generally
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done by the following bottom-up approach which is the result of redox reaction. The
phyto-chemicals with antioxidants or microbial enzymes are usually responsible for
reduction of metal compounds into their respective nanoparticles size.

18.3 Green Synthesis of Nanoparticles

Green synthesis of bio-nanomaterials involves plants (Philip 2010) and microor-
ganisms (Ahmad et al. 2003; Roh et al. 2001; Mukherjee et al. 2001) which is an
eco-friendly and non-toxic way of nanosynthesis with a wide range of shapes, size,
compositions and physicochemical properties (Mohanpuria et al. 2008). Because
of its cost-effectiveness, eco-friendly nature, controlled toxicity and rapid reaction
speed, etc. green synthesis of nanomaterials is the most advantageous approach
over other conventional methods. For large quantities, plants mediated nanoparticle
synthesis is a more valuable and straightforward approach in comparison with the
microbial mediated synthesis as the employment of microorganisms for nanopar-
ticle synthesis requires complex procedures like isolation, purification and handling
of cultures (Iravani 2011; Thakkar et al. 2010). However, the faster growth ratemakes
microorganisms more advantageous over other biological entities.

Synthesis of nanoparticles from plant resources required green reducing agents
(Salehi et al. 2016; Nikalje 2015) which are obtained from phytochemical extracts
(Boisselier and Astruc 2009). Phytoextracts from plants like Sinapis arvensis, Abel-
moschus esculentus,Aloe vera,Punicagranatum,Cinnamomumcamphora andMelia
azedarach can be utilized for the biosynthesis of Silver, Gold, Iron, Copper, Zinc and
Palladium nanoparticles (Lam et al. 2018; Chaturvedi and Verma 2015; Kumar et al.
2011; Dashora and Sharma 2018; Laokul and Maensiri 2009). Plant extracts possess
a combination of biomolecules including; amino acids, proteins, enzymes, alkaloids,
polysaccharides, saponins, tannins, terpenoids, phenolics, vitamins and flavonoids
(Marshall et al. 2007; Castro et al. 2011) that can be incorporated during nanopar-
ticle synthesis (Table 18.1). These bioactive polyphenols have been extracted from
leaves, stems, roots, flowers, fruits, fruit peels, seeds, gums and waste of vegetation
(Yew et al. 2020). Extracellular enzymes secreted by microorganisms can be utilized
for microbe mediated bionanomaterial synthesis (Tripathi et al. 2015; Calderon and
Fullana, 2015). The bottom-up approach of nanobiomaterial synthesis from various
bioresources is given in Fig. 18.1.

Silver nanoparticles canbebiosynthesized from thephytoextracts of various plants
like Sinapis arvensis, Lantana camara, Trigonella foenumgraecum, Artemisia nila-
girica, Nerium oleander (Lam et al. 2018), etc. while gold nanoparticles are synthe-
sized from the plant extracts ofAbelmoschus esculentus, Angelica, hypericum, Euca-
lyptus and Mentha, (Chaturvedi et al. 2015). Copper nanoparticles are synthesized
from leaf extracts of Ocimum tenuiflorum, Nerium oleander, Ricinus communis,
etc. Zinc nanoparticles and Palladium nanoparticles have been biologically synthe-
sized using plant extracts from Camellia sinensis and Coffea arabica, Cinnamomum
camphora, Melia azedarach, Delonix regia and Evolvulus alsinoides (Pandey 2018).
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Table 18.1 Green synthesis of nanoparticles using plant extract for wastewater treatment

Nanoparticles Plant extract Application of
nanoparticles

References

Nano-zerovalent
copper

Test a extract of
Anacardium occidentale

Removal of uranium
from wastewater

Chandra and Khan
(2020)

Magnetite NPs Crude latex of Jatropha
curcas and leaf extract
of Cinnamomum tamala

Removal of methylene
blue dye, Cu(II) and
Co(II) from aqueous
solution

Das et al. (2020)

Zinc oxide NPs Aloe vera and Cassava
starch

Removal of copper ion Primo et al. (2020)

Nano-zerovalent
copper

Aqueous fruit extract of
ripened Duranta erecta

Reduction of azo dyes
(congo red and methyl
orange)

Ismail et al. (2019)

Copper nanoparticles Eichhornia crassipes
(water hyacinth) extract

Detection of hazardous
H2O2

Roy et al. (2019)

Copper nanoparticles Leaf extract of Camelia
sinensis

degradation of dyes Ahmed et al. (2019)

Copper nanoparticles Extract of Cynomorium
coccineum

Adsorption of methylene
blue dye

Sebeia et al. (2019)

Copper nanoparticles Leaf extract of Nerium
oleander

Interaction with organic
dyes

Sebeia et al. (2019)

TiO2 Nanoparticles Jatropha curcas leaf
extract

Photocatalytic treatment
of tannery wastewater

Goutam et al. (2018)

Silver nanoparticles Leaf extract of Ficus
Benjamina

Removal of Cd(II) from
contaminated solution

Al-Qahtani (2017)

Silver nanoparticles Piliostigma
thonningii aqueous leaf
extract

Heavy metal removal
activity in laboratory
simulated wastewater

Shittu and Ihebunna
(2017)

Fe Nanoparticles Green tea (Camellia
sinensis) and
pomegranate (Punica
granatum) leaf extract

Organic carbon removal
from textile wastewater

Ozkan et al. (2017)

Au Nanoparticles Lagerstroemia speciosa
plant leaf extract

Photocatalytic reduction
of organic pollutants

Choudhary et al.
(2017)

Silver nanoparticles
(AgNPs)

Penciillium Citreonigum
Dierck
and Scopulaniopsos
brumptii
Salvanet-Duval

AgNPs showed an
excellent antibacterial
property on gram-positive
and gram-negative
bacterial strains

Moustafa (2017)

(continued)

Similarly bacteria, yeast, fungi, algae and actinomycetes are used for the green
synthesis of different nanoparticles. Microorganisms have the potential to reduce
size of metal ions which lead to the synthesis of nanoscale materials. Pandey (2018)
reported that microorganisms secrete extracellular enzymes which are being used for
the synthesis of relatively pure nanoparticles while Koul et al. (2018) reported that
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Table 18.1 (continued)

Nanoparticles Plant extract Application of
nanoparticles

References

Silver nanoparticles Testa extract of
Anacardium occidentale

Reductive degradation of
carcinogenic azo dyes
like congo red and methyl
orange

Edison et al. (2016)

Silver nanoparticles Ocimum sanctum and
Artemisia annua leaf
extract

Reduction in pH, odor,
color, dissolved oxygen
(DO) and biochemical
oxygen demand (BOD)

Sardar and Khatoon
(2016)

Iron oxide NPs Tangerine peel extract Removal of cadmium
ions from contaminated
solution

Ehrampoush et al.
(2015)

Fig. 18.1 Bottom-up approach for green synthesis of nanoparticles

bacteria have been most commonly used for the production of iron nanoparticles.
In a study by Bharde et al. (2005) Actinobacteria sp. was used to produce spher-
ical iron nanoparticles under aerobic environment. Greigite (Fe3S4) and maghemite
(γ−Fe2O3) nanoparticles were also synthesized using the same bacterial spp. Ther-
mophilic bacterium Thermoanaerobacter has also been used for the production
of magnetite nanoparticles. Sahayaraj (2012) reported that microbes belonging to
the Streptomyces, Verticillium, Lactobacillus, Fusarium, Aspergillus, Pseudomonas,
Corynebacterium, Aeromonas, Bacillus,Desulfovibrio, Plectonema and Rhodopseu-
domonas genus have been used for the green synthesis of nanoparticles. Apart from
bacteria, many fungi are also being used for the synthesis of nanoparticles and
because of the secretion of a large amount of protein they proved to be better at
producing a larger amount of nanoparticles as compared to bacteria (Raliya et al.
2013; Gurunathan et al. 2015; Yadav et al. 2018).
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18.4 Nanoparticles for Water Disinfection and Purification

Nanotechnology has potential applications in wastewater treatment (Athirah et al.
2019). Noman et al. (2019) observed inactivation of antibiotic-resistant Escherichia
coli (Gram-negative) and Staphylococcus aureus (Gram-positive) bacterial presence
in graywater using Zn/Cu nanoparticles biosynthesized from a novel fungal strain.
Aspergillus iizukae EAN605. Similarly, Ag nanoparticles biosynthesized using
Penciillium citreonigum Dierck and Scopulaiopsos brumptii Salvanet have been
found effective against E. coli, Staphylococcus sps. and Pseudomonas sps. removal
fromwastewater (Moustafa 2017) with complete decontamination at 676.0 mg/L NP
concentration and 120 minute contact time. The nano-silver coated foam has been
reported to remove both the gram-positive and gram-negative bacteria from contam-
inated water. Several researchers have synthesized Ag NPs from bacteria (Saifuddin
et al. 2009), yeast (Pimprikar et al. 2009), fungi (Rai et al. 2016), plants and plant
extracts (Anandalakshmi et al. 2016) for water disinfection (Table 18.2).

18.5 Nanoparticles as Sensors and Detectors
for Water Pollutants

Organic and inorganic contaminants present in wastewater, like heavy metals,
aromatic compounds, organophosphates, toxins and dyes, which are highly toxic
and carcinogenic needs prior detection due to the toxicity posed by these pollutants
even at trace levels. Detection of these pollutants with simple and sensitive metal ion
sensors needs further advancement as these are non-biodegradable and can accumu-
late in the food chain, which poses a severe threat to the environment and human
health. In general, a simple colorimetric sensor is preferable, and it can bemademore
advanced by the application of green chemistry which uses biogenic synthetic proto-
cols based on non-toxic, multifunctional reactants derived from natural sources. For
example, biomolecules, unicellular microorganism and higher plants, for a highly
sensitive and selective detection of pollutants (Joshi and Kumar, 2018). In a study,
fruit extracts of Citrus limon and Citrus limetta were used for biosynthesis of silver
(Ag) and gold (Au) nanoparticles and used for Hg+ detection at pH range from 3.2 to
8.5. (Ravi et al. 2013). Ha et al. (2014) synthesized Au NPs from Xanthoceras Sorb-
ifolia for sensing of Cr3+ ion with a detection limit of 3 μM. Plant extract of Allium
sativum was used to synthesize Ag NPs for the detection of polyaromatic hydro-
carbon (PAH) such as phenanthrene, pyrene and anthracene (Abbasi et al. 2014). For
the detection of NH3 (1 ppb) biosynthesized Au NPs from Cyamopsistetrago Aloba
were used (Pandey et al. 2013). Biosynthesized Ag NPs from pods of Phaseolus
vulgaris was used in photodegradation of mordant black and Congo red (Sunkar
et al. 2013). All these tested bionanosensors provide a promising approach for the
selective and sensitive detection of various pollutants in the contaminated water.
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18.6 Recent Advances in Bio-Nanomaterial
and Wastewater Treatment

Nanotechnology offers some of the promising techniques for wastewater treatment
which includes photocatalysis, nanofiltration and nanosorbents (Bora and Dutta
2014). Nanocatalyst, nanoadsorbents and nanomembranes are mostly being used for
wastewater treatment. A variety of nanoparticles have been successfully reported
for water and wastewater treatment such as zerovalent metal nanoparticles (Ag
nanoparticles, Fe nanoparticles, Zn nanoparticles), metal oxide nanoparticles (TiO2

nanoparticles, iron oxide nanoparticles, ZnO nanoparticles), carbon nanotubes and
nanocomposites (Mueller and Nowack, 2009). Goutam et al. (2018) reported that
photocatalytic treatment/degradation of tannery wastewater using green synthesized
TiO2 nanoparticles revealed promising results. Nano-based photocatalysis employed
by Devatha et al. (2016), Wang et al. (2014), Ghaly et al. (2011) and Bordes
et al. (2015) has also reported the potential of nanoscience in wastewater treatment.
Nanosorbents have been widely used for the removal of microbes, organic dyes and
heavy metal pollutants from water and wastewater. Studies have been conducted
on the use of nanoparticles as nanoadsorbent in the wastewater treatment for iron
oxide as nanoadsorbent for the removal of various pollutants fromwastewater, Fe-La
composite oxide for the removal of As (III) from wastewater (Nassar 2012; Zhang
et al. 2014). For the treatment of textile dye, Banerjee et al. (2014) synthesized silver
nanocomposites using leaf extract of Ocimum tenuiflorum (Black Tulsi). Cadmium
removal from wastewater by iron oxide nanoparticles synthesized using peel extract
of tangerine was reported by Ehrampoush et al. (2015). Rosales et al. (2017) reported
the degradation of textile dye by zerovalent iron nanoparticles synthesized from two
different extracts, green tea (Camellia sinensis) and Rooibos (Aspalathus linearis).
Similarly, Jatropha curcas leaf extract was successfully utilized for the synthesis
of titanium dioxide (TiO2) nanoparticles for photocatalysis of treated wood waste
(Goutamet al. 2018). Biosynthesized iron oxide nanoparticles usingPadina pavonica
Thivy and Sargassum acinarium were successfully entrapped in calcium alginates
beads and used for Pb adsorption (El-Kassas et al. 2016).Many researchers across the
globe areworking on eco-friendly techniques such as green synthesis of nanoparticles
for proving solution to the problem of wastewater.

High reactivity, larger surface area, better disposal capability, eco-friendly and
non-toxic nature are some of the advantages of bio-nanomaterials for wastewater
treatment. These properties can be utilized for adsorption and reduction of various
harmful pollutants in the water. Examples of bio-based nanoparticles used for water
remediation include Fe NPs, Ag NPs, TiO2 NPs, Silver nanocomposite hydrogel
(SNC), ZnO, CuO, Co3O4, Nickel oxide and Cr2O3, Nano-zerovalent iron (nZVI),
etc. (Goutam et al. 2018; Ozkan et al. 2017; Shittu and Ihebunna 2017; Devi et al.
2016; Shanker et al. 2016; Hoag et al. 2009). In a study, iron nanoparticles (FeNPs)
were synthesized via a green method using loquat (Eriobotrya japonica) leaves
aqueous extract as a renewable reducing agent which showedmore than 90%Cr (VI)
adsorption at a wide range of initial Cr (VI) concentrations (50–500 mg/L) (Onal
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et al. 2019). Mehrotra et al. (2017) employed protein capped zerovalent iron NPs
synthesized using yeast, for complete degradation of organophosphorus insecticide
(Dichlorvos). At an optimum experimental condition with 2000 mg /L nanoparticles
dosage, 1000μl H2O2, 99.9%degradationwas observedwithin 60min of reaction.E.
coli-mediated biogenic synthesis of gold NPs served as an efficient, eco-friendly and
cost-effective bionanocomposite for the complete degradation of 4-nitrophenol.112
R. In a study, Tilia leaf extract was used for the synthesis of copper nanoadsor-
bent for remediation of aquatic systems contaminated with Ibuprofen, Naproxen and
Diclofenac (Dalal et al. 2019).

18.7 Advantages and Limitations of Bio-Nanomaterials

Though nanoparticles have shownpotential in treating contaminated siteswith higher
effectiveness.However, there are several problems associatedwith the use of nanoma-
terials for environmental clean-up. The major limitations are loss of reactivity with
time, transportation and their effect on microorganisms (Mohammed et al. 2017;
Lunge et al. 2014). Studies suggest that Iron nanoparticles exhibit, a loss in reac-
tivity level after a certain period of time, a blocking effect in the soil by clogging
the pores of soil and restricting the passage of fluids. The use of stabilizers, such as
lactate, enhances the mobility of iron nanoparticle in turn facilitating their improved
transport in soil (Warner et al. 2011). Various studies under controlled conditions
have been executed on the consequence of nanoparticles on microorganisms and the
results thus found were conflicting (Bai et al. 2011). Some of the studies have shown
inhibitory effects on microorganisms like Staphylococcus aureus and Escherichia
coli (Simeonidis et al. 2015; Qu et al. 2013 and Demming 2011). Few other studies
have shown the stimulating effect of nanoparticles as electron donors on microor-
ganisms such as bacteria and methanogens (Dong et al. 2015). A few nanoparticles
with certain concentrations are hazardous, toxic and can thus damage human health
and the environment (Cornelis et al. 2014). Carbon nanotubes in the form of asbestos
can cause lung cancer when inhaled in insufficient quantities through treated water
(Buzea et al. 2007).

Moreover, the synthesis of nanoparticles utilizes conventional methods which
include physical and chemical methods. The physical methods of nanoparticle
synthesis comprise high energy irradiation, lithography or laser ablation, while
chemical synthesis utilizes photochemical reduction, electrochemistry and chem-
ical reduction methods. These conventional methods require huge amount of energy
for the successful operation of physical methods whereas synthesis of nanoparticles
through chemical methods poses detrimental effects on the environment due to the
use of toxic chemicals in the synthesis process and the formation of lethal byproducts.
However, with the application of biological methods or green synthesis approach for
the synthesis of nanoparticles, these limitations can be effectively overcome.
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Biologically synthesized nanoparticles have been lucratively applied in the treat-
ment ofwastewaterwithminimal effluent discharge.Bionanoremediation is a sustain-
able approach to nanoremediation as the nanoparticles are non-toxic in nature, eco-
friendly and can be synthesized by a simple green chemistry approach using plants
and microbes. Thus, the eco-friendly approach of biologically driven nanotech-
nology restricts the risk of producing toxic intermediates and end-products. Undoubt-
edly biologically synthesized nanomaterials have proved more beneficial for human
health and environment prospects; however, it is also very important to consider the
challenges associated with them (Ali et al. 2017).

Long-term exposure of bio-nanomaterials should be evaluated before applica-
tion. In spite of the basic amalgamation strategy, the use of solution extract volume,
temperature, solvent type, pH, strength of forerunner and functional groups from
plant metabolites ought to be optimized to avoid any alteration in the magnetic
behavior and saturation magnetization value of the bio-nanomaterials. To maintain
the stability of bio-nanomaterials for efficient treatment of wastewater, efforts are
required to formulate the nanoparticle morphology and saturation magnetization
value. For selective and wide range of pollutant removal, bio-nanomaterials should
be synthesizedwithmultiple functional groups bymanipulating the plantmetabolites
and synthesis method. In addition, the properties of the synthesized nanoparticles
must be studied systematically in comparison with their chemical counterparts. For
commercial application cost–benefit analysis should be performed as there is no
information on this aspect. Until date, the biological synthesis of metallic nanoparti-
cles has been mostly carried out at laboratory scale. The industrial scale optimization
is required for large-scale production.

18.8 Future scope of Nano-Biomaterials for Water
Pollution Control

Distribution of water on the Earth’s surface is enormously irregular with only 3%
fresh water available in rivers, glaciers, groundwater and in the atmosphere while
the remaining 97% is found in the ocean. Providing clean and affordable water for
human consumption is a huge challenge in the present scenario when the population
is increasing at a faster rate. Besides, water supply is worsened by developmental
activities, global climate change and water quality deterioration due to environ-
mental pollution. Currently, many conventional and non-conventional wastewater
treatment technologies are available to remove pollutants from various types of
wastewaters, but high operating cost, high energy requirement, reduced efficiency
and non-eco-friendly nature limit the extensive use of these methods (Bora and
Dutta 2014). On contrary, nanotechnology offers a great potential for the devel-
opment of next-generation water and wastewater treatment technologies and could
replace the conventional methods (Goutam et al. 2018). Nanoparticles (NPs) are
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increasingly applied for wastewater treatment and purification due to their high reac-
tivity and degree of functionalization, large surface area, size-dependent properties,
etc. Nanotechnology finds major application in the water pollution management like
detection of water pollutants, wastewater treatment and purification.

18.9 Conclusion

Water is a distinctive feature that makes the earth a habitable and superior place than
other planets. The continuous decrease in freshwater sources due to never-ending
water demand has led the water insufficient to fulfill the human water requirements
like drinking, sanitation, developmental activities, etc. Moreover, the contamination
of water bodies with pollutants, have made the situation worse, under such circum-
stances novel ways of water treatment needs to be explored in order to recycle water
and to eliminate high load of contaminants fromwater reservoirs. Conventional water
treatment methods include use of chemicals which generate by products and require
further disposal mechanisms. However, the biological methods utilizingmicroorgan-
isms and plants for wastewater treatment are eco-friendly and non-toxic in nature but
have a slow operating rate. Nanotechnology is advantageous over chemical methods
of treatment because of its faster reaction rate. Nanomaterials possess unique prop-
erties like high reactivity and sensitivity, accumulation on substrates to form films,
high surface to volume ratio, high adsorption rate, etc. whichmakes themmuchmore
suitable for wastewater treatment. Due to these properties, nanomaterials proved
effective against various organic and inorganic pollutants, heavy metals and harmful
microorganisms present in contaminated water. Moreover, the conventional methods
for nanoparticles synthesis have certain problems like higher energy requirements
for the successful operation of physical methods whereas synthesis of nanoparticles
through chemical methods pose detrimental effects on the environment due to the
use of toxic chemicals in the synthesis process and formation of lethal byproducts.
Existing wastewater treatment technologies are capable of removing organic and
inorganic pollutants from wastewater, but these methods are energy-intensive and
uneconomical due to their inability to fully decontaminate wastewater as well as
to be retained again for further remediation. Biologically synthesized nanoparticles
have been lucratively applied in the treatment of wastewater with minimal effluent
discharge. These nanoparticles act as an adsorbent for the remediation of water
pollutants evidently due to their physicochemical properties, nanosize, controlled
growth and surface alteration. The carbohydrates, proteins and enzymes present in
these biological entities act as a surfactant and capping agents which reduces the use
of harmful chemical surfactants. Nanobioremediation is a sustainable approach to
nanoremediation as the nanoparticles are non-toxic in nature, eco-friendly and can
be synthesized by a simple green chemistry approach using plants and microbes. The
bio-based nanoparticles offer a promising alternative to conventional nanoparticles
in wastewater treatment, as these are biocompatible, economical, eco-friendly and
energy-intensive. Thus, Nanobioremediation or bio-based synthesized nanoparticles
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can become an essential component of wastewater treatment systems in the future.
Further research is necessary on this direction to commercialize the use of bio-based
nanoparticles for pollutant removal from wastewater.
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