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There are many global environmental issues that are directly related to varying 
levels of contamination from both inorganic and organic contaminants.  These affect 
the quality of drinking water, food, soil, aquatic ecosystems, urban systems, 
agricultural systems and natural habitats.  This has led to the development of 
assessment methods and remediation strategies to identify, reduce, remove or 
contain contaminant loadings from these systems using various natural or engineered 
technologies.  In most cases, these strategies utilize interdisciplinary approaches 
that rely on chemistry, ecology, toxicology, hydrology, modeling and engineering.

This book series provides an outlet to summarize environmental contamination 
related topics that provide a path forward in understanding the current state and 
mitigation, both regionally and globally.

Topic areas may include, but are not limited to, Environmental Fate and Effects, 
Environmental Effects Monitoring, Water Re-use, Waste Management, Food Safety, 
Ecological Restoration, Remediation of Contaminated Sites, Analytical 
Methodology, and Climate Change.
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Preface

The applications of advanced nanomaterials have immensely affected human prog-
ress. In material science, nanomaterials are the most inventive products of the chem-
ical industry, and useful in varied products. The last decade has seen the tremendous 
growth of nanomaterials in high-technology areas such as electronic printing, mag-
netic recording, biotechnology, microelectronics, drug delivery, and much more. 
Nanomaterials are currently customized to overcome the commercial drawbacks of 
bulk materials. The usage of advanced nanomaterials in optical devices, biomedi-
cine, and environmental remediation’s, memory and storage devices has brought a 
significant revolution in the industrial sector. Nanotechnology has also facilitated 
wastewater management by creating detection and monitoring equipment with high 
sensitivity and selectivity. The existence of a highly active surface over nanomateri-
als has further induced the variations in optical and luminescence properties of par-
ticles. In comparison to the commercially used technologies such as chemical 
oxidation, bioremediation, and sedimentation, the usage of nanotechnology in waste 
cleaning is found to be less expensive and more effective.

However, the high-end applications of nanoparticles have further enhanced their 
production rate and made living beings more prone to their exposure. Water 
resources, soil, and air ecosystem are believed as an drainage source for these nano-
materials. The discharge of sewage into rivers or dumping yards is severely damag-
ing the health of living beings. Here, we present new tools and advanced 
methodologies for the risk assessment of advanced nanomaterials in environmental 
remediation applications. We also discuss the harmful impacts of uncontrolled 
exposure of nanoparticles towards living systems by taking metal oxide–based 
nanomaterials as model particles.

The purpose of this book to make student aware about the application of func-
tionalized nanoparticles as a new approach to supplement traditional treatment 
methods in cost- and time-effective manner. The field of nanotechnology has under-
gone fast revolution over the past two decades and produced considerable impact in 
scientific and industrial sectors. The advancement in synthetic procedures with con-
trolled morphologies and optimized physicochemical properties of diverse range of 
nanomaterials have made them accessible tool in environmental protection science. 
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The simplistic means to assemble nanoparticles to the constituents of next- 
generation technologies in environment cleanup and sensing are the main objectives 
of the book. The book has also intended to present before the readers the toxicologi-
cal footprinting of released advanced functional nanomaterials in ecosystem. In 
addition, the reflection of advancements in the field of nanotechnology and related 
concerns of released nanomaterials in environment is the central theme the editors 
bring readers. This book provides an overview of applications of advanced nanoma-
terials, basic lab set up and requirements in for their synthesis, techniques and career 
scope of nanotechnology in industries, and research and their related concerns.

This book is a comprehensive reference that provides a whole and systematic 
role of nanotechnology in biomedicines, and agricultural and environmental sec-
tors, discussing the fundamental role of different types of nanomaterials and their 
applications. The sources, risk assessment, and safety aspect of nanomaterials in 
environment has also been discussed in detail. The interlinked confronts of advanced 
nanomaterials with environmental safety have been thoroughly discussed in this 
book. Different types of fate descriptors for screening nanotoxicity and pollutant 
sensing have been extensively discussed in this book. The present achievements and 
upcoming challenges of nanotechnology in the area of agriculture and biomedicine 
have been discussed in detail. The new perspectives application and hazardous 
impact of nanomaterials in aquatic environment have been thoroughly investigated 
in this book. The details regarding the risk governance policies for sustainable use 
of nanomaterials have been discussed in this book for the safe use of nanomaterials 
in technological applications.

This book is a supplement to graduate and postgraduate students of environmen-
tal science, nanotechnology, nano-biotechnology, and biochemistry for their theory 
and practical solutions in treating environmental remediation application. Along 
with academia, this book provides fundamentals test and methods used in industry 
for treating harmful toxins and producing effective sensory devices. The book has 
been organized to facilitate its use as quick reference as well as a general informa-
tion source. It is the earnest anticipation of the authors that the compiled work will 
effectively convey the basic concepts of nanotechnology to readers. Our greatest 
source of contentment lies in the possible stimulation of interest in the minds of 
young learners and researchers for whom this book is primarily meant.

Mullana, India Raman Kumar

Chandigarh, India Rajeev Kumar

Chandigarh, India Savita Chaudhary

Preface
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Chapter 1
Advanced Nanomaterials: From Properties 
and Perspective Applications to Their 
Interlinked Confronts

Chitven Sharma, Deepika Bansal, Dhruv Bhatnagar, Sanjeev Gautam, 
and Navdeep Goyal

Abstract In today’s era, nanotechnology has undoubtedly revolutionized a major 
part of modern-day techniques. It is gradually becoming an inevitable part of human 
life. From electronics to the energy storage/consumption sector, from pollution 
sensing to water purification systems, from food to the biomedical sector, this tech-
nology has certainly proved its potential everywhere. The materials at such nanoscale 
range begin to show some unexpected results, which may either prove to be fruitful 
or may pose risks at times. However, their application areas, methods of formation, 
and atmospheric conditions are some of the leading factors that influence the conse-
quences of their usage. This chapter includes a discussion on various advanced 
nanomaterials and their properties including several metals, metal oxides, and 
carbon- based NPs. Based on their characteristic features, their usage in numerous 
sectors essential for sustaining human life has been considered. In addition, a 
detailed analysis regarding the involved risks of these nanoparticles has been 
included in this chapter.
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1.1  Introduction to Advanced Nanomaterials

Nanotechnology has been regarded as the fastest growing sector in terms of devel-
oping novel and promising techniques in a vast range of application areas. It deals 
with materials at the nanometer scale (1–100 nm) including organic and inorganic 
nanoparticles, nanorods, nanotubes, nanowires, nanosheets, quantum dots, and their 
composites – termed as advanced nanomaterials (NMs). Since most of the proper-
ties are size dependent, these NMs greatly differ from their bulk counterparts as 
surface effects also predominate at this scale). For example, gold in its bulk form 
appears gold in color; however, when it is reduced to nanoscale, it changes to red. 
This is because of the electron confinement, due to which they react differently with 
light. Now with the introduction of these materials in various fields, it has become 
feasible to develop miniaturized, portable devices with rapid response timings. 
Their remarkable physical, mechanical, electrical, magnetic, chemical, and optical 
properties have gained them huge popularity in numerous industries. Fields like 
agriculture/food, biomedical, wastewater treatment, pollution sensing, and defense 
are some of the major areas where these nanomaterials are currently being studied 
(Kumar et al. 2020; McNamara and Tofail 2017; Hong et al. 2019). Many metals 
(such as Ag, Au, Zn, and Cu), metal oxides (e.g., Fe2O3, ZnO, TiO2, CuO), carbon- 
based nanomaterials (including GO, rGO, and CNTs), and their nanocomposites 
have shown great potential in improving the existing techniques along with devising 
numerous modern-day technologies. However, these nanomaterials possess certain 
limitations among which their toxicity is the major cause of concern. Researchers 
are working in this direction, and several techniques have been proposed from time 
to time to counteract their risk factors. Their synthesis techniques, atmospheric con-
ditions, and area of application also play an important role in determining their 
toxicity. It is mainly their small size that may pose risk to human health as they can 
easily penetrate inside the cells and it may result in fatal consequences. Thus, proper 
and prior knowledge of all the characteristic features of nanomaterials is highly 
recommended when working with them.

This chapter brings forth characteristic features of several advanced nanomateri-
als that are being extensively studied by researchers worldwide. Also, their usage in 
various sectors has been critically analyzed and discussed along with the risk factors 
involved in using them.

1.2  Properties of Advanced Nanomaterials

1.2.1  Metal Nanoparticles

Nano-sized inorganic particles of either simple or complex nature display unique 
physical and chemical properties and are an important material in the development of 
novel nanodevices that may be used in numerous physical, biological, biomedical, 
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and pharmaceutical applications (Khan et al. 2019). In various industrial applica-
tions, metallic nanoparticles have attracted significant attention due to their different 
physical and chemical properties from bulk metals like high mechanical strength, 
large surface area, low melting point, and good optical and magnetic properties.

Silver Nanoparticles
Silver nanoparticles are one of the most prominent metal nanoparticles, as they are 
being widely utilized in various fields, including medical, food, health care, and 
other industrial purposes, because of their unique physical and chemical properties. 
These include optical, electrical, thermal, high electrical conductivity and biologi-
cal properties (Zhang et al. 2016). The advantage of the nanosilver over the other 
noble metals in their physicochemical properties is the small loss of the optical 
frequency during the surface-plasmon propagation, non-toxicity, high electrical and 
thermal conductivity, stability at ambient conditions, high-primitive character, wide 
absorption of visible and far IR region of the light, chemical stability, and nonlinear 
optical behavior. Moreover, they exhibit a broad spectrum of high antimicrobial 
activity (bactericidal and fungicidal activity) attracting scientists and technologists 
with much interest to develop nanosilver-based disinfectant products.

Currently, nanosilver technologies have appeared in a variety of manufacturing 
processes and end products. There are many consumer products and applications 
where nanosilver is being utilized such as in soap, shampoo, textile, disinfecting 
medical devices, and residential appliances to water treatments, with the highest 
degree of business value (Chouhan 2018). Figure 1.1 shows the various applications 
of commonly used silver and gold nanoparticles (Agrawal et al. 2018; Madkour 2018).

Fig. 1.1 A simple diagram showing the usual applications of silver and gold nanoparticles

1 Advanced Nanomaterials: From Properties and Perspective Applications to Their…
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Gold Nanoparticles
Gold nanoparticles (Au NPs) have also gained the attention of researchers. These 
are the most extensively studied NPs and are the center of fascination among the 
scientific community due to their excellent biocompatibility, large effective surface 
area, and distinctive size-dependent optical and electronic properties. Owing to 
their excellent conductivity, Au NPs are also successful in the area of electrochemi-
cal biosensors where these NPs amplify biorecognition signals and improve the 
analytical performance of biosensors. Gold nanoparticles are widely utilized in the 
field of radiation medicine as radiation enhancers and also provide therapeutic 
enhancement in radiotherapy because of the efficient and targeted drug delivery to 
the tumor site (Das et al. 2019). Gold nanoparticles have various applications as 
platform nanomaterials for biomolecular ultrasensitive detection, killing cancer 
cells by hyperthermal treatment, labeling for cells and proteins, and delivering ther-
apeutic agents within cells. These  are also being used in the tableware industry, 
which uses gold for decoration purposes, and in the electronic industry where spe-
cialized gold nanoparticle inks are used to provide metalized gold tracks. New uses 
envisaged in the electronics industry include gold nanomaterials to enhance solar 
cells, liquid crystal displays, and even nonvolatile storage devices (Falahati 
et al. 2020).

1.2.2  Metal Oxide Nanoparticles

Metal oxide nanomaterials have certainly gained much recognition in a wide range 
of industrial applications owing to their exceptional magnetic, optical, electronic, 
and catalytic properties (Liu and Liu 2019). They have found their applicability in 
various technologies including batteries, capacitors, biosensors, gas sensors, fuel 
cells, solar cells, anticorrosion coatings, ceramics, catalysts, etc. (Falcaro et  al. 
2016). Their limited size and high density greatly affect their structural and chemi-
cal properties. This is why a proper understanding of their several features is highly 
needed, concerning their synthesis and application area. As of now, various metal 
oxide nanomaterials have been explored for developing novel techniques or to 
enhance the efficiency of the existing technologies. Among them, a few of the mate-
rials have been elaborated in this section.

Zinc Oxide (ZnO)
ZnO is considered to be the most prominent metal oxide nanomaterial having excel-
lent semiconducting properties. It has a wurtzite structure and consists of a wide 
band gap (~3.3  eV) with correspondingly large exciton binding energy, i.e., 
~60 meV. It can be synthesized using various techniques and in a variety of mor-
phologies. Figure 1.2 shows FESEM images of sol-gel synthesized thin films and 
nanowires of ZnO. It was reported that with the rise in annealing temperature, the 
grain size becomes larger and denser, which results in increasing the diameter of 
ZnO nanowires (Huang and Lin 2008). Moreover, its unique electrical and optical 
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Fig. 1.2 FESEM images of ZnO thin films at (a) 130 °C, (c) 300 °C, (e) 600 °C, and (g) 900 °C 
annealing temperatures. (b, d, f, and h) describe ZnO nanowire arrays formed at 90  °C each. 
(Reprinted with permission from Huang and Lin 2008; J. Appl. Phys. Copyright 2008 American 
Institute of Physics)

properties including high thermal and chemical stability, excellent radiation absorp-
tion capability, and high electrochemical coupling coefficient along with low cost 
and easy synthesis techniques have led to a huge interest in various fields ranging 
from optoelectronics to antimicrobial agents (Djurišić et  al. 2012; Kumar et  al. 
2017). However, its wide band gap largely affects its ability to absorb UV radiation, 
which limits its functionality as photoelectrodes, antimicrobial agents, and photo-
catalysts. So to counteract this problem, various intrinsic defects are introduced in 
their structure. Among them, oxygen vacancy (OV) has been identified as the most 
crucial and commonly found defect in their structure (Wang et al. 2018). OV helps 
in forming additional energy levels, which eventually lessens the band gap of 
ZnO. A study was reported where the optical properties of ZnO1−x films were ana-
lyzed. It was observed that with the rise in oxygen vacancies, the light absorption 
range of ZnO was eventually improved and the band gap was reduced to 2.15 eV 
(Zhang et al. 2017). Now with the increase in the usage of ZnO NPs, the concerns 
related to their toxicity and threat to the ecosystem and mankind are also rising. 
Since their applicability has been extended in the biomedical, food, as well as cos-
metic industry, it becomes essential to monitor their harmful effects (Sruthi 
et al. 2018).

The production of reactive oxygen species (ROS) and Zn+2 ions are mainly held 
responsible for the toxic effects of ZnO. However, the same attributes are also help-
ful in carrying antibacterial mechanisms or photocatalytic dye degradation (Djurišić 
et al. 2012). Thus, a proper insight into the various outcomes of using these materi-
als is highly needed, and accordingly, different ways can be employed to neutralize 
their negative effects.

Titanium Dioxide (TiO2)
TiO2 is another commonly exploited inorganic nanomaterial. In nature, it is found in 
three crystal forms (polymorphs), which include anatase, rutile, and brookite where 
rutile is its most stable form and brookite has very rare usage due to its difficult 
synthesis process (Hanaor and Sorrell 2011). TiO2 has gained attention in diverse 

1 Advanced Nanomaterials: From Properties and Perspective Applications to Their…



6

Fig. 1.3 A typical reaction mechanism showing the formation of oxygen-deficient TiO2-x from 
white pristine TiO2 and then conversion to TiO2-H, N, S, I

application areas including skincare products such as sunscreens, in biomedical 
applications such as drug delivery and biosensing, for environment protection such 
as water purification and photocatalytic degradation of pollutants, and as a white 
pigment in paints, food, plastics, etc., all thanks to its remarkable properties (Qiu 
et al. 2011; Ziental et al. 2020). Recently, black TiO2 has been reported, which tends 
to have better optical properties and shows greater solar energy absorption capacity 
ranging from ultraviolet (UV) to infrared (IR) region when compared to white TiO2 
nanomaterials. It turns black on reducing white TiO2 with Ti+4 to Ti+3 through oxy-
gen vacancies, self-doping, Ti-H bonds, or surface hydroxyl groups (Ullattil et al. 
2018). Lin et  al. (2014) reported Al-reduced TiO2 nanomaterial where oxygen 
vacancies were created in the crystal structure. In place of vacant oxygen sites, non- 
metals such as H, N, S, and I were incorporated to form corresponding black titania 
as shown in Fig. 1.3.

Black titania has certainly found its usage in hydrogen generation, photocatalytic 
water splitting, solar cells, batteries, photodegradation, etc. (Ullattil et al. 2018). In 
literature, several conflicting reviews have been reported related to the toxicity of 
TiO2 NMs, where some state that they are nontoxic and biocompatible while others 
have shown them to be carcinogenic and genotoxic. This variation in studies could 
be due to several reasons like size differences, coatings, variation in assays used for 
toxicity assessment, or concentration of NMs used. Hence, a definite conclusion 
cannot be drawn regarding their toxic effects.

Iron Oxide NPs
Magnetic nanomaterials have considerably attracted much attention among 
researchers due to the vast array of constructive characteristics exhibited by them. 
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Their large surface area, high coercivity, large magnetic susceptibility, superpara-
magnetic behavior, and low Curie temperature are some of the important aspects for 
which they have shown promising results in numerous application areas. The con-
trolled size and the synthesis technique used to fabricate the iron-based nanoparti-
cles has a huge impact on its efficiency. Chemical methods are generally used to as 
they produce efficient and controlled size NPs (Gautam et al. 2023). Among them, 
iron oxide nanoparticles (IONPs) have emerged as a promising candidate in the 
biomedical and health care sector, agro-food industry, defense sector, fuel cells and 
batteries, wastewater treatment, etc. (Ali et al. 2016). Various forms of iron oxides 
have been investigated so far including Fe3O4, γ-Fe2O3, α-Fe2O3, β-Fe2O3, ε-Fe2O3, 
and FeO; however, among them, magnetite (Fe3O4) has been regarded as more 
prominent. It has a cubic inverse spinel structure where oxygen exhibits an fcc 
arrangement while Fe cations occupy tetrahedral and octahedral sites (Kefeni and 
Mamba 2020). These NMs are highly susceptible to oxidation and easily get oxi-
dized into Fe2O3 NPs, which can result in the loss of their magnetism as well as 
dispersibility. Also, they have the tendency to agglomerate owing to the high energy 
surface and strong forces of attraction that exist between their particles. Therefore, 
to protect them from external factors and to keep them stable, surface coatings can 
be done, which helps them to improve their hydrophilicity and biocompatibility by 
maintaining their functionality. Zhu et al. (2018) reported surface modifications of 
IONPs on coating with inorganic materials like SiO2, carbon NPs, Au and Ag NPs, 
and various metal oxides/sulfides and with organic materials like polymers and sur-
factants, as shown in Fig. 1.4. It was thus concluded that surface coatings largely 
contribute to enhancing the properties of IONPs, which has certainly improved their 
scope in diverse application fields.

1.2.3  Carbon-Based Nanomaterials

Nanofabrication methods have been improving over the years, which has made 
carbon-based nanomaterials (CBNs) famous for use in different application spheres. 
CBNs possess an amalgamation of various physical and chemical properties such as 
thermal and electrical conductivity, high mechanical strength, and optical proper-
ties. CBNs generally include carbon nanotubes, both single-walled and multi- 
walled, graphenes, fullerenes, nanodots, nanodiamonds, etc. Figure 1.5 shows the 
different types of carbon-based nanomaterials used for applications in modern-day 
technologies.

Carbon Nanotubes (CNTs)
Ever since CNTs were discovered by Sumio Iijima in the 1990s, these materials 
have found their usage in biomedical areas, water desalination and purification, dye 
removal, and many more such areas. CNTs possess more tensile strength, flexibility, 
and rigidity than well-known materials. It is interesting to note that graphene, by 
itself, can be characterized as either a zero-gap semiconductor or a metal, since the 
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Fig. 1.4 Various morphologies of surface functionalized IONPs. (Adapted from Zhu et al. 2018; 
Nanomaterials, 8(10), 810. Copyright 2018 MDPI)

density of states (DOS) is zero at the Fermi energy (EF), and imparts those proper-
ties to a nanotube. It is also well known that the fundamental conducting properties 
of a graphene tubule depend on the nature of wrapping (chirality) and the diameter 
(typically, single-walled carbon nanotubes (SWCNTs) have diameters in the range 
of 0.4–2 nm). Multi-walled carbon nanotubes (MWCNTs) are composed of coaxial 
nanotube cylinders, of different helicities, with a typical spacing of ∼0.34  nm, 
which corresponds closely to the interlayer distance in graphite of 0.335 nm. These 
adjacent layers are generally non-commensurate (different chiralities) with a negli-
gible inter-layer electronic coupling and could alternate randomly between metallic 
and semiconducting varieties. The layers, constituting the individual cylinders, are 
found to close in pairs at the very tip of an MWCNT, and the detailed structure of 
the tips plays an important role, say, in the electronic and field emission properties 
of nanotubes (Bandaru 2007). Carbon nanotubes can also be chemically modified 
with functional groups to make them suitable for biological applications like 
enhanced material compatibility, cellular responsiveness, and injectable drug deliv-
ery systems. Due to oxidative stress in CNTs, there have been reports of cytotoxic-
ity. Mostly, these NPs are cleared out from the body, but small amounts may still get 
accumulated in some organs and can cause inflammation. Furthermore, toxicity can 
be reduced by using CNTs as nanocomposites with other materials (Cha et al. 2013).
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9

Fig. 1.5 Various types of carbon-based nanomaterials used for applications in modern technolo-
gies. (Adapted from Yuan et al. 2019; Part. Fibre Toxicol., 16(1), 1–27)

Graphene
Graphene is one of the strongest known materials to date. It identifies itself as a 
building block of many graphitic entities that are formed as a result of the selective 
removal of hydrogen from organic molecules. Graphene possesses many qualities 
such as high electron mobility, high conductivity, and strong mechanical strength 
that make them suitable for use in building membranes for purification purposes, 
energy harvesting mechanisms, sensors, and electronics. The quality of graphene 
plays a crucial role as the presence of defects, impurities, grain boundaries, multiple 
domains, structural disorders, and wrinkles in the graphene sheet can have an 
adverse effect on its electronic and optical properties. Graphene remains capable of 
conducting electricity even at the limit of nominally zero carrier concentration 
because the electrons do not seem to slow down or localize. Due to their excellent 
electron-transport properties and extremely high carrier mobility, graphene and 
other direct band-gap monolayer materials such as transition metal dichalcogenides 
(TMDCs) and black phosphorus show great potential to be used for low-cost, flex-
ible, and highly efficient photovoltaic devices. A relatively new method of purifying 
brackish water is capacitive deionization (CDI) technology that uses graphene-like 
nanoflakes as electrodes for capacitive deionization. The advantages of CDI are that 
it has no secondary pollution, is cost-effective, and is energy efficient. CDI is energy 
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efficient because it aims to remove only the salt ions, which are a small percentage 
of the feed solution, as compared to most other technologies that aim to separate 
water, which accounts for 90% of the feed solution.

1.3  Application Areas

1.3.1  Biomedical Areas

Nanomaterials are being used in different sectors such as wastewater treatment, 
food packaging, and dye removal, and one of its main application areas is in the 
biomedical field. In recent years, nanomaterials have emerged as important players 
in modern medicine, with many clinical applications starting from contrast agents 
in imaging to carriers for drug and gene delivery into tumors (McNamara and Tofail 
2017).  Metals and nanoparticles are also used in the fabrication of biomedical 
implants due to high mechanical strength and biocompatibility (Gautam et al. 2022). 
Indeed, there are some instances where nanoparticles enabled analyses and thera-
pies were performed that merely cannot be performed otherwise. Mainly the nano-
materials that show antibacterial properties are getting used in the medical field.

Some of the uses of nanomaterials in the biomedical sphere are shown in Fig. 1.6.
Among various antimicrobial agents, silver has been employed most extensively 

since decades to fight infections and control spoilage as it possesses a broad spec-
trum of antibacterial, antifungal, and antiviral properties. Silver nanoparticles (Ag 
NPs) have received special interest, especially in biomedicine. Ag NPs are famous 
for their broad-spectrum and highly efficient antimicrobial and anticancer activities 
(Xu et al. 2020). Other biological activities of Ag NPs are also explored, including 
promoting bone healing and wound repair and enhancing the immunogenicity and 
antidiabetic effects. Nanosilver is widely used for diagnostic and therapeutic appli-
cations (e.g., in wound healing, arthritic disease, etc.) and also as an antiseptic to 
treat dermal problems. It is observed that Ag NPs can anchor and then penetrate the 
bacterial membrane and subsequently trigger the destruction of semipermeable 
membrane and leakage of content (Tang and Zheng 2018). Figure 1.7 displays the 
mechanism of the antibacterial action of Ag NPs.

Gold nanoparticles have also gained attention because of their application in 
medicine due to their unique physical and chemical properties. Au NPs have 
attracted tremendous interest from different fields of science because of their par-
ticular features: high X-ray coefficient of absorption, ease of synthetic manipula-
tion, strong binding affinity, and unique optical and distinct electronic properties 
(Dykman and Khlebtsov 2011). Gold nanoparticles are especially utilized in genom-
ics, biosensors, immune analysis, clinical chemistry, and detection and photother-
molysis of microorganisms and cancer cells; the targeted delivery of drugs, DNA, 
and antigens; optical bioimaging; and the monitoring of cells and tissues using 
modern registration systems. The intrinsic optical properties of Au NPs provide the 
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Fig. 1.6 Schematic diagram showing important biomedical applications of nanoparticles

Fig. 1.7 Proposed 
mechanism of action of 
silver nanoparticles against 
bacterial growth
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opportunity of being composite therapeutic agents in the clinic (Chhour et al. 2016). 
The use of gold nanoparticles for the photothermal therapy of chemotherapy- 
resistant forms of cancers seems to be the most promising direction. ZnO NPs have 
become one of the most popular metal oxide nanoparticles in biological applica-
tions because of their excellent biocompatibility, cost-effectiveness, and low toxic-
ity. They are increasingly utilized in personal care products like cosmetics and 
sunscreen due to their strong UV absorption properties (Zhang et  al. 2013). 
Additionally, ZnO NPs have superior antibacterial, antimicrobial, and excellent 
UV-blocking properties. It is generally known that zinc as a vital trace element 
extensively exists in all body tissues, including the brain, muscle, bone, skin, and so 
on. ZnO NPs with comparatively inexpensive and relatively less toxic properties 
exhibit excellent biomedical applications, such as anticancer, drug delivery, antibac-
terial, diabetes treatment, anti-inflammation, wound healing, and bioimaging. ZnO 
NPs are widely used in cancer therapy and reported to induce a selective cytotoxic 
effect on cancer cell proliferation. The results have suggested that ZnO NPs could 
selectively induce neoplastic cell apoptosis, which may be further served as a prom-
ising candidate for cancer therapy (Rajeshkumar et al. 2019).

Carbon nanotubes (CNTs) represent one of the most studied allotropes of car-
bon. The unique physicochemical properties of CNTs make them among prime can-
didates for various applications in biomedical fields including drug delivery, gene 
therapy, biosensors, and tissue engineering applications, as shown in Fig. 1.8. CNTs, 
having unique physical properties, can be manipulated to be subjected to different 
methods of biomedical imaging to analyze and improve their functionalities and 
response to their environment. Photoacoustic imaging (which allows deeper tissues 
to be imaged) (Alshehri et al. 2016) and magnetic resonance imaging are two addi-
tional methods that may be performed on CNTs, because of their high absorbance 
and also the impurities in the form of metallic nanoparticles they contain.

Fig. 1.8 Schematic drawing of applications of carbon nanotubes in biomedical areas
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1.3.2  Water Purification and Dye Removal

Nanomaterials have posed great candidates for water purification, water de- 
salination and dye removal. They have high adsorption capacities, and the mobility 
of the nanoparticles in solution form is also high. The materials discussed above 
hold a large potential in water treatment technologies. Silver nanoparticles possess 
antimicrobial properties that may be used to disinfect water. When Ag NPs come in 
contact with the bacteria, they interfere with the structure of the cell membrane, 
which causes the death of the cell eventually. Another perspective that explains the 
mechanism of Ag NPs on their contact with bacteria is that the dissolution of Ag 
NPs will release antimicrobial Ag+ ions, which can interact with the thiol groups of 
many vital enzymes, inactivate them, and disrupt normal functions in the cell. Ag 
NPs have been used along with certain filter membranes due to their cost-effective-
ness and high antimicrobial properties. However, these nanoparticles do not stand 
suitable for long-term use as they might get aggregated in aqueous media (Lu 
et al. 2016).

Compounds constituting carbon also show great attributes in wastewater treat-
ment. A popular example of this is carbon nanotubes (CNTs). Their properties like 
nanosize diameter and hydrophobicity make them suitable for water purification 
and salt removal. Fast water transport through carbon nanotube pores has raised the 
possibility to use in the next generation of water treatment technologies. The tip- 
functionalized nonpolar interior home of carbon nanotubes provides a strong invita-
tion to polar water molecules and rejects salts and pollutants. Low energy 
consumption, antifouling, and self-cleaning functions have made CNT membranes 
extraordinary over conventional ones. Freshwater is not only important to human 
health but also serves as a crucial feedstock for several industries. The reuse, recy-
cling, and recovery of water have proven to be fruitful in creating a new and reliable 
water supply while not compromising public health. Membrane filtration is consid-
ered to be among the most promising and widely used processes for the purification 
of wastewater, seawater, and brackish water. Carbon nanotubes are promising media 
for seawater desalination due to their high water flow rate. Currently, narrow CNT 
membranes cannot be mass-produced for salt rejection purposes. Hence, introduc-
ing chemical functional groups at the rims of comparatively wider CNTs is an alter-
native strategy to enhance the ion exclusion performance (Hong et  al. 2019). 
Compared to their bare CNT counterparts, CNTs with a low dipole moment at the 
rim can slightly increase the water flow and salt rejection rate, and CNTs with a high 
dipole moment can significantly improve the salt rejection efficiency, although 
water passage is slowed. In general, introducing functional groups with a high 
dipole moment on wider CNT rims can filter more than 95% of salt ions while main-
taining a high water permeability of 10.2 L cm−2 day−1 MPa−1 (Hong et al. 2019).

The dyeing industry, including the textile industry, is one of the largest industries 
in the world. The effluents from these industries need proper treatment before they are 
discharged into water bodies. The dyes, namely, cationic, anionic, and non- ionic, are 
highly variable in their composition and are difficult to remove from the wastewater 
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Fig. 1.9 A typical separation process of ferrite NC or NPs from the medium using an external 
magnet. (Adapted from Kefeni and Mamba 2020; Sustain. Mater. Techno., 23, e00140. Copyright 
2020 Elsevier)

(Sivamani and Leena 2009). Dyes possess high stability due to complex aromatic 
molecular structures. This makes it difficult to degrade them. Moreover, the cost is an 
important factor that needs to be considered during the process of dye removal. 
Materials like fly ash, coal, and CNTs have been used for this purpose, but there 
always remains a disadvantage of separation. Ferrites have magnetic properties that 
make them suitable for separation at the end of the process. Figure 1.9 shows the 
separation process of ferrite nanoparticles from the medium using a commercially 
available external magnet. For example, sol-gel synthesized Congo Red (CR) was 
removed using manganese ferrites, nickel ferrites, and zinc ferrites. After various 
characterization methods and adsorption tests, it was concluded that nickel ferrites 
showed the best adsorption properties, followed by cobalt ferrites (Samoila et al. 2015).

When the large dye particles are brought into the UV radiation environment, they 
tend to break down into relatively smaller particles. This is the degradation of dyes. 
To fasten this process, some catalysts are used that promote the quicker breaking 
down of the dye molecules. This is what we call the photocatalytic degradation of 
dyes in wastewater. This can be brought about by certain materials like ZnO, TiO2, 
CNTs, etc. However, again, spinel ferrites play an excellent role here due to their 
large surface area, low band gap, and magnetic properties. Out of all the ferrites, 
nickel ferrites show the best degradation properties for methylene blue dye with a 
rate of 2.417 per min, which gradually reduced to 2.065 per min for zinc oxide 
(Gupta et al. 2020).

Agriculture and Food Technology
Nanotechnology has emerged as a valuable asset for the agriculture and food sector 
in recent times,  as it has always provided numerous opportunities to exploit the 
NMs in a way to find novel solutions and techniques (Kumar et al. 2020). The world 
population is said to reach 8.5 billion by 2030, which will eventually raise the food 
demands. This has certainly posed huge pressure on the food sector, as natural 
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resources are also depleting at a faster rate. In this situation, it became essential to 
improve the existing techniques, agricultural productivity, post-harvest processing, 
food processing practices, and packaging methods to meet the rising demands (Kim 
et al. 2018). It is here that the role of advanced nanomaterials becomes prominent. 
These materials play a significant role in food science, as they constitute the moni-
toring of crop production, improvement in the yield and quality of the produce, 
safeguarding the nutritional value of food, and protection against microbial con-
tamination, which in turn enhances the shelf life of the food commodity (Khot et al. 
2012; Socas-Rodríguez et al. 2017). Figure 1.10 shows the various agricultural as 
well as the food safety applications of nanomaterials.

Every year almost 40% of food crops get destroyed worldwide due to plant dis-
eases and pests, which ultimately leads to food shortage (Mesterházy et al. 2020). 
Most of the commercially used pesticides and other chemicals have been reportedly 
shown to destroy the natural mineral content of soil and cause water pollution as 
excess amount washes away into water bodies (Rekha et al. 2006). This calls for a 
great need for modern technologies to develop new protocols in this area. Researchers 
have recently come up with an effective solution in terms of nano-pesticides, nano- 
fertilizers, and other nano-chemicals to confront the situation. Due to the small size 
of these NMs, they can spread evenly on the surface of the pests. Moreover they are 
required in a lesser amount which gives them a greater edge over conventionally 

Fig. 1.10 Agricultural and food safety applications of nanotechnology in the agro-food sector
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used pesticides (Rajna et al. 2019). Metal oxide NMs such as TiO2, ZnO, and Al2O3 
as well as CNTs have been extensively explored to improve the crop yield (Gogos 
et al. 2012; Yausheva et al. 2017). They have reportedly shown promising results in 
increasing the rate of photosynthesis, germination, and efficiency to utilize nutrients 
in crops. Bala et al. (2019) studied the efficiency of ZnO NMs as nano-fertilizers for 
rice crops grown in soil deficient in Zn. It was observed that the yield and growth 
certainly improved. It also increased the Zn content in the crop. Apart from this, 
materials like SiO2, Cu, Ag, ZnO, TiO2, etc., are even applied in pesticides to inhibit 
microbial growth (Chhipa 2017). These NMs can either be employed as nanocarri-
ers for pesticides or as the active ingredient (Kumar et al. 2019). Now to monitor 
and detect the toxicity, soil pollution, bacterial activity, and nutrient deficiency in 
crops, an analyzing tool called nanosensor has been developed (Srivastava et  al. 
2018). Moreover, it even helps to reduce the loss of water during irrigation, pesti-
cides, and fertilizers by sensing the right amount required. Certainly, Cu, Ag, Au, 
GO, and various metal oxide quantum dots have found their usage in these units due 
to their excellent properties (Arora 2018). A study reported Ag-doped Au core-shell 
nanorods as nanosensors for detecting bacteria using one-step assembling technique 
(Qiu et al. 2016).

After the agriculture sector, these NMs even have their applicability in food pro-
cessing and food packaging units as antimicrobials, food additives, freshness indi-
cators, and sensors for smart/intelligent packaging system (Mandal and Banerjee 
2020). Various studies have been put forth regarding the application of Ag, Au, 
ZnO, CuO, GO, and carbon-based NMs such as CNTs in food safety due to their 
remarkable antimicrobial activity (Sánchez-López et  al. 2020; Kim et  al. 2020; 
Azizi-Lalabadi et al. 2020). These materials are embedded in the packaging mate-
rial to form a nanocomposite, which makes it convenient for them to carry out bac-
terial inhibition mechanism. Apart from this, various food nanosensors have been 
fabricated in recent times to monitor the freshness and quality of the product. For 
example, carbon dots (CDs)-based fluorescent nanosensors have been designed 
with good sensitivity and selectivity for a wide range of food contaminants (Luo 
et al. 2020). Others include MnO, Au, CuO, and CNT/GO-based nanomaterials that 
are also being widely used (Can et al. 2020; Kumar and Guleria 2020; Hari et al. 
2020; Fahim et al. 2020). However, with the rise in the usage of this technology in 
the food sector, the concerns related to their toxicity are also rising. Although some 
NMs are toxic, how they are designed and utilized also plays a great role. Thus, the 
current need is to address the prevailing misconceptions and knowledge gap related 
to these NMs in the food sector; only then will it be able to scale up its pace.

1.3.3  Energy Storage

If the available resources are used beyond their rate of getting replenished, they may 
deplete eventually. There is an immediate need for resources that are cost-effective, 
environment friendly, and, of course, can be stored for a longer period. Energy 
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storage can be defined as a process where an extra amount of energy is stored in a 
material and can be used whenever required. This surplus energy can be used to 
generate electricity; or for use in vehicles, fuel cells, and rocket fuels. Energy pro-
duction can be done through various materials, one of which is graphene. Using 
nano-sized graphene, energy can be produced through pressure and friction. This 
energy can be used to power fuel cells or can be burned in combined cycle gas 
power plants. Graphite in its nanofiber form serves as a great candidate for hydro-
gen storage (Nechaev et al. 2020; Lotoskyy et al. 2018). It has a specific surface area 
of 1400 m2 g−1. It was also seen that the decoration of graphite nanofibers with Pt 
caused the specific surface area to increase, which in turn decreased the hydrogen 
storage capacity of GNFs (Kostoglou et al. 2021). On the contrary, another study 
revealed that the hydrogen storage capacity increased up to a certain value and then 
decreased. Various samples of metal-doped graphite were considered for data analy-
sis. When nickel was used as a dopant at 298 K, 2 MPa, the hydrogen storage capac-
ity turned out to be 6.5%, theoretically. When doped with Fe, the capacity turned out 
to be 3.9%, experimentally. Theoretically, when doped with Al at 300 K, 100 MPa, 
the capacity is 3.48% (Züttel et al. 2002).

The properties of CNTs like structural defects, pressure, and temperature affect 
their hydrogen storage capacities. According to various experiments, it was con-
cluded that the highest hydrogen storage capacity of 10 wt% can be achieved exper-
imentally in SWCNT whereas a storage capacity of 11.2 wt% is also reported 
through Monte Carlo simulation. If MWCNTs are doped with lithium and potas-
sium, the hydrogen storage capacity of 20 wt% and 14 wt% can be obtained, respec-
tively. However, later it was reported that such a high hydrogen storage capacity was 
because of the presence of water impurities in the experiments. It was also observed 
that the synthesis reaction conditions play an important role in the tube diameter, 
which in turn affects hydrogen storage capacity. Defects in the structures of CNTs 
also affect hydrogen storage efficiency. For example, the presence of defects in 
CNTs may increase the adsorption binding energy of the order of 50%, which may 
further affect the H2 adsorption criteria. Coiled CNTs have in-built defects and show 
good adsorption binding energies. Hence, hydrogen molecules get more space to 
get engaged. Certain additions to the original CNTs can improve the H2 storage 
capacities. The addition of alkali metal to improve the diffusibility of H2 can increase 
the interlayer distancing. The H2 storage capacities get changed when CNTs are 
used with certain metals like Ca, K, Li, Ag, Ni, Pd, Fe, Pt, Ru, and Ti. This is mainly 
due to both crystal structure and electronic structure change (Froudakis 2011). 
Different adsorption values are compared in Table 1.1 (Mohan et al. 2019).

1.3.4  Pollution Sensing

According to the WHO reports, around seven million people die every year due to 
air pollution. Usually, the underdeveloped countries are affected the most. Vehicular 
and industrial pollution has been causing adverse effects on human health. Not only 
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Table 1.1 A comparison between the hydrogen storage capacities of different materials (Mohan 
et al. 2019)

Adsorbent Reaction conditions Hydrogen storage capacity

AC 303 K, 10 MPa 0.67%
AC 77 K, 0.1 MPa 1.4%
AC 296 K, 13 MPa 1.6%
AC-Ni 77 K, 0.1 MPa 1.8%
AC-Pt 298 K, 10 MPa 2.3%
Graphite-Cu – 0.97% (experimental)
Graphite-Co – 1.8% (experimental)
Graphite-Li 298 K, 2 MPa 6.5% (theoretical)
MWCNT-Li – 20%
MWCNT-K – 14%
CNT-Ti – 8%
CNT-Ni – 10%

outdoor pollution but indoor pollution is also an area of concern these days. There 
is a need to sense pollution levels and make suitable changes so to keep the levels 
under control. Air pollution sensors are devices that monitor the presence of air pol-
lution in particular areas. Nanomaterial-based gas sensors have gained attention due 
to their easy-to-use gas sensing approach. Materials like WO3, SnO2, and ZnO are 
some of the commonly used gas-sensing materials. ZnO has a large band gap and is 
used in multiple spheres such as spin electronics, gas sensors, and piezoelectric 
devices. Bare ZnO and doped ZnO serve as great materials for gas sensing. Using 
indium as a dopant, ZnO showed a doping ratio of 95:5 at a temperature of about 
150–250 °C (Hassan et al. 2014).

1.4  Risks and Interlinked Attributes

Although advanced nanomaterials have numerous applications in today’s technolo-
gies, there may be some properties that make them less suitable for use under differ-
ent reaction conditions. Nanomaterials are being increasingly introduced to the 
biosystem. The use of different synthesis and functionalization processes makes 
these NPs possess varying morphologies, sizes, and compositions. In some 
instances, the toxic behavior of NPs may overshadow their positive aspects. For 
evaluating different properties of nanomaterials, we need to have a deep knowledge 
of both their physical and chemical properties. These nanomaterials when disposed 
of may cause human health concerns. The disposal of nano-waste is a major topic 
of discussion and has been explained in further chapters.

High levels of distributed aromatics, including PAHs, and the formation of chlo-
rinated furan are catalyzed by a broad spectrum of metal and metal oxide NPs, such 
as titanium, nickel oxide, silver, cerium, iron oxide, as well as fullerenes and quan-
tum dots compared to their bulk counterparts. Synthesis and designing of NPs play 
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Fig. 1.11 Common risks of advanced nanomaterials as a result of ROS mechanism. (Reprinted 
with permission from Nasrollahzadeh and Sajadi, Interface Science and technology, 28, 2019. 
Copyright 2019 Academic Press)

an important role in their toxic traits. Not all NPs possess the same level of toxicity. 
The main interlinked attribute of all NPs is their size and morphology. On being 
compared to their bulk equivalents, these NPs due to their smaller size penetrate the 
ecosystem easily. Due to their small size, they have larger surface areas and hence 
increased reactivity (Nasrollahzadeh et al. 2019).

Nanoparticles may enter the human body through inhalation or skin. As a result, 
the body starts producing immune responses that give result in inflammatory 
responses. When inhaled, these NPs may cause lung tumors too. When NPs enter 
the soil after their disposal, they get accumulated in the food chain, thus affecting 
the flora and fauna. The formation of reactive oxygen species (ROS) usually results 
in cell death. Figure  1.11 shows different risks related to the usage of 
nanomaterials.

Taking into consideration carbon nanotubes, these are carcinogenic due to their 
fiber length. Human respiratory tracts have mechanisms to keep foreign particles 
away, but the small sizes of NPs make them travel to other organs. This causes 
swelling or apoptosis. Zinc oxide is also a great material for use in food technology. 
ZnO NPs are known for causing apoptosis or cell death in microorganisms to stop 
microbial growth. However, the same thing if caused in human nerve cells may be 
fatal. Doping of ZnO with Mg makes it more stable. Titanium dioxide is an impor-
tant material used in photocatalysis. But its cell rupture mechanism causes damage 
to a large extent. CuO NPs disintegrate the membrane of the neurons. Once the NPs 
overcome the resistance of the cell membrane, they enter the cell and generate ROS, 
which eventually causes cell death. It is known that cationic gold nanoparticles can 
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cause damage to the cell membrane when they come in the vicinity of a negatively 
charged cellular membrane. Au NPs with a size around 1.4 nm can cause high oxi-
dative stress on cells and damage them as a result. In contrast to this, those NPs that 
had a size of about 15 nm did not damage the cell wall. This many suggest that the 
toxicity of gold nanoparticles may be dependent on their size. Toxicity of quantum 
dots causes bioaccumulation in organs and tissues, cytotoxicity, genetic material 
damage, disturbed cell viability, disordered immune cells (Nasrollahzadeh et  al. 
2019). More of this will be explained in the chapters that follow.

1.5  Conclusions

This chapter has given a brief overview of the advanced functional nanomaterials 
that are used in modern-day technologies. The different physical, chemical, and 
structural properties of commonly used metal nanoparticles, metal oxide nanopar-
ticles, and carbon-based nanomaterials have been discussed in detail. These materi-
als are increasingly being used in many spheres such as biomedical areas, food and 
agriculture, wastewater treatment, pollution sensing, as well as energy harvesting. 
These fields are some of the flourishing fields of nanotechnology. In the biomedical 
field, NPs are used for drug delivery, bioimaging, and other such procedures. In 
wastewater treatment, NPs are used to degrade dyes and remove unwanted ions. 
Similarly, these particles play an important role in the food industry for developing 
antibacterial food packaging films. This chapter explains these applications in a 
very descriptive manner. The risks linked with these NPs that tend to overweigh 
their advantages have been mentioned. The causes of their toxicity and other related 
aspects have been thoroughly explained. The measures that can be taken to reduce 
the toxicity of NPs to make them suitable for use have been explained in detail in 
the further chapters.

 Multiple Choice Questions

 1. Nanotechnology deals with materials with the size range of

 (i) 1–10 nm
 (ii) 1–100 nm
 (iii) 1–1000 nm

 2. Gold in its nanoparticle size appears to be

 (i) Red
 (ii) Yellow
 (iii) Orange

C. Sharma et al.



21

 3. Which of these nanomaterials exhibits a broad spectrum of high antimicrobial 
activity?

 (i) Ag
 (ii) CNT
 (iii) Graphene

 4. Which of these nanomaterials amplifies biorecognition signals and improves 
the analytical performance of biosensors?

 (i) Ag
 (ii) CNT
 (iii) Au

 5. SWCNTs have diameters in the range

 (i) 0.4–2 nm
 (ii) 4–20 nm
 (iii) 0.8–2 nm

 6. Cytotoxicity is caused due to

 (i) Reductive stress
 (ii) Oxidative stress
 (iii) Cell death

 7. Which of these is capable of conducting electricity even at the limit of nomi-
nally zero carrier concentration?

 (i) Au NPs
 (ii) Ag NPs
 (iii) Graphene

 8. Using nano-sized graphene, energy can be produced through

 (i) Pressure and friction
 (ii) Fermentation
 (iii) Coal gasification

 9. Coiled _______ have in-built defects and show good adsorption binding 
energies.

 (i) Graphene oxide
 (ii) Graphene
 (iii) CNTs

 10. What is meant by “apoptosis”?

 (i) Cell death
 (ii) Cell regeneration
 (iii) Corona formation
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 Answers

 1. (ii) 1–100 nm
 2. (i) Red
 3. (i) Ag
 4. (iii) Au
 5. (i) 0.4–2 nm
 6. (ii) Oxidative stress
 7. (iii) Graphene
 8. (i) Pressure and friction
 9. (iii) CNTs
 10. (i) Cell death

 Short Questions and Answers

 1. What is capacitive deionization (CDI) technology?

Answer: A relatively new method of purifying brackish water is capacitive 
deionization (CDI) technology that uses graphene-like nanoflakes as elec-
trodes for capacitive deionization. The advantages of CDI are that it has no 
secondary pollution, is cost-effective, and is energy efficient. CDI is energy 
efficient because it aims to remove only the salt ions, which are a small per-
centage of the feed solution, as compared to most other technologies that aim 
to separate water, which accounts for 90% of the feed solution.

 2. What properties make gold nanoparticles suitable for use in biomedical areas?

Answer: Au NPs have attracted tremendous interest from different fields of 
science because of their particular features: high X-ray coefficient of absorp-
tion, ease of synthetic manipulation, strong binding affinity, and unique opti-
cal and distinct electronic properties (Dykman and Khlebtsov 2011). Gold 
nanoparticles are especially utilized in genomics, biosensors, immune analy-
sis, clinical chemistry, and detection and photothermolysis of microorgan-
isms and cancer cells; the targeted delivery of drugs, DNA, and antigens; 
optical bioimaging; and the monitoring of cells and tissues using modern 
registration systems.

 3. Why are Ag NPs used in membranes for wastewater treatment?

Answer: Silver nanoparticles possess antimicrobial properties that may be 
used to disinfect water. When Ag NPs come in contact with the bacteria, they 
interfere with the structure of the cell membrane, which causes death of the 
cell eventually. Another perspective that explains the mechanism of Ag NPs 
on their contact with bacteria is that the dissolution of Ag NPs will release 
antimicrobial Ag+ ions, which can interact with the thiol groups of many vital 
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enzymes, inactivate them, and disrupt normal functions in the cell. Ag NPs 
have been used along with certain filter membranes due to their cost- 
effectiveness and high antimicrobial properties.

 4. Why are ferrite nanocomposites preferred over other materials for dye removal?

Answer: Ferrites have magnetic properties that make them suitable for sepa-
ration at the end of the process. For example, Congo Red (CR) was removed 
using manganese ferrites, nickel ferrites, and zinc ferrites. They were synthe-
sized using the sol-gel method. After various characterization methods and 
adsorption tests, it was concluded that nickel ferrites showed the best adsorp-
tion properties, followed by cobalt ferrites.

 5. Which nanomaterials can be used to inhibit microbial growth?

Answer: Materials like SiO2, Cu, Ag, ZnO, and TiO2 are applied in pesticides 
to inhibit microbial growth. These NMs can either be employed as nanocarri-
ers for pesticides or as an active ingredient.
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Chapter 2
Advanced Nanoparticles: A Boon 
or a Bane for Environmental Remediation 
Applications

Deepak Rohilla and Savita Chaudhary

Abstract The potential usage of nanotechnology in diverse range of applications 
has found promising alternative answers to the crucial problems associated with 
industrial and commercial sectors. The nanomaterials are currently customized to 
overcome the commercial drawbacks of bulk materials. The usage of advanced 
nanomaterials in optical devices, biomedicine, and environmental remediations, 
memory, and storage devices has brought a significant revolution in the industrial 
sector. However, the tremendous enhancement in the production of nanoparticles 
has raised the questions of potential risks associated with nanotechnology. The 
detailed overviewing of wellbeing, security, and ecological effects during fabrica-
tion, usage in different applications, and their removal from the environment are the 
major features for the growth and development of safe usage of nanotechnology. 
The partial understanding of the ecological providence of nanotechnology has fur-
ther posed threats and hazards to human wellbeing. This chapter presents the new 
tools and advanced methodologies for the risk assessment of advanced nanomateri-
als in environmental remediation applications. We also discuss the harmful impacts 
of uncontrolled exposure of nanoparticles on living systems.
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2.1  Introduction

The current era has brought significant attention to the miniaturization of materials 
in both technical and scientific areas (Zhang et al. 2018a, b, c). The nanotechnology 
is considered as one of the hottest topics in commercial sectors and possessed con-
siderable attention in the biomedical field (Ravichandran 2010; Holm et al. 2002). 
The potential usages of nanomaterials in the ecological and food technological sec-
tor are well documented in the literature (Vambol et al. 2017; Kasaai 2020). The 
applications of advanced nanoparticles in optical devices, screen display, textile, 
cosmetics, and memory devices hold high consideration among industries (Winardi 
et al. 2020; Dréno et al. 2019). Nanotechnology has also facilitated the wastewater 
management by creating detection and monitoring equipment with high sensitivity 
and selectivity (Matlochová et  al. 2013; Crane and Scott 2012). These advanced 
nanomaterials comprise both organic and inorganic materials with small size, usu-
ally lesser than 100  nm (Ye et  al. 2019; Wang et  al. 2020). The significant size 
reduction has induced quantum effect and further enhanced the surface to volume 
ratio in nanomaterials as compared to their bulk counterparts (Jancik Prochazkova 
et al. 2020; Modena et al. 2019). The existence of a highly active surface over nano-
materials has further induced the variations in optical and luminescence properties 
of particles (Fahmy et al. 2019; Zhang et al. 2020).

These unique and outstanding properties of nanomaterials have further enhanced 
their scope in therapeutic and disease prevention area (Tricoli and Bo 2020). In 
comparison with the commercially used technologies such as chemical oxidation, 
bioremediation, and sedimentation, the usage of nanotechnology in waste 
water clean is found to be less expensive and more effective (Sarong et al. 2020; 
Patil et al. 2016). The usage of nanomaterials has allowed the treatment of contain-
ments in a time-effective manner and reduced the application of additional chemi-
cals during processing (Singh et al. 2020). However, the high-end applications of 
nanoparticles have further enhanced their production rate and made living beings 
more prone to their exposure (Singh 2019; Prajitha et al. 2019). The different water 
resources, soil, and air ecosystem are believed as an ultimate descend for these 
nanomaterials. The uncontrolled discharge in sewage, river, or dumping yards has 
created a severely damaging impact of the health of living beings (Oliveira et al. 
2019; Chaudhary et  al. 2019). Their environmental fate is characterized by their 
size, surface characteristic properties, coating, and bioavailability of nanomaterials 
in a different medium (Zhang et al. 2019). For instance, have studied that the envi-
ronmental fates of different types of nanomaterials are dependent not only on their 
initial composition but also based on their environmental transformation in the eco-
system. A thorough understanding of these conversions is crucial for defining the 
ultimate fate and impact of nanomaterials during their application usage and clear-
ance points.

This chapter presents the new tools and advanced methodologies for the risk 
assessment of advanced nanomaterials in environmental remediation applications. 
We also discuss the harmful impacts of uncontrolled exposure of nanoparticles 
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towards living systems by taking metal oxide-based nanomaterials as model 
particles.

2.2  Classification and Properties of Advanced Nanoparticles

In general, the advanced nanomaterials are classified into the following main 
categories:

• Organic-based nanoparticles
• Inorganic nanoparticles
• Fullerenes or carbon-based nanoparticles
• Polymeric nanoparticles

However, it has been found from the available data that the organic- and 
polymeric- based nanoparticles are highly biodegradable. The toxicity imparted by 
these nanoparticles is minimum, and they are unstable under the heat and electro-
magnetic exposure (Naahidi et al. 2013). In addition, C-dots have also possessed 
better control over the toxicity and are considered as a good alternative material in 
the biomedical application (Yi et  al. 2019; Bhamore et  al. 2019). Metal oxide 
nanoparticles have a broad spectrum of applications in electrochemistry, catalysis, 
energy storage systems, detectors, lubrication, coatings and climate remediation, 
etc. (Narayanan and El-Sayed 2005; Zhang et al. 2016; Gusain and Khatri 2013), 
whereas the metal and metal oxide-based nanoparticles are highly effective in con-
ducting and semiconducting material and useful for electronic devices. The 
advanced reactivity and amendable properties of metal oxide nanoparticles made 
them quite useful as compared to their metal counterparts (Akbari et  al. 2018; 
Degler et al. 2019). These nanoparticles have possessed superior physicochemical 
properties, which made them superior as compared to their bulk counterparts.

The variations in the physicochemical properties of nanoparticles can be easily 
achieved by modifying the available surface atoms. The higher ratio of surface area 
to volume in nanoparticles has further affected their size, shape, and optical and 
fluorescence properties (Leong et al. 2019; Shahbazi et al. 2020). In addition, the 
external oxide coating over the nanoparticles has further affected their dispersity 
rate in aqueous media and enhanced their applications in water as dispersion media. 
The fabrication of different types of nanoparticles is grouped into two main pro-
cesses, namely, top-down method and bottom-up approaches. The fundamental 
properties of nanoparticles are determined by analysing their specific physio- 
chemical properties. For instance, the corresponding reactivity and stability of 
formed nanoparticles are easily checked by measuring the particle size of nanopar-
ticles. The nature of the surface charge has provided an idea about the homogeneity 
of used nanoparticles. Also, the size of used nanoparticles calculated from dynamic 
light scattering and different types of microscopic techniques such as transmission 
electron microscope (TEM), scanning electron microscope (SEM), and atomic 
force microscope (AFM) has provided the idea about the bioavailability of the used 
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nanoparticles. The retention and distribution rate has also been estimated by getting 
information about the particle size of fabricated nanoparticles.

2.3  Environmental Remediation Applications 
of Advanced Nanoparticles

Modern industrialization, increasing population, growing urbanization, and 
widespread use of unsustainable assets and uncontrolled exploitation of natural 
resources are affecting the climate. The anthropogenic activities and waste discharge 
from multiple sectors have affected our natural resources and are making them unfit 
for living beings. Every day, the fabrics, paper, fibre, fertilizers, chemicals, 
pesticides, batteries, metal plating, refineries, food processing, and pharmaceutical 
industries have released millions of gallons of wastewater that polluted our land and 
water bodies (Low and Isserman 2009; Mason et al. 2016; Islam and Tanaka 2004). 
For instance, persistent organic pollutants (POPs) are incredibly resistant to 
degradation and triggered congenital disabilities, cancer, reproductive and immune 
dysfunctional mechanisms, and impairing infant growth (Ogata et al. 2009; Goerke 
et al. 2004). Therefore the non-biodegradable nature and toxic impact on human 
health and the climate have made the researchers think better means to treat these 
toxic wastes.

On the other hand, organic dyes are complex molecules and a quite useful 
component in a different range of industries (Nigel Corns et al. 2009; Barnett 2007). 
Currently, thousands of distinct kinds of dyes are accessible worldwide, with esti-
mated manufacturing of 7 to 105  tons (Carneiro et  al. 2010). The water-soluble 
nature with slow biodegradability of dyes has possessed a challenge of high-level 
detection in aqueous media (Castillo and Barceló 2001). The release of organic dyes 
in the hydrosphere generates undesirable colour and restricts sunlight absorption, 
which compromises the photochemical and biological activities of aquatic species 
(Parasuraman et  al. 2012). Another important class of organic pollutants in the 
water bodies is agrochemicals such as pesticides, herbicides, fungicides, and differ-
ent ranges of synthetic fertilizers (Dai et al. 2019; Alharbi et al. 2018). The uncon-
trolled and excessive usage of pesticide can contaminate soil (farm drainage) and 
groundwater and adversely affects living beings. These existences of water con-
taminants are considered as a significant source of water scarcity in the domestic, 
agricultural, and industrial sectors. Therefore, extensive attempts have been aimed 
towards the preservation of water resources. Wastewater treatment via employing 
economically viable and environmentally friendly methods (Fig. 2.1) has attracted 
significant concern among the researchers.

To date, several methods such as physical, biological, and chemical methods 
have been used to remove and minimize the impact of organic contaminants. These 
methods are used to detoxify wastewater either separately or in combination with 
others. In addition to this, adsorption, biological degradation, liquid-liquid 
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Fig. 2.1 Applications of environmental nanotechnologies involving adsorption, chemical 
reactions, photocatalysis, and filtration, particularly for the removal of contaminants from water, 
soil, and air. (Adapted figure from Nascimento et  al. 2019, with permission from copyright, 
Elsevier publishing company)

extraction, membrane filtration, photocatalytic degradation, oxidation, nanofiltra-
tion, UV irradiation, and reverse osmosis (RO) have also been used for decontami-
nating the water resources. Out of all available methods, nanoparticles come out to 
be a potential and futuristic candidate in adsorption and photocatalytic degradation 
processes of organic pollutants, in a cost-effective manner (Liu et al. 2020a, b; Islam 
et al. 2020).

In comparison with adsorption, the photocatalytic degradation process is found 
to be more eco-friendly although adsorption is found to be the rapid, cost-effective, 
and scalable approach towards the removal of organic pollutants. However, the pro-
duction of secondary waste is one of the significant concerns of adsorptive removal 
strategy. Another key challenge in the adsorption process is the recyclability of 
adsorbent species for subsequent cycles. On the contrary, the photocatalytic method 
of degradation has contributed to the transformation of pollutants into less poison-
ous or intermediate chemicals having simpler molecular structure in comparison 
with their parent chain, which ultimately are transformed to mineral-based useful 
products like H2O, CO2, etc. In addition to the bandgap engineering and light source, 
the method of photo-degradation is primarily based on organic pollutant adsorption 
ability over the photocatalyst surface. The photocatalyst with higher adsorption 
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surface makes the degradation process easier as compared to other remediation pro-
cesses. On the other hand, the adsorption process has created the interaction between 
organic molecules and adsorbate species (Tachikawa et al. 2007). Guo et al. (2016) 
have shown that fluorinated species of TiO2 (f-TiO2) are more capable towards 
photo-degradation of methyl orange and rhodamine B dyes. As a result, the photo-
catalytic degradation strategy becomes more advantageous than adsorption in terms 
of doing complete degradation of pollutants. However, effective adsorption of pol-
lutants is also required to attain an outstanding photo-degradation rate. 
Nanostructured metal oxides have the highest adsorption abilities towards organic 
pollutants. The development of smart materials having modified designs with the 
advantage of environmental friendliness and cost-effectiveness in addition to high 
specific surface area and structure of a crystal is the need of the time for the removal 
of harmful toxins. The revival of photocatalysts and adsorbents has further proved 
to be an economically practical way for proper management of secondary waste 
generated during processing (Ballav et  al. 2018). Hence, there is a significant 
demand for economically viable, environmentally benign, and more effective 
approaches to the elimination or degradation of organic pollutants for clean and safe 
water resources.

The nanoparticles of transition series metal oxide have displayed notable surface 
characteristics such as high surface area and advanced microstructural features, 
which made them appealing applicants for the adsorption of harmful pollutants 
(Henglein 1989). Metal oxide nanomaterials have possessed a specific adsorbent 
capacity for the effective extraction of pollutants from wastewater sources (Li et al. 
2015). Transitional metal oxides and their respective composites have displayed 
outstanding photocatalytic activities for the degradation of harmful pollutants 
(Ahmed et al. 2011). The existence of controllable morphology, crystalline struc-
ture, and bandgap values in semiconducting nanomaterials have enhanced their 
potential in environmental remediation activities. The existence of oxygen over the 
exterior surface of semiconducting nanomaterials has further affected the photo-
catalytic degradation rate for organic contaminants. The photon intake (energy) 
through semiconducting material has further been stimulated the oxygen and pro-
moted water clean-up by turning organic contaminants into less toxic components 
and ultimate conversion to water, CO2, and inorganic ions (Gupta et al. 2015). The 
high surface area of nanoparticles has further promoted the adsorption rate of inci-
dent radiations. Also, the variations in the surface to volume ratio have easily been 
attained by decreasing the bulk surface. Furthermore, the volume reduction in nano-
materials has brought the catalytic site’s interaction on their surface for better inter-
action with organic molecules. On comparing with the bulk materials, the higher 
surface areas of nanomaterials have made them effective for adsorptive removal of 
harmful toxins from contaminated resources. Biomass-derived activated carbon 
dots, nanotubes, grapheme, and carbon fibres have possessed the potential to remove 
organic pollutants from contaminated water sources.

These nano-photocatalysts have possessed the ability to absorb the visible range 
of the solar spectrum and delayed the recombination rate of electron-hole pairs and 
act as effective photocatalysts (Zhao et al. 2005). Up to now, numerous types of 
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metal oxide-based nanomaterials such as Al2O3, ZnO, TiO2, CeO2, CuO, and iron 
oxides, have displayed significant interest as adsorbents and photocatalysts in envi-
ronmental remediation activities (Gaya and Abdullah 2008; El-Hankari et al. 2016). 
Furthermore, the efficiency of nano-catalysts has been enhanced by compositing the 
particles with different kinds of metal oxides to produce metal-metal oxides, 
graphene- metal oxides, and magnetic-metal oxides particles (Zhu et al. 2016; Zhang 
et al. 2013a, b). These modified nanocomposites have better control over the mag-
nitude, surface, and texture characteristics properties, which further regulate the 
adsorption behaviour towards toxins (Mclaren et al. 2009).

2.3.1  Advanced Nanoparticles as an Effective Adsorbent 
for Toxic Pollutants

The usage of nanoparticles has provided a low cost and sustainable adsorbent 
resource with high effectiveness, low maintenance, and multi-pollutant concurrent 
adsorption ability for the effective management of wastewater resources (Yang et al. 
2019a, b; Tang et al. 2019). Carbon-based nanomaterials such as carbon nanotubes, 
graphene, biomass-derived activated carbons, clay-based materials, chitosan, metal 
nano-chalcogenides, inorganic complexes, layered double hydroxides (LDHs), 
organic-inorganic nanocomposites, metal nanocomposites and metal oxide nano-
materials have been widely used as adsorbents for removing a diverse range of 
organic pollutant from aqueous media (Gupta et al. 2019; Ma et al. 2016). The utili-
ties of a different form of iron (Fe)-based nanoparticles such as magnetite (Fe3O4), 
hematite (α-Fe2O3), and maghemite (γ-Fe2O3) have been used as effective adsor-
bents for harmful toxins (Cornell and Schwertmann 2003). The existence of high 
surface area to volume ratio and superior magnetism in Fe-based nanoparticles 
(Table 2.1) have made them quite effective for the removal of lethal toxins from 
wastewater resources (Bystrzejewski et al. 2009; Selvan et al. 2010). For instance, 
the chlorinated pesticides like hexachlorocyclohexane (α-HCH and γ-HCH), lin-
dane (1,2,3,4,5,6-hexachlorocyclohexane), 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T), dieldrin, and 2,4-dichlorophenoxyacetic acid (2,4-D) have been easily 
removed from water samples by using the magnetite-based nanoparticles (Mac Rae 
1985). These nanomaterials have been extensively used in the form of pure, com-
posite, and doped form for the adsorption of pollutants. The ease of separation after 
adsorption of toxins from water resources via the presence of their inbuilt magne-
tism has further supported the popularity of iron-based nanoparticles in wastewater 
remediation (Ambashta and Sillanpaa 2010).

The organic dyes, namely, bromophenol blue, Eriochrome Black T, fluorescein, 
and bromocresol green with hydroxyl groups, have a higher ability to absorb with 
magnetite nanoparticles as compared to the non-hydroxylated dye from aqueous 
media (Saha et al. 2011). The application of external surface modifiers or surface 
acting agents such as polyacrylic acid, glutamic acid, organosilane, chitosan, ionic 
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Table 2.1 List of commonly used Fe-based nanoparticles for adsorptive removal of harmful 
toxic dyes

Nature of adsorbent Morphology
Type of toxin 
removed Reference

Ordered Fe2O3 microspheres Microspheres Methyl orange, 
congo red

Kang et al. 
(2018)

Magnetic porous carbon-doped 
Fe2O3 spheres

Ordered spongy spheres Methyl orange Siyasukh 
et al. (2018)

Activated carbon-functionalized 
Fe3O4 nanoparticles

Hollow nanospheres Reactive black 5 Saroyan 
et al. (2017)

Suspension of magnetic 
nanoparticles of Fe2O3 modified 
by using chitosan

Ellipsoidal and quasi- 
spherical- shaped Fe3O4 
nanoparticles

Congo red Hui et al. 
(2018)

Double-layered Mg/Al 
hydroxide of Fe2O3

Nanocrystalline particles Fulvic acid Fang et al. 
(2018)

Magnetically activated carbon 
with Fe2O3

Porous solid nanomaterial Methylene blue Altýntýg 
et al. (2017)

Fe3O4-gelatine nanoparticles Spherical nanoparticles Direct yellow 12 Mir et al. 
(2018)

Magnetic Fe/Ni-doped carbon 
mesoporous nanoparticles

Bimodal porous geometry Methyl orange, 
methylene blue

Liu et al. 
(2015)

Organic-functionalized 
silica-Fe3O4-rGO 
nanocomposite

Silica matrix decorated over 
Fe3O4-rGO sheets

Rhodamine B Sahu et al. 
(2017)

Metal-organic framework of 
porous cubic Fe2O3 
nanoparticles

Rod-like aggregates Methyl blue Li et al. 
(2018a, b)

liquids, surfactants, and polymers has further enhanced the adsorption rate of iron 
oxide nanoparticles (Wang et  al. 2012). For example, humic acid-functionalized 
iron oxide nanoparticles have displayed higher adsorption efficiency towards meth-
ylene blue dye as compared to bare counterparts (Zhang et al. 2013a, b). In addition, 
a novel hierarchical magnetic nanorods of core-shell iron oxide@magnesium sili-
cate (HIO@MgSi) prepared by hydrothermal flexible sol-gel methodology have 
possessed higher adsorption kinetics towards methylene blue dye (Zhang et  al. 
2013a, b), whereas self-assembled layered double hydroxide colloidal nanohybrids 
of Fe3O4 have possessed 505 mgg−1 adsorption ability towards congo red dye (Chen 
et al. 2011). Additionally, the surface reactivity with favourable zero-point charge 
ranges from 6 to 6.8, and controlled structural and textural characteristics of tita-
nium dioxide (titania) nanomaterials have also made it useful adsorbent materials 
for the removal of toxins from aqueous media. The amendable size, shape, phase 
structure, and crystallinity of titania have further inspired its application in adsorp-
tion and photocatalytic degradation of pollutants. For instance, the 1D nanorods and 
3D microspheres of TiO2 have displayed morphologically modified featured- 
dependent photocatalytic phenol adsorption, and degradation behaviour in aqueous 
media (Liu et al. 2008). The flower-like nanostructure of sodium titanate (TMF) 
with one-dimensional nanoribbon morphology has indicated the higher adsorption 

D. Rohilla and S. Chaudhary



35

Fig. 2.2 Schematic illustration of change in methylene blue colour dye adsorption over the flower- 
like surface of designed nanostructures. (Adapted figure from Feng et al. 2013, with permission 
from copyright, American Chemical Society, Washington, DC, USA)

ability towards methylene blue from the wastewater sample (Feng et al. 2013). The 
electrostatic association between positively charged methylene blue and negatively 
charged titanate is mainly responsible for the higher efficacy of sodium titanate 
towards wastewater treatment (Fig. 2.2).

The higher surface area and extensive surface-active sites over the mesoporous 
titanium have further facilitated the adsorption process and made the removal fast 
and effective for different types of dyes molecules (Xiong et al. 2010). In addition, 
carbon nanotube (CNT)-stacked TiO2 nanomaterials can adsorb more than 95% of 
methyl orange dye in 10  min. The existence of hydrogen bonding, hydrophobic 
interactions, and π-π interactions between the modified CNT-stacked TiO2 and dye 
molecules can improve the efficacy of used nanoparticles (Ahmad et al. 2017). In 
addition, the surface adsorption behaviour of nanoparticles has also been enhanced 
by coating with potential surfactants. For instance, the adsorption of acid red 1 and 
acid blue 9 dyes were promoted by functionalized titanium nanotubes with hexa-
decyltrimethylammonium chloride as a coating agent (Lee et al. 2007). The degra-
dation efficiency of particles has also been modified by doping the nanoparticles 
with metal ions such as Zn and Cu (Khairy and Zakaria 2014).

Additionally, the ease of preparation, economically viable synthesis, non- toxicity 
with controlled surface, and textural properties of ZnO have made it a suitable 
adsorbent for wastewater remediation applications. Chitosan-modified ZnO 
nanoparticle can adsorb direct blue 78 and acid black 2 dye from aqueous media 
(Salehi et al. 2010). The comparative studies of pure chitosan and chitosan@ZnO 
nanoparticles have displayed a higher efficacy of nanoparticles towards pesticides 
(Dehaghi et al. 2014), whereas the effectiveness of ZnO nanoparticles has also been 
enhanced by doping the surface with external metal ions such as Cr3+ ions for the 
effective removal of anionic dyes from the aqueous media. The presence of Cr3+ 
ions can affect the surface defects in ZnO nanoparticles (Meng et  al. 2015). 
Moreover, the hollow microsphere of ZnO-ZIF-8 [Zn(MeIM2)] has further improved 
the selective dye adsorption behaviour of ZnO. The incorporation of NiFe2O4 in 
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ZnO nanoparticles has further reduced the photo corrosion chances in nanoparticles 
and increased their adsorption ability towards congo red (Zhu et al. 2016).

A range of other nanomaterials such as CeO2, Cu2O, MoO2, MoO3, SnO2, and 
ThO2 has also been used for the adsorptive removal of different types of pollutants 
from aqueous media (Brock et al. 1998). For instance, the applications of hierarchic 
nanoporous MnO2 have been used for the removal of methylene blue dye from 
aqueous media. The application of three different types of sugar (glucose, fructose, 
and sucrose) molecules during the synthesis has induced the morphological and 
structural changes in particles for preparing better adsorbent for dye molecules 
(Kim et al. 2017). The temperature has also induced the adsorption variations in 
MnO2 nanoparticles and facilitated the dye removal from aqueous media (Chen and 
He 2008; Murray 1974). The electrostatic force of the attraction from methylene 
blue to negative MnO2 promotes the effective removal of cationic dyes. The zero 
point charge value of ~2.4 has further contributed to the negative surface charge of 
MnO2 over a broad pH range and their efficacy towards cationic dye (Kim and Saito 
2018). The morphological changes such as cubic or spherical hollow nanostructures 
of MnO2 have also displayed variations in the adsorption capacity of nanoparticles 
towards congo red (Fei et al. 2008). The hierarchical porous Ni(OH)2 and NiO par-
ticles have applications for removing organic dyes (Cheng et al. 2011). The nano-
materials of ThO2 are highly isoelectric (pH  =  9–11), making them ideal for 
adsorbent dyes (Parks 1965). For instance, the monodisperse ThO2 nanoparticles 
demonstrated an excellent potential to remove congo red dye from wastewater. In 
comparison with the spherical ThO2, the monodisperse asymmetrical nanoparticles 
have advanced adsorption ability for the congo red (Wang et al. 2014). The CeO2 
hydroxyapatite nanoparticles showed good adsorption behaviour towards 
Eriochrome Black T dye (Wu et al. 2016). The bidirectional connections of the Ce4+ 
cation and the group of sulfonate dye molecules further improved the adsorption 
capacity (Chaudhary et al. 2016).

The superior surface properties of graphene made it an attractive alternative for 
dye removal application from aqueous media (Xiao et  al. 2016). The adsorption 
ability for the cationic dyes was significantly higher in comparison with anionic 
dyes in the case of graphene molecules. This behavioural aspect has been explained 
due to the adequate electrostatic bonding between the organic dyes with the nega-
tive oxygen residual functionalities of the rGO (Gupta and Khatri 2017). The 
adsorption of malathion, chlorpyrifos, and endosulfan pesticides has been taken 
care of by using GO and rGOs. The water-mediated interaction of graphene with 
pesticides is mainly responsible for the effective removal of toxins (Maliyekkal 
et al. 2013). Metal oxide nanoparticles over the external surface of graphene and 
GO with variable structure, texture, and composition and surface characteristics 
have further increased the adsorption capacity towards toxins and expedited the 
adsorption and recovery rate (Upadhyay et al. 2014). For instance, Fe3O4-rGO nano-
composite was utilized for the removal of harmful pesticides, namely, ametryn, 
simazine, simeton, prometryn, and atrazine from the contaminated water resources. 
The inherent magnetic properties of iron oxide-graphene nanocomposites have 
facilitated the separation of used adsorbent from the water by applying the external 
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Fig. 2.3 Schematic illustration is showing pesticide removal by using Fe3O4/rGO. The gradual 
decrease in absorption was observed over time. (Adapted figure from Boruah et al. 2017, with 
permission from copyright, Elsevier publishing company)

magnetic force (Fig.  2.3). The used nanoparticles can be easily segregated and 
retrieved during the process and employed for the next adsorption cycle (Boruah 
et al. 2017). The strategy involves phase transfer without decomposition of current 
pollutants and converts the solution into the active phase over adsorbent.

Industrialization bloom in the twenty-first century produces a large number of 
pollutants to the environment. Among them, the medical industry is the new alarm-
ing pollutant generator (Tiwari et al. 2020; Bharathiraja et al. 2019). With the course 
of time, the usage of antibiotics for treating several microbial diseases increases day 
by day, and one of the major drawbacks of these antibiotics is that they are not com-
pletely absorbed on ingestion and 70% of these antibiotics are excreted via urine 
and faeces to the environment in active form (Bao et al. 2020; Zheng et al. 2019; 
Zhou et al. 2019). No doubt that the current concentration of these antibiotics in the 
surface water is about ng L−1 to μg L−1 range, but their long time exposure can cause 
drug-resistant microbial stains. On taking concern of these pollutants, Song et al. 
(2020) and his co-workers synthesized nickel (Ni) (II)-modified porous boron 
nitride nanomaterial as a potential adsorbent for the antibiotic pollutant (tetracy-
cline) removal from aqueous solution. In this respect, Ni (II) was successfully 
attached with a porous boron nitride (BN) surface to improve the adsorption capac-
ity for tetracycline (TC) (Fig. 2.4).

The synthesized Ni (II)-modified porous BN nanostructure has shown outstanding 
percentage removal of 99.76% for TC.  Consequently, this analysis shows the 
excellent ability of the Ni-modified porous BN as an effective adsorbent for waste-
water treatment. In this context, Xiang et al. (2020) work on the fabrication of viable 
manganese ferrite-customized biochar from vinasse for improved adsorption of 
antibiotic (fluoroquinolone) pollutants. They performed a batch adsorption experi-
ment to check the adsorptive behaviour of fluoroquinolone antibiotics ciprofloxacin 
(CIP) and pefloxacin (PEF) over fabricated nanomaterials. While performing this 
experiment, they work on various experimental factors such as adsorbent dose, pH, 
temperature, ionic strength, and contact time because these factors affect the adsorp-
tion of PEF and CIP. These excellent porous structures show outstanding adsorption 
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Fig. 2.4 (a) SEM image, (b) TEM image, and compared removal percentages of (c) porous BN 
and various metal-modified BN and (d) Ni (II)-modified porous BN with different loading. 
(Adapted figure from Song et  al. 2020, with permission from copyright, Elsevier publishing 
company)

ability for CIP and PEF was 135 and 270  mg  g−1, respectively, and obeyed the 
pseudo-second-order kinetics. The controlled adsorption mechanisms comprised of 
pore filling effect, hydrogen bonding, π–π EDA, hydrophobicity, and π–π stacking 
interaction (Fig. 2.5). Fabricated manganese ferrite-modified biochar (FMB) nano-
structures not only solved the problem of antibiotic pollutant but also utilized the 
vinasse wastes and used them as a raw material of biochar.

Adsorption of antibiotic pollutants has considered one of the ways to separate 
them from the aqueous medium, but the major challenge is to degrade them com-
pletely. Qiao et al. (2020) made advanced nanomaterials that are not able to adsorb 
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Fig. 2.5 Schematic diagram showing collection of antibiotics from different sources, synthesis of 
FMB, and possible mechanisms of PEF or CIP adsorption onto the FMB. (Adapted figure from 
Xiang et al. 2020, with permission from copyright, Elsevier publishing company)

the pollutants but also have the potential to degrade them photocatalytically. 
Fabricated magnetic graphene oxide/ZnO nanocomposites (MZ) show effective 
adsorption and photocatalytic degradation of tetracycline (TC) (Fig. 2.6). To under-
stand the adsorption process, different kinetic models were used, among which 
pseudo-second-order kinetics model suits well for TC and adsorption capacity 
found was 1590.28 mg g−1. To support this mechanism of adsorption between MZ 
and TC, the π–π interaction, cation exchange, electrostatic attraction, complexation, 
and hydrogen bonding were key factors. After successful adsorption, the authors 
have tried to explore the mechanism of photocatalytic degradation of TC. During 
the study, they found that the graphene oxide works as the scaffold and helps in 
electron transfer and ZnO acts as an ideal photocatalyst. While exploring the cata-
lytic efficiency of MZ, it is found that these nanocomposites continued relatively 
high levels of removal after four cycles.

2.3.2  Advanced Nanoparticles as Effective Photocatalysts 
for Degrading Harmful Toxins

The application of nano-catalysts for decomposing organic pollutants offered a 
clean, viable, and environment friendly approach to treat the harmful toxins. The 
nano-photocatalytic strategy can eliminate harmful contaminants from wastewater 
without using harmful chemicals. These nano-catalysts offered sophisticated oxida-
tive methodologies for the environmental clean-up by adsorption. This absorption 
has further led to the separation of charge by pushing electrons from the valence 
band and resulted in the formation of positive holes in the conduction band (Akpan 
and Hameed 2009). These generated positive holes have the tendency to oxidize the 
water into a hydroxyl radical (OH•) and further reduced the adsorbed oxygen 
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Fig. 2.6 Schematic illustration for the formation of magnetic graphene oxide/ZnO nanocomposites 
(MZ) and adsorption mechanism of TC over MZ. (Adapted figure from Qiao et al. 2020, with 
permission from copyright, Elsevier publishing company)

molecules present at the surface. Generated radicals have further employed for the 
transformation of organic contaminants or pollutants into non-toxic degraded form. 
However, the recombination rate of electron and hole must be controlled for produc-
ing the effective photocatalytic performance of nanomaterials. Also, the nature of 
the photocatalyst, light, intensity, type of organic pollutants, response temperature, 
pH, sacrificial reagents, and solvent have affected the effectiveness of photocata-
lytic degradation (Konstantinou and Albanis 2004; Rauf et al. 2011). Generally, the 
rate of mono azo dyes photo-degradation is higher than anthraquinone dyes (Khataee 
and Kasiri 2010). Till now, a diverse range of nano-catalysts such as ZnO, TiO2, 
ZrO2, SnO2, Fe2O3, CdS, and WO3 have been employed for the photocatalytic deg-
radation of toxic pollutants (Zhao et al. 2005).
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Out of all, low price, chemical inertness, extensive availability, photocatalytic 
stability and non-toxic environmental conduct have made TiO2 as an extraordinarily 
acceptable and promising photocatalyst for harmful toxins (Akpan and Hameed 
2009; Schneider et al. 2014). The high bandgap value of TiO2 has further enabled 
the photons to absorb radiation of wavelength equivalent to 387 nm (Nassar et al. 
2017). In the presence of solar radiation, electrons from the valence band get excited 
and jump into the conducting band and generate pairs of electron-hole in TiO2 
nanoparticles (Khataee and Kasiri 2010). The hole (h+) in the valence band in the 
alkaline medium can convert water molecules to hydroxylic radicals. However, the 
molecular oxygen can react with H2O molecules and form a strong oxidizer, i.e., 
H2O2, which is further reduced by photo-generated electrons inside the conduction 
band (Fig. 2.7). These formed oxidizers then degrade organic pollutants into harm-
less and non-toxic components, i.e., CO2 and H2O (Khataee and Kasiri 2010).

TiO2 nanoparticles can degrade large varieties of organic dyes such as Orange G, 
malachite green, alizarin green, rhodamine 6G, Solvent Red 23, indigo carmine, and 
Sudan III, in the presence of UV light. It has also been observed that the wide band-
gap values of anatase and rutile forms of TiO2 (3.0–3.2 eV) have contributed towards 
the catalytic activity of TiO2 (Kim et  al. 2013). In addition, substantial research 
activities have been carried out by researchers to make TiO2-based nanostructures 
degrade harmful toxins in visible light and become active photocatalysts. Budarz 
et al. (2019) explored the photo-degradation capacities of TiO2 nanoparticles for the 
degradation of organophosphorus pesticide (chlorpyrifos) in the presence of visible 
light. It has been observed that 80% of pesticide was degraded within 24 h in the 
presence of TiO2 nanoparticles. The composites of TiO2 with ceramic have further 
enhanced the porosity and photocatalytic activities of nanocomposites for 

Fig. 2.7 Photocatalytic reaction schematic explanation. The electron-hole pairs generated through 
photon make organic contaminants more degradable. (Adapted figure from Khataee and Kasiri 
2010, with permission from copyright, Elsevier publishing company)
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photo- degradation of harmful pesticides, including lindane, atrazine, dipterex, thio-
bencarb, malathion dimethoate, and bentazone in aqueous media. In addition, TiO2-
supported zeolitic composites (HBETA) have also been used for the degradation of 
dichlorvos pesticide. The TiO2 contents in the HBETA have possessed higher pho-
tocatalytic activities. TiO2 loading in HBETA has been significantly increased by 
20% for dichlorvos as compared to bare TiO2 (Gomez et al. 2015). However, one 
associated disadvantage with TiO2 was its higher rate of replication of photo- 
generated pairs, which further reduced the catalytic potential of nanoparticles. This 
problem can be easily overcome by adding co-adsorbents as effective dopants in 
TiO2. This addition has delayed the combination of electron- hole pairs with photo-
generated particles and improved their photocatalytic efficiency towards harmful 
toxins. For instance, the presence of MWCNT with titanium dioxide has enhanced 
the surface properties of nanoparticles and found to be effective for methyl orange 
dye (Saleh and Gupta 2012).

Sarkar et  al. (2016) have used the efficacy of biocomposites of amylopectin- 
functionalized TiO2 with Au nanoparticles (NPs) for removing toxic organic dyes. 
The synergistic effects of both adsorption and photocatalytic degradation activities 
of nanoparticles are responsible for the degradation of dye molecules under sun-
light. The developed photocatalyst is quite selective for the degradation of methyl 
violet dye from the mixture of dye solution by employing plasmonic photocatalysis 
phenomena. The degradation of dye molecules mainly occurred due to the photoex-
citation of TiO2 particles in the presence of UV light present in sunlight. This will 
further lead to the self-photosensitization of methyl violet dye. The photoexcitation 
of dye molecules to excited state (MV*) has infused an electron into the conduction 
band of TiO2 molecules. Moreover, the presence of UV light can excite the TiO2 
particles and produced electron in the conduction band (Fig. 2.8). These formed 
electrons in the conduction band of TiO2 can react with the adsorbed water and 
oxygen molecules to form reactive oxygen radicals, which are mainly responsible 
for the degradation of dye molecules.

In addition, the dopant molecules can modify the surface characteristics such as 
surface acidity, active site, and defects of TiO2. Such modifications are further useful 
for active photocatalytic activities of harmful toxins under visible light (Zhao et al. 
2005; Nassar et al. 2017). For instance, lanthanide ion-doped TiO2 nanoparticles 
have displayed higher photocatalytic activities for the degradation of direct blue 
dye. This mainly occurred due to the lowering of the bandgap of TiO2 in the pres-
ence of lanthanide ions, which further affect their particle size and surface area and 
pore volume (El-Bahy et al. 2009).

Subsequently, the application of zinc oxide nanomaterials as potential 
photocatalysts has been well documented in literature due to their high quantity 
effectiveness and low fabrication cost with excellent stability and biocompatibility 
towards living beings (Daneshvar et  al. 2004; Sakthivel et  al. 2003). The higher 
potential of ZnO nanoparticles was further associated with the more absorption 
capacity of ZnO nanoparticles towards solar radiation. Also, the fluorescence 
emission features of the ZnO have been contributed towards the photocatalytic 
degradation of numerous types of pollutants (Hariharan 2006). The relation of 
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Fig. 2.8 Schematic illustration showing the photocatalytic degradation of methyl violet dye in the 
presence of TiO2 with proposed scheme for photocatalytic degradation of dyes under solar light 
irradiation. (Adapted figure from Sarkar et al. 2016, with permission from copyright, American 
Chemical Society, Washington, DC, USA)

fluorescence intensity of ZnO with the recombination method of electron-hole has 
contributed towards the effectiveness of ZnO. The presence of organic compounds 
over the external surface of ZnO can scavenge photo-generated holes and compete 
for the fluorescence emissions charging and reduced their emission intensity. The 
higher sensitivity of ZnO towards the pH of reaction media has further contributed 
towards the photocatalytic activity of prepared nanoparticles. The strong acidic 
nature, i.e., less than pH 4, has further supported the photo corrosion (Daneshvar 
et al. 2004). For example, the photocatalytic functions of nanocrystalline ZnO for 
the degradation of diazinon pesticide have been compared with the commercially 
available ZnO material. It has been observed from the data that the small crystalline 
size of ZnO nanoparticles has the potential to enhance the active area for the 
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photocatalytic reaction and affected the number of discrete ZnO particles per 
volume in the solution. As a result, the photon absorption efficiency of ZnO 
nanoparticles has been enhanced tremendously towards the degradation of toxins 
(Daneshvar et al. 2007). As an effective photo-oxidant, the nanocomposites of ZnO/
Na2S2O8 can photo- degrade various types of pesticides by using natural sunlight 
(Navarro et al. 2009). However, the regular retardation of photoactivity of ZnO and 
rapid rate of electron- hole pairs recombination are mainly responsible for limiting 
the long-term usage of ZnO as photocatalyst (Chen et  al. 2015). To resolve this 
problem, various synthetic strategies have been developed for hindering the 
recombination rate in ZnO particles and enhancing their stability towards photo 
corrosion. For instance, an electric spun strategy can synthesize hetero-nanofibers 
of ZnO-SnO2 with improved photocatalytic degradability efficiency towards eosin 
red, methylene blue, methyl orange, and congo red dyes. These hetero-nanofibers 
tend to separate photo-generated electron- hole pairs and provided high adsorption 
ability to degrade harmful toxins (Chen et al. 2015). The developed catalyst was 
found to be recyclable, with efficiency greater than 90%. The presence of external 
dopants can change the optical and electronic characteristics of nanostructures and 
their sensitivity to degrade toxins in the visible spectral range. Additionally, Mn2+-
doped ZnO nanostructure has also enhanced the photocatalytic activity of bare ZnO 
nanoparticles under visible light (Ullah and Dutta 2008). On the other hand, Ag@
ZnO microstructures have possessed enhanced photocatalytic activity towards 
methylene blue dye under UV light exposure. Ag nanoparticles can act as an electron 
sink during the process and have the ability to catch the electrons generating during 
synthesis and increasing the life span of the electron-hole pair and enhanced their 
efficiency towards the degradation of harmful toxin (Rafaie et al. 2017).

Similarly, Cu@ZnO nanorods were applied by deferring the recombination of 
electron-hole pairs for degrading organophosphorus compounds (Shirzad-siboni 
et al. 2017). Pd-doped ZnO particles can reduce borohydride with efficiency greater 
than 96% (Fig. 2.9) (Guy et al. 2016). Er-doped ZnO nanoparticles with a varying 
percentage amount of Er can degrade toxins under a visible spectrum of light. The 
presence of Er ions can modify the bandgap values of ZnO particles and also modi-
fied the half-life span of the electron-hole pair. These variations have a direct influ-
ence over the photocatalytic degradation towards direct red-31 dye (Bhatia 
et al. 2016).

Additionally, the wide bandgap of cerium oxide (3.1 eV) has also made it useful 
nanomaterial in catalytic activities. The higher biocompatibility of nanoparticles 
with high stability towards heat and light has further supported their efficacy towards 
catalysis (Park et al. 2000; Shchukin and Caruso 2004). The photocatalytic capacity 
of ceria has mainly depended on the calcination temperature during the fabrication 
of nanoparticles. The positively charged phosphorus-containing pesticides are more 
effective in getting adsorbed over the surface of ceria via the electrostatic interac-
tion between the hydroxyl functionality of ceria and pesticide molecules. Also, the 
particles synthesized at lower temperatures have possessed more number of 
hydroxyl groups and found to be more effective towards the adsorption of organo-
phosphate pesticides (Janos et al. 2014). The efficacy has further been enhanced by 
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Fig. 2.9 Schematic illustration showing the photocatalytic degradation of congo red dye using 
Pd@ZnO photocatalyst. The diagram shows the possible photocatalytic mechanism for congo red 
dye degradation using Pd-doped ZnO photocatalyst. (Adapted figure from Guy et al. 2016, with 
permission from copyright, Elsevier publishing company)

co-doping the ceria particles with magnetically separable Fe2O3 particles. The 
formed composite was quite stable and displayed maximum degrading efficacy with 
a temperature range of 300–400 °C. On further enhancing, the calcination tempera-
ture over 500 °C has decreased the activity due to the reduction in the surface area 
and pore size of ceria particles (Janoš et al. 2015). The single-dimensional CeO2 
nanotubes with a high-pitched interior have possessed superior photocatalytic deg-
radation efficiency towards phenols in comparison with commercially available 
CeO2 nanoparticles (Tang et al. 2011). The degradation efficacy of ceria particles 
has also been modified by doping the particles with CuO.  The H2O2-generated 
hydroxyl radicals have also accelerated the degradation process towards organic 
pollutants (Xu et al. 2014). The different molar ratio of the binary metal oxide of 
CeO2 with Y2O3 has displayed degradation efficiency of 98% towards rhodamine 
B.  The improvement in photocatalytic activity has been explained due to the 
enhancement in the active surface and increased oxygen vacancies in particles 
(Magdalane et al. 2017).

The low bandgap values of CuO particles have also enabled the absorption of 
visible light and enhanced the scope of advanced materials towards photocatalysis. 
The electronic composition and surface activity of CuO nanoparticles have also 
been modified by doping the same with MoS2. The presence of graphene oxide and 
other metal oxides such as SiO2, TiO2, and ZnO has affected the light absorption 
charges in CuO and further improved their photocatalytic efficiency. For instance, 
the hierarchical 3D-ordered structures of ZnO with Fe3O4 particles have improved 
the photocatalytic activity towards the degradation of congo red dye (Malwal and 
Gopinath 2016). The engineering of bandgaps has further improved the charge sep-
aration and improved the photocatalytic effectiveness towards congo red dye under 
visible light conditions. The photocatalytic activity of CuO@ZnO nanoparticles 
gets doubled under the visible light-irradiation condition as compared to ZnO for 
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the degradation of a wide range of textile dyes. The presence of CuO with ZnO can 
produce structural flaws and stoichiometric impairment in particles and shifting 
their energy values and enhancing their photocatalysis activities. In addition, the 
semiconductor p-n joint of CuO-TiO2 with natural zeolite can degrade azo dyes 
under visible light exposure of 60 min (Zhao et al. 2015). The enhancement of inter-
facial charge transfer from the active surface of particles, as well as bandgap modi-
fication, is primarily responsible for enhancing CuO’s photocatalytic activity under 
visible light. The heterogeneous composite of MoS2-CuO nanoparticles has a better 
efficiency in degrading methylene blue in comparison with the pristine form of 
MoS2. The presence of tiny band offsets in nano-flowers of MoS2-CuO particles has 
provided the existence of stalled type II band alignment in nanomaterials. As a 
result, no electron or holes have been trapped and easily migrated over the surface 
and degrade the adsorbed dye (Hossain et al. 2016). Therefore, these particles have 
possessed an outstanding option for environmental remediation towards a wide 
range of organic pollutants for wastewater management.

Other metal oxides such as n-type semiconducting nanoparticles of SnO2 with 
broad bandgap value of ~3.6 eV have also favoured the degradation of toxins at a 
wide range of pH media (Long et al. 2011). Modifying the surface of SnO2 with 
MgO particles has displayed a negative impact over the combination of photo- 
generated electrons and enhanced the photocatalytic properties of prepared nano-
composites (Bayal and Jeevanandam 2013). The chitosan-functionalized SnO2 have 
possessed superior degradation activity towards methyl orange dye as compared to 
rhodamine B.  This behavioural aspect has been explained due to the effective 
adsorption of dye molecules over the chitosan-functionalized SnO2 (Gupta et  al. 
2017). In addition, the degrading response in the presence of light has further been 
modified by varying the ratio of chitosan and SnO2. The higher stability of the nano-
structure of Cu2O in a broad pH range has also supported their efficacy towards the 
degradation of toxins (Mao et al. 2007). SnO2 doping in Cu2O has prevented the 
oxidation of Cu2O oxidation and encouraged the photocatalytic action towards tex-
tile dyes (Bai et  al. 2014; Bai et  al. 2015). The heterostructures of WO3-TiO2, 
Fe2O3-WO3, and MoO3-TiO2 nanocomposites have also displayed higher dye 
removal ability as compared to single counterparts. The potential energy variations 
between Fe2O3 and WO3 have allowed superior photocatalytic activity towards 
organic pollutants (Bayal and Jeevanandam 2013). The p-n heterojunction struc-
tures of Co3O4/BiVO4 composites have displayed excellent stability and the effec-
tive ability for degrading organic toxins. This aspect has been associated with the 
decreased recombination rate of photoluminescence-endorsed photo-generated 
charge carriers in bi-composites (Long et al. 2006). Currently, Bi2O3 particles with 
a bandgap value of 2.8 eV have possessed higher oxidation capacity in the valence 
pair and degraded acetaminophen (Xie et al. 2013). The direct oxidation of acet-
aminophen has been suggested to degrade the toxin in the presence of β-Bi2O3. The 
doping of Bi2O3 with transition metals oxides has significantly increased its photo-
catalytic ability towards organic pollutants (Bai et al. 2015).

D. Rohilla and S. Chaudhary



47

2.3.3  Biomedical Applications of Advanced Nanomaterials

The demand for highly functional biomaterials has increased, as biomedical 
engineering has become more accurate and sophisticated (Shan et al. 2019; Yousaf 
et  al. 2020). Novel hybrid nano-biomaterials (Fig.  2.10) have unique chemical, 
physical, and optical properties that are now being developed and implemented in 
different areas of biomedicine (Park et al. 2020; Montanheiro et al. 2020). Polymer-, 
metal-, and composite-based biomaterials have a significant context of biomedical 
use in the diagnosis and effective in the treatment of diseases (Zare et  al. 2019; 
Dubey et al. 2020). Different kinds of biocompatible polymers have been improved 
because of the individualities of polymers with biodegradability and biocompatibility 
(Asghari et al. 2017). Hybrid nanocomposites are usually described as a combination 
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Fig. 2.10 The schematic representative of hybrid nanomaterials: (a and b) types and synthesis of 
representative organic/inorganic hybrid (a) nanoparticles and (b) nanocomposites and (c) bio- 
applications of the organic/inorganic hybrid materials. (Adapted figure from Park et al. 2020, with 
permission from copyright, Elsevier publishing company)
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of submicron-sized organic and inorganic materials (Azhar et  al. 2018; Rasheed 
et al. 2020).

First of all, we will discuss the core/shell nanoparticles; they are widely described 
as two-part hybrid materials, a core and a shell where both can be composed of 
either organic or inorganic material (Yang et al. 2019a, b). Over time, researchers 
have developed different core/shell structures for biomedical applications, in which 
inorganic core parts have silica nanoparticles, gold nanoparticles, quantum dots, or 
magnetic nanoparticles. In contrast, organic shell parts have biomolecules, poly-
mers, or lipids (Katz 2019; Fanizza et al. 2020; Zhuang et al. 2017). In general, the 
inorganic components of core/shell nanostructures contribute to both imaging and 
therapeutic implications due to their unique physicochemical, electrical, optical, 
and magnetic properties (Zhang et al. 2018a, b, c; Ju et al. 2019). In addition, the 
biocompatibility and stability of inorganic nanostructures are improved by the 
organic part of the core/shell nanostructures, which allow large numbers of thera-
peutic agents to be loaded simultaneously to exploiting theranostic abilities (Lin 
et al. 2017; Hameed et al. 2018). Inorganic nanomaterial surfaces typically need to 
be modified to deal with biological conditions; for this, the surface of inorganic 
nanomaterials can be fabricated with organic materials to overcome their toxicity 
(Mao et al. 2019; Dong et al. 2019). Mangadlao et al. (2018) fabricated prostate- 
specific membrane antigen-targeted gold nanoparticles (AuNP-5kPEG- 
PSMA-1-Pc4) and characterized them by spectroscopic and surface imaging 
techniques. Results show that the fabricated AuNPs were stable for a wide range of 
buffers, solvents, and media. Theranostic agents (AuNP-5kPEG-PSMA-1-Pc4) 
have prostate-specific membrane antigen (PSMA-1) and consist of fluorescent pho-
todynamic therapy (PDT) drug, Pc4 (Fig. 2.11a).

Fig. 2.11 (a) Fabricated theranostic agent (AuNP-5kPEG-PSMA-1-Pc4) showing successful 
binding (5kPEG-PSMA-1) and loading (Pc4) to AuNPs. (b) Cell membrane-cloaked core/shell 
nanostructures for enhanced in vivo bio-distribution. (Adapted figure from Park et al. 2020, with 
permission from copyright, Elsevier publishing company)
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Further to this, they demonstrated the potential binding of 5kPEG-PSMA-1 to 
AuNPs, with the help of agarose gel electrophoresis and the successful incorpora-
tion of Pc4 into the nanoparticle system, and confirmed that using UV-vis absor-
bance spectroscopy. In vitro and in  vivo studies reveal that the fabricated 
nanostructures can provide surgical guidance and treatment in cases where surgery 
is ineffective for prostate tumours. In some studies, it is found that the nanoparticle 
surfaces have been coated with membrane from cancer cells, stem cells (Fig. 2.11b), 
and macrophages. The coating of these membranes provides a simple top-down 
approach for the fabrication of complex and different functions to the nanocarriers 
required for effectual bio-interfacing. The features of source cells are naturally imi-
tated by nanoparticles surrounded by cell membranes and help to perform a broad 
range of functions like disease-related targeting and tissue tropism. The next impor-
tant application of these hybrid nanomaterials has its theranostic properties.

The term theranostics intends (Lee et  al. 2017) a concept of uniting both 
diagnoses (through MRI, magnetic resonance imaging; CT, computed tomography; 
MPI, magnetic particle imaging, etc.) and therapeutic therapy (like drug delivery 
and controlled release, etc.) together into a single stage that allows us to monitor and 
treat disease in the real-time environment (Fig. 2.12). The targeted drug delivery to 

Fig. 2.12 Schematic illustration of the theranostic concept. (Adapted figure from Park et al. 2020, 
with permission from copyright, Elsevier publishing company)
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the specific tissue and therapeutic responses capability of designed nanomaterials 
inspires us to develop personalized medicines for accurate disease control (Tahara 
2020; Mu et al. 2018). Due to these amendable properties of hybrid nanomaterials, 
the world is moving towards the era of nanomedicine (Sharma et al. 2018; Bhise 
et al. 2017).

These nanomedicines have the potential to specifically deliver the required 
amount of drug to the infected area without delay of time. In the last part of this 
section, we will discuss the recently known photodynamic therapy (PDT), which is 
an assuring non-invasive method for the treatment of numerous diseases. Li et al. 
(2018a, b) fabricate the tumour pH-sensitive photodynamic nano agents (PPNs) 
comprised of self-built photosensitizers (PSs) fasten to pH-responsive polymeric 
ligands (PLLs) and upconversion nanoparticles (UCNPs) and examine an enhanced 
PDT effect. Quenching was observed in fluorescence at blood pH (~7.4); however, 
it gets unquenched rapidly at tumour microenvironment pH (~6.5) because of the 
ionization of the imidazole groups (pKa = 6.8). Consequently, the lanthanide centre 
of PPNs absorbs these photons after irradiation by NIR light at pH 6.5. It emits high 
energy visible light, thus exerting a PDT phenomenon by stimulating chlorin e6 
(Ce6) of PLLs. PPNs showed improved antitumor results against innate tumours in 
A549 tumour-bearing nude BALB/c mice, signifying that they could surmount the 
limitations on the PDT effect due to the low tissue-penetration capability of visible 
light (Fig. 2.13).

2.4  Environmental Impact of Advanced Nanoparticles

The current era has witnessed the excessive utilization of advanced nanomaterials in 
different types of applications. Several research groups have developed innovative 
approaches for water rehabilitation by using advanced nanoparticles for supplying 
safe drinking water. Various strategies have been developed so far for producing 
environmentally viable nanoparticles for safe usage in water treatment processes. 
Although the prospective benefits of nanomaterials in water treatments have been 
well established at the same time, their related health hazards towards living beings 
need a better understanding of their widespread usage in wastewater management.

2.4.1  Environmental Fate of Advanced Nanomaterials

Natural nanomaterials came into existence by the triggering of volcano explosions, 
woodland flames, humidity, stone weathering, precipitation reaction, and biological 
processing in the environment. The released gases from open street smoke, combus-
tion of gasoline in vehicles, jet planes, and agricultural products are also responsible 
for the emission of harmful nanosized particulate materials in the atmosphere. The 
free nanoparticulate in the atmosphere can react chemically with other existing 
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Fig. 2.13 Hybrid nanoparticles for advanced photodynamic therapy (PDT): upconversion 
nanoparticle enhancing PDT effect by increasing the tissue-penetration depth of light (Li et al. 
2018a, b). (Adapted figure from Park et al. 2020, with permission from copyright, Elsevier pub-
lishing company)

pollutants and create a secondary source of pollution (Shi et al. 2001). Daughton 
(2004) has described the toxic impact of nanomaterials and their ineradicable xeno-
biotic counterparts in the air. Their wide-spreading ability in the air has also 
enhanced their concentration compared to their source. Therefore, better knowledge 
of their diffusion, agglomeration, wet-dry processing, and gravitational alteration is 
vital for understanding the toxic impact of nanomaterials (Wiesner et al. 2006). At 
the reduced limit of 1–100 nm size range, dispersive pressure and electron conduc-
tivity have produced a dominant impact with decreased grain volume (Mädler and 
Friedlander 2007). However, the inertial and gravitational forces are more effective 
at the micrometre scale. However, the Brownian movement of particles that controls 
the diffusion of particles and flux rates is inversely proportional to the diameter of 
the particles. This high-speed motion of nanoscaled particles is essential in conver-
sion procedures, where the velocity of agglomeration of particles is controlled by 
fluid motion in the cell. As a result, the small concentration of nanomaterials in the 
aerosolized state has possessed a higher agglomeration ability. However, the deposi-
tion ability of nanomaterials is depended on the gravitational adjustment speed in 
the media, which is further equivalent to the particulate diameter. The agglomera-
tion will substantially improve the deposition ability of nanomaterial.
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In addition, the nanomaterials can enter the marine atmosphere via an instant 
waste heat released from soil fluid-containing nanomaterials or through soil fluid or 
air conversion (Weinberg et al. 2011). Interestingly, multiple technologies such as 
nanodegradation, nanoadsorption, and nanofiltration, with the widespread usage of 
nanoparticles, are few of the sources to affect the quality of water resources. 
Therefore, the application of nanomaterials should be made with the utmost care to 
the atmosphere. Consumer goods containing a diverse range of nanomaterials are 
one of another source to add nanomaterials in water resources. The excessive usage 
of nanomaterials in environmental remediation processes has also transformed 
these materials into water sources and further reached soil and underground water 
resources (Brar et al. 2010). The solubility rate of nanomaterials is found to be more 
as compared to their mass equivalent (Müller 2007). In addition, the seafloor micro-
layers composed of lipids, carbohydrates, and DNA with humic acid colloids can 
transport the dissolved nanomaterials in the aquatic environment. These interactions 
have further supported the higher rate of solubility of nanomaterials in aqueous 
media. The presence of organic natural materials in aquatic media has also sup-
ported the water regulation of nanomaterials. The existence of high surface to mass 
proportions of nanomaterials has also supported the capturing efficiency of sedi-
mentary soil and partial solid components. The photo-degradation has also affected 
the physical and chemical characteristics of nanomaterials in aquatic environments 
and altered their performance in the environment (Nurmi et al. 2005). Nanomaterials 
have further interacted with the particulates in aquatic media and lead to the aggre-
gation of particles and lead to the sedimentation of particles (Tiede et al. 2016). 
Therefore, the fate of nanomaterials in the aquatic environment has been influenced 
by distinct processes like biotic, abiotic, aggregation, and distribution relationships 
between nanomaterials and water components. General water chemistry has also 
played a substantial role in changing the size and velocity of nanomaterials. In such 
processes, redox reactions, soluble sorption, aggregation, and pH of water have also 
played an outstanding role in defining the fate of nanomaterials.

On the other hand, soil is considered as a multilayered food web context matrix 
and displayed the complicated connection between organic/inorganic gas and wild-
life (Mukhopadhyay 2014). Soil conditions are highly complicated and varying in 
nature. Therefore, it is highly hard to produce a clear prediction of the final destiny 
of nanomaterials in soil. It has been found that the soil matrix has affected the 
spreading power of nanoparticles and affected their movement in soil samples. The 
transportation of nanomaterials has also been affected by the modifications of the 
physical and chemical characteristics of nanomaterials in soil samples (Li et  al. 
2006). The small-sized nanomaterials can reach the plants grown in the soil media 
and affect their growth (Fig. 2.14) (Conway et al. 2015). The high surface area of 
nanomaterials has made them able to stick strongly to the soil matrix and made 
them inert and immobilized in nature. The size of NPs, chemical composition, and 
soil features have also influenced the soil ability towards nanoparticles.

Yusefi-Tanha et  al. (2020) have demonstrated the effect of copper oxide 
nanoparticle (CuONP) size and concentration on soybean (Glycine max cv. Kowsar) 
plant during its lifecycle. They examined potential phytotoxicity of CuONPs mainly 
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Fig. 2.14 Fate of engineered nanomaterials (ENMs) from soil to a different part of plants and their 
quantitative analysis in terms of Ti content and photosynthetic rate (A). (Adapted figure from 
Conway et al. 2015, with permission from copyright, American Chemical Society, Washington, 
DC, USA)

focused on particle size and concentration and studied the response of various anti-
oxidant defence biomarkers (SOD, CAT, POX, APX). The research team made an 
effort to fabricate three distinct sizes of CuONPs – 25, 50, and 250 nm (CuONP-25, 
CuONP-50, CuONP-250, respectively), which have a monoclinic crystal structure. 
Seeds were sown in pot soil having N-fixing bacteria (Rhizobium japonicum), and 
each pot has two seeds examined for 120 days (Fig. 2.15). Results show that the 
smallest size (CuONP-25) has higher toxicity for the majority of antioxidant bio-
markers in comparison with bigger size (CuONP-50, CuONP-250) or dissolved free 
Cu2+ ion treatments. The concentration-dependent curves for CuONP-25 and Cu2+ 
ions show linear response, whereas the bigger size CuONPs (CuONP-50, 
CuONP-250) have a nonlinear response for the majority of antioxidant biomarkers 
examined. Different forms of metal nanoparticles have a different impact on plant 
growth and antioxidant markers. To study this phenomenon, Elhaj Baddar and 
Unrine (2018) investigate the effects of ZnO NPs and ZnSO4 on seed germination 
and plant growth of wheat (Triticum aestivum L.) with pot experiments. Findings 
from this experiment suggest that the ZnO NPs have more potential to increase Zn 
content significantly as compared to ZnSO4 in Triticum aestivum L. plant.
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Fig. 2.15 Schematic illustration of the effect of copper oxide nanoparticle (CuONPs) size and 
concentration on soybean (Glycine max cv. Kowsar) plant during its lifecycle. (Adapted figure 
from Yusefi-Tanha et al. 2020, with permission from copyright, Elsevier publishing company)

Moderate doses of both ZnO NPs and ZnSO4 help to gain seed germination and 
biomass of the plant. One interesting thing that comes while examining the results 
was that at higher doses, ZnSO4 was found to be more toxic in comparison with 
ZnO NPs. Higher doses of ZnSO4 show an inhibitory effect on seed germination, 
shoot length, and root length. So from the study, they conclude that the ZnO NPs do 
not have nano-specific risk and can be explored further for better results. Apart from 
studying the effect of nanoparticles on seed germination and plant growth, a research 
team (Ke et al. 2020) from the Netherlands and China studied the toxicity of silver 
nanoparticles (AgNPs) to Arabidopsis thaliana plant flowering and floral develop-
ment. To examine the effect of AgNP dose (12.5 mg/kg) by employing on parental 
(P-AgNPs) and offspring (O-AgNPs) generation of Arabidopsis thaliana flowering 
and floral development (Fig. 2.16), the observation that comes out from the experi-
ments shows that the presence of P-AgNPs considerably reduces the petal and pol-
len viability, which leads to a decrease in pod production. This negative impact 
further affected the offspring and became highly severe in the O-AgNP group. 
During this research, they found that the negative impact generated in the floral part 
also transferred to the offspring and showed that these NPs create a great risk to our 
food safety and security. In vivo studies reveal the actual picture of the toxicity 
intensity of NPs to the different parts of the plant. Ullah et  al. (2020) and their 
research team studied the in vivo phytotoxicity of PbS nanoparticles in maize (Zea 
mays L.) plants (Fig. 2.17). They studied the phytotoxicity generated in plants due 
to plant taking and translocation of PbS nanoparticles. To study the whole mecha-
nism of toxicity, they synthesized PbS NPs of size range 15 ± 6 nm and concentra-
tion ranging from 5 to 50 mg/L of PbS NPs and 1.5 mg/L for Pb2+ ions. All of these 
concentrations inhibit the germination rate and root elongation in maize plants due 
to chlorotic effects. After taking up of PbS NPs by maize plant, STEM mapping was 
done to investigate the effect of NPs and found that NPs easily crossed the cell wall 
and enter into the cytoplasm and intercellular space of the cortical cell of maize 
seedlings by symplastic and apoplastic pathways. The bioaccumulation rate of PbS 
NPs was found to be more in comparison with the Pb ions in root and shoot of the 
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Fig. 2.16 Diagrammatic illustration of the toxicity of silver nanoparticles (AgNPs) to Arabidopsis 
thaliana plant flowering and floral development. (Adapted figure from Ke et al. 2020, with permis-
sion from copyright, Elsevier publishing company)

maize plant. So this study reveals how the accumulation of NPs not only affects the 
plants, but their consumption by humans and animals can create a serious threat to 
their life. The flexible nature of nanoparticle has also influenced the soil properties, 
such as pressure, porosity, and seed size. Surface photo-generated reactions have 
further changes the physicochemical characteristics of nanoparticles.

It has further been observed that the nanomaterials in soil sample act as an 
ordinary colloid and affect the pore characteristics of nanomaterials. The power of 
the sorption of soil has also been affected in the presence of nanomaterials (Lecoanet 
and Wiesner 2004). Like mineral colloids, the presence of electrical charging modi-
fications in soil and sediment has produced a substantial effect on the circulation of 
nanomaterials in soil samples.

2.4.2  Related Risk and Toxic Impact

Several studies have found that nanomaterials are carcinogenic and toxic. However, 
it is still not clear whether the effect of poisoning is mainly based on the character-
istic properties or the chemical structure of nanomaterial. The excessive usage has 
generated the release of a diverse range of nanomaterials in environmental resources 
such as air, water, and soil (Zhu et al. 2019). The disposal of nanomaterials has been 
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Fig. 2.17 Schematic illustration of the effects of PbS NPs and its uptake and translocation 
mechanisms in maize (Zea mays L.) plants. (Adapted figure from Ullah et al. 2020, with permission 
from copyright, Elsevier publishing company)

mainly dependent on their characteristic properties. These nanomaterials can leech 
out to water and soil surface and act as a source of pollution to plants, animals, and 
microbes (Fig. 2.18). In conjunction with the current growth of synthesis and imple-
mentation policies, it is essential to discuss the knowledge gap of their toxic impact 
on living beings.

Better understanding of bioavailability and toxicity imparted by nanomaterials 
has been assessed by measuring their impact on biotic flora and fauna (Alengebawy 
et al. 2021). The exposure rate of the living being is started during all phases of 
nanoparticle synthesis and their related application. The production, storage, usage, 
and disposal of advanced nanoparticles are few of the phases where living beings 
came across to the exposure of these particles. The released nanoparticles into the 
atmosphere have posed a dangerous impact on living beings. After the desired appli-
cation, all employed nanomaterials have been inadvertently rounded up the air, 
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Fig. 2.18 Toxic effects of metal oxide nanoparticles (MONPs) on plants, microorganisms, 
and animals

water, and soil. Human exposure has also produced skin allergies, inhalation prob-
lems, and cancer in the extreme case (Chrishtop et al. 2021)). Therefore, a better 
understanding of the bioavailability and toxicity imparted by used nanomaterials is 
necessary to overcome the impact of the danger associated with these advanced 
materials.

2.4.2.1  Toxic Impact of Nanomaterials on Human Beings

The proposed mechanisms of toxicity imparted by different types of nanomaterials 
must be understood to evaluate the periling effect of nanomaterials on human 
beings. The overexposure of living beings with nanomaterials has affected the nor-
mal functioning of vital organs. The thorough investigation of both the amount of 
exposure and the particular time of ingestion of nanomaterials has given a piece of 
direct evidence for the toxicity evaluation of nanomaterials (Bengalli et al. 2021). 
The distribution of absorbed nanomaterials in the living organism is an important 
variable to study the toxicity assessment of nanomaterials. The overexposure of 
nanomaterials generally occurs to the employee during synthesis and their utiliza-
tion in hi-tech products. Heavy metal exists naturally in the environment, but it has 
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been introduced into water bodies, air, and soil as a result of human and natural 
activity and has become a serious global issue. Aquatic systems are the main recipi-
ent of engineered nanomaterials, and transformations in these environments have 
received the most attention. Transformations in the aquatic environment include 
various physical, chemical, and biological processes, such as aggregation, dissolu-
tion, sorption, and redox reactions (Zhang et al. 2018a, b, c). Toxic nanomaterials 
contained in drinking water are posing a global concern that is growing by the day. 
They are responsible for a variety of fatal diseases in humans. For example, Al can 
cause neurotoxicity by creating reactive oxygen species (ROS) and blocking DNA 
repair enzymes. They are responsible for causing damage to organs such as the 
brain, liver, and bones within human bodies. At the same time, they cause serious 
illnesses such as cancer, Alzheimer’s disease, Parkinson’s disease, and reduction in 
fertility both in male and in female (Rehman et al. 2020). The handling of raw mate-
rials during the fabrication has also produced ill effects over the health of human 
beings (Rafieepour et al. 2021). In addition, the shipping and transportation of nano-
materials are the few other sources of the exposure of nanomaterials. The overusing 
of consumer products is another source of contact of nanomaterials to living beings 
that can lead to damaging and destructive impacts on living beings (Resnik 2019). 
The nanoparticles can enter the lung areas via inhalation and get accumulated by 
macrophages in the alveolar region that move to the bronchial and bronchial areas, 
depending on their magnitude (Cho et al. 2012). The quantity of particulate matter 
inside the living system is alarming and transferring the materials to the main blood-
stream and affecting the normal functioning of the body. On inhaling these small- 
sized particulates, these particulates can reach up to the deep tissue due to the 
considerably smaller size of the chest area (Fig. 2.19). Kreyling et al. (2012) have 
observed that the gold nanoparticles on inhaling have the ability to overcome an 
air-blood barrier. The particles of size in the range of 1.4 nm can easily get translo-
cated inside the body and affect the living system. Their research has also supported 
that the translocation rate of nanoparticles is dependent on their size and aggrega-
tion rate. These particles have further been reached to the main bloodstream and end 
up in secondary organs. Another study has shown that high metal oxides or other 
nanomaterials that form part of the granular part of bio-persistent substances could 
lead to lung inflammation. Also, the elastic form of the electrons is a major factor 
determining pulmonary toxicity imparted by nanomaterials. The organizational 
variations between mineral substrates and produced nanofibers, such as nanotubes, 
nanorods, and nanowire, were noted to produce a significant impact on the normal 
functioning of human being.

In addition, the dermal skin layer is the source of exposure to these nanomaterials. 
It has been observed that these particles can either affect the living system locally or 
have the ability to pass through the body and distributed inside the living organs 
through the bloodstream (Warheit and Donner 2015). The other usage of cosmetic 
products such as creams, lotions, and sunscreens that contain ZnO and TiO2 particles 
has made the skin more allergic and highly sensitive to these nanomaterials (Lee 
et  al. 2020). The additional sources of contact to these nanomaterials include 
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Fig. 2.19 Schematic illustration showing the mechanism of lung inflammation caused by metal/
metal oxide nanoparticles. (Adapted figure from Cho et al. 2012, with permission from copyright, 
Oxford University Press)

emission of car tailpipe, ultra-fine waxing particulate, and natural gasoline products 
(Sun et al. 2017). The solder fumes, organic oil, and coal emissions have also made 
human beings to encounter these particulate matters. The entry of nanomaterials to 
the living nervous system mainly occurred via the intercellular epidermal transition 
or through the pores of the skin and hair cavities. The lipid-soluble electrons 
reaching corneal strata cells can lead to the initial intake of nanoparticles via 
intercellular lipid constructions, trans tissue process, and skin. Therefore the toxicity 
imparted by overexposure to nanomaterials is highly debatable among scientists 
and environmentalists. Excessive exposure has produced hair cytotoxicity, long-
term hair storage deficiency, and photoactivation in the body. It has been observed 
that the skin is usually less susceptible to the entry of nanomaterials. However, the 
hair follicles become more susceptible to the toxicity imparted by nanomaterials.

Additionally, the overexposure of nanoparticles has caused reduced viability, 
inhibition of mitochondrial activities, and initiation of apoptosis and cell death in 
living beings (Wani and Shadab (2021). For instance, carbon-based nanomaterials 
can induce mitochondrial dysfunction, oxidizing phosphorylation, and reactive 
oxygen species when incubated with keratinocytes into tissue culture. Inflammatory 
injuries may also be caused by nanomaterials in the body. It has also been observed 
that the proteins could be denatured and epitopes become unmasked in the presence 
of nanoparticles (Caruso et al. 2021).
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2.4.3  Bioaccumulation of Advanced Nanomaterials

One of the important aspects of analysing the potential toxicity of nanomaterial is 
to study the extent to which these particles reach and build up tissues within an 
organism. From the studies, it has been observed that the interactions of nanomate-
rials with aquatic habitats (Malhotra et al. 2020) have influenced differently bio-
films, bio-plants, and aquatic and terrestrial multicellular animals. For instance, 
TiO2 nanoparticles (Zhu et al. 2010) can transmute from low-trophic animals such 
as biofilm and soil to high-tropical environments such as nematodes and sand. The 
toxic impact of nanomaterials (Vignardi et al. 2020) has further been enhanced if 
these materials are employed for the development of pesticides, crop additives, fer-
tilizers, and crop security goods. The higher adsorption rate of these materials has 
further affected their transportation rate and imparts a more harmful impact on the 
living system. However, the impact of nanomaterials on the production of water and 
the consequences for natural and economic safety have been poorly understood in 
the literature (Resnik 2019). The applications of nanomaterials into nutrition tech-
nology have further produced an effect on the living system. The physicochemical 
properties of nanomaterials in particularly surface effect, concentration, and quan-
tum tunnelling has produced a damaging impact on the living system. These char-
acteristic properties have further influenced their conduct in the biosystem. The 
integrated use of polymers with nanomaterials in packaging industries has further 
caused the adverse effects on the living system (Chaudhary et  al. 2020). 
Understanding the poisoning regime for nanomaterials can provide needed data on 
nanomaterials that will serve as instructions for their proper use. This also contrib-
utes to more creative ideas for solving future food-technology problems.

2.5  Conclusion

Engineered nanomaterials with intrinsic features, intended for a specific purpose, 
provide distinct functions to these nano-objects, whose manufacture and use are 
growing at an exponential rate. Nanotechnology offers new advanced techniques, 
methods, and products that bring huge advantages for medicine and industry, effec-
tive adsorbent for toxic pollutants, photochemical degradation of harmful toxins, 
and in agriculture field most importantly in environmental remediation. As in every 
human domain, evidence is mounting that, in addition to the good advances brought 
about by nanotechnologies, they may also have detrimental impacts on human 
health and environmental security. Although the mechanisms of nanotoxicity are 
not fully known at this time, toxic effects caused by nanoparticles have been 
observed at both flora and fauna. Nanomaterials can also cause air, water, and most 
important a soil-persistent form of pollution, which is too small to be detected eas-
ily, making nanopollution another man-made unwanted environmental impact, with 
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uncertain effects in the long term. Larger and multicentre studies are needed to 
determine the human reactivity and the fate of the nanoparticles in the environment 
before large-scale nanotechnology is completely settled. In this chapter, we tried to 
cover all the aspects which can justify the advantages and disadvantages of these 
nanoparticles. A detail research is still in need to justify the actual role of fabricated 
advanced nanoparticles in environmental remediation.

 Multiple-Choice Question (MCQ)

 1. The term “nano” in nanotechnology stands for:

 (a) A nanometre is one-billionth of a metre
 (b) A nanometre is one-millionth of a metre
 (c) A nanometre is one-thousand of a metre
 (d) A nanometre is one-trillionth of a metre

Answer: (a)

 2. The term nanotechnology was first coined by which scientist and when?

 (a) Norio Taniguchi, 1974
 (b) Eric Drexler, 1986
 (c) Richard Feynman, 1959
 (d) Sumio Iijima, 1991

Answer: (c)

 3. What do you understand by the term carbon quantum dots?

 (a) Carbon quantum dots are carbon nanoparticles of 10–100 nm range.
 (b) Carbon quantum dots are small carbon nanoparticles with some form of 

surface passivation.
 (c) Carbon quantum dots are buckminsterfullerene, composed of 60 

carbon atoms.
 (d) All of the above.

Answer: (b)

 4. Nanofiltration is widely used in water purifiers; what does it mean?

 (a) A technique used macro-sized channels for filtration
 (b) A technique used for the filtration of nanoparticles
 (c) Membrane-based filtration method that uses nanometre-sized pores for 

filtration
 (d) None of the above

Answer: (c)
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 5. Quantum confinement effect in nanomaterials is observed because of:

 (a) The particles follow rules of quantum chemistry.
 (b) The size of the particle is too small to be comparable to the wavelength of 

the electron.
 (c) The property of both bulk and nanomaterials.
 (d) Both (b) and (c).

Answer: (b)

 6. The term nanocomposites means:

 (a) Materials that incorporate nanosized particles into a matrix of standard 
material

 (b) A mixture of micron-sized nanoparticles
 (c) Particles having a size in sub-micron level
 (d) All of the above

Answer: (a)

 7. Which one of these statements at the nanoscale is NOT true?

 (a) Aluminium at the nanoscale is highly combustible.
 (b) Silicon at the nanoscale is an insulator.
 (c) Gold at the nanoscale is red.
 (d) None of the above

Answer: (b)

 8. The term graphene used to for:

 (a) A one-atom-thick sheet of carbon
 (b) A new material made from carbon nanotubes
 (c) Gold at the nanoscale
 (d) Both (a) and (b)

Answer: (b)

 9. What is the term related to the study of the toxic effect of nanoparticles?

 (a) Nano-remediation
 (b) Nano-robotics
 (c) Neurotoxicology
 (d) Nanotoxicology

Answer: (d)
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 Short Questions

Q1. How do nanomaterials differ as compared to their bulk counterparts?

Answer: The significant size reduction has induced quantum effect and further 
enhanced the surface to volume ratio in nanomaterials as compared to their 
bulk counterparts.

Q2. Why is nanotoxicity a threat to living beings?

Answer: The high-end applications of nanoparticles have further enhanced 
their production rate and made living beings more prone to their exposure. 
With time slow deposition results into various health hazards in living beings.

Q3. Explain the properties of photocatalyst used in the degradation of organic 
pollutants.

Answer: The method of photo-degradation is primarily based on organic 
pollutant adsorption ability over the photocatalyst surface. The photocatalyst 
with higher adsorption surface makes the degradation process easier as com-
pared to other remediation processes.

Q4. Why are semiconducting nanomaterials used in pollutant degradation?

Answer: The existence of controllable morphology, crystalline structure, and 
bandgap values in semiconducting nanomaterials have enhanced their poten-
tial in environmental remediation activities. The existence of oxygen over the 
exterior surface of semiconducting nanomaterials has further affected the 
photocatalytic degradation rate for organic contaminants.

Q5. In various literature, zinc oxide (ZnO) nanoparticles act as a potential 
photocatalyst. Explain.

Answer: The application of zinc oxide nanomaterials as potential photocatalyst 
has been well documented in literature due to their high quantity effectiveness 
and low fabrication cost with excellent stability and biocompatibility towards 
living beings. The higher potential of ZnO nanoparticles was further associated 
with the more absorption capacity of ZnO nanoparticles towards solar radiation.
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Chapter 3
Nanomaterials in Environment: Sources, 
Risk Assessment, and Safety Aspect

Ashpreet Kaur and Harmandeep Singh

Abstract Nanotechnology has been gaining so much popularity recently that it is 
being applied in all fields of sciences. But because it is still a new field and its full 
potential is not yet observed physically, there are risks and safety issues that come 
along while using this technology. Due to less amount of knowledge available on 
the safety aspects, risk management, inefficient technology, and unpredictable 
nature of these highly reactive nanomaterials and nanoparticles, some precautions 
need to be taken strictly into account. Nanotechnology can lead to adverse environ-
mental effects if not used and regulated properly. To overcome any risks and acci-
dents in workspace, proper risk management tools should be provided to occupants. 
Good lab practices, latest technology, and human health must be given priority 
when working with highly reactive and potentially toxic nanomaterials. In this 
chapter, we will talk about the sources of nanomaterials and nanoparticles, risk 
assessment strategies that can be used to combat possible hazard, and safety mea-
sures that can be taken as a safeguard against any unfortunate event related to 
nanotechnology.
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3.1  Introduction

Nanotechnology is a field of science, engineering, and technology that deals with 
molecules on the nanoscale (10−9 m) ranging from 1 to 100 nm and using nanosci-
ence to convert into useful products (Drexler 1990; Mansoori and Soelaiman 2005). 
By working on an atom-to-atom level, it finds its ways in creating larger structures 
that have advanced or novel significance due to improved physical, chemical, and 
biological properties of the molecular structure of the compound. It is said that 
Michael Faraday made a colloid from nanoparticles of gold and phosphorus, chang-
ing the metallic state of gold into different colloidal states, and it was known as 
“activated gold” in 1857. This gave different colors like green, blue, ruby, etc., to the 
gold. But the idea of using nanotechnology is said to be first conceived by James 
Clerk Maxwell in 1871 when he regulated the flow of molecules passing through a 
door. Scientists started talking about this idea, and it was in 1959 that Richard 
Feynman gave a lecture on the idea of using small-scale particles from where it 
gained full attention. And in 1974, Taniguchi coined the term “nanotechnology” 
where he talked about basic concepts of nanotechnology (Sudha et  al. 2018; 
Taniguchi 1974).

Nanoparticles have been in use even before nanotechnology fully developed. 
Nanoparticles of lead were used to dye hair black, and gold was used to cure ail-
ments or make stained glass (Ramsden 2016). The early Mesopotamian era has 
evidence of using nanoparticles in pottery to give glittering effects on the pots, 
which were nanoparticles of gold and silver (Reiss and Hutten 2010). About 
400 AD, Romans invented the Lycurgus Cup, which changed color when light was 
passed through it. The cup is made of silver and gold alloys. Around 300–1700 
A.D., the middle east used steel swords with better strength, resistance, and sharp-
ness. The swords are called Damascus swords and were found to have carbon nano-
tubes (Reibold, 2006).  The Maya civilization, known as one of the oldest and 
advanced civilizations, created Maya Blue, which is a corrosion-resistant pigment 
made from clay mixed with indigo in 800 AD (Sudha et al. 2018). Nanoparticles are 
nano-objects having all the three dimensions in the range of 1–100 nm (ISO 2008). 
Nanomaterials (NM) are the materials that have nanoscopic dimensions and are 
used in nanotechnology (Martin 1994). Nanomaterials (NM) are materials that have 
nanoscopic dimensions (external or internal dimensions are in nanoscale) and are 
used in nanotechnology (Martin 1994; ISO 2017). They can be insoluble or bio-
persistent and can be naturally, incidentally, or intentionally manufactured. They 
can be insoluble or bio-persistent, be naturally, incidentally, or intentionally manu-
factured, and exist in an unbound state, agglomerate, or as an aggregate having 50% 
or more particles in size range of 1–100 nm (EU 2012).

Nanotechnology has the potential to revolutionize, harness every sector, and 
make a new updated world. Nanomaterials made from nanotechnology have unique 
chemical and physical characteristics compared to conventional technologies, such 
as better elasticity, toughness, adsorption, absorption, adhesion, and agglomeration 
(Khan et al. 2017). Nanotechnology is emerging as future technology because of the 
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following reasons. First, it deals with nanoparticles that provide more surface- to- 
volume ratio and works on a one-billionth scale that enhances reactivity, mobility, 
strength, and efficiency along with decreasing space requirement (Mansoori and 
Soelaiman 2005). Second, nanotechnology can provide the desired size, shape, 
weight, and other characteristics of a material by manipulating it. Third, it reduces 
the cost and increases the shelf-life of the material and commercialization of tech-
nology (Mobasser and Firoozi 2016). Fourth, it is an interdisciplinary field that 
includes almost every sector such as science, environment, industries, and engineer-
ing (Bhushan 2017). Fifth, further research and development in this field will lead 
to making a new world and the life of individuals easier.

Nanotechnology is now used to provide more robust insulin delivery that can 
measure minute fluctuations of insulin in the body and hence modulate the rate of 
insulin released in the body automatically. Researchers are proposing a closed-loop 
insulin delivery system to increase glucose sensor sensitivity in blood, leading to 
continuous glucose monitoring in the body. A subfield in nanotechnology called 
“green nanotechnology” aims at designing safe nanomaterials that have lesser envi-
ronmental effects and designing process safety, energy and material efficiency, and 
reduction of nano-waste (Hutchison 2016).

3.2  General Applications of Nanotechnology

Nanotechnology has shown its applications in varied fields like in medicine, diag-
nostics, therapeutic, and drug delivery by increasing specificity and mobility for 
transportation to targeted sites, e.g., silver nanoparticles for cancer treatment (Fan 
and Alexeeff 2010; Connolly et al. 2014). It is used in sustainable energy production 
by decreasing the cost and increasing power generation efficiency with the help of 
nanoscale solar cells. (Low et al. 2015). And it has also found its route in cosmetics; 
for example, titanium dioxide provides protection against UV light and also reduces 
the whitening problem that is caused by traditional sunscreens (Fan and Alexeeff 
2010; Smith et al. 2013). It is also used in display, information, and communication, 
e.g., nanoscale chips, carbon nanotubes, and nano-RAM. Some other sectors also 
use nanotechnology like catalysis, food and agriculture, textile, tissue engineering, 
electrical engineering, mechanical engineering, construction, automobiles, environ-
ment, etc., for performance improvement, mobility, shelf-life, efficiency, specificity, 
cost-effectiveness, and reactivity (Mobasser and Firoozi 2016; Rakesh et  al. 
2015). Nanorobotics is being used in the nuclear industry for radiation treatment to 
treat cancer. Microbivore nanorobots mimic the white blood cell functions to destroy 
bacteria at a faster rate and respirocyte nanorobots mimic the red blood cells to carry 
more oxygen (Sudha et al. 2018). Nanoparticles are used in creating more strong, 
lightweight, and multifunctional aircrafts, smart windows working on the principal 
of photcromaticity, nanophosphors in HDTVs (Sudha et al. 2018), in data storage, 
and automotive industries (miniature sensors) (Mamalis 2007).
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3.3  Environmental Applications

Apart from some technical human-serving technologies, nanotechnology has a 
future to serve as an innovative option to remediate environmental issues. Its envi-
ronmental applications are categorized into the following parts: remediation, pro-
tection, maintenance, and enhancement (Jalaja et  al. 2016). In environmental 
protection, it provides enhanced adsorption and transformation of the pollutants like 
PAHs, PCBs, pesticides, and dioxins that are resistant to biodegradation and are 
persistent in air, soil, surface-subsurface-ground water, and sediments (Jones et al. 
2007). For example, C-based nanotubes, zinc oxide, titanium dioxide, and other 
metal-based and magnetic nanoparticles enhance the removal of pollutants 
(Rickerby and Morrison 2007). In environmental remediation, nanoscale zero-
valent iron and bi-metallics are proven effective with increased reductive dichlori-
nation, beta elimination, and mobility in detecting and removing groundwater 
contaminants like TCA, PCBs, TCE, VC, and heavy metals (Hg, As), etc. (Elliot 
2006; Bowman 2003). The removal of organic and inorganic pollutants and water 
purification use nanotechnology-based adsorbents and filters that are proven to be 
effective (Sobolev and Shah 2015; Mishra et al. 2012). Carbon- and graphene-based 
nanomaterials are efficient absorbents for oils and solvents; high-performance pho-
tocatalyst like TiO2, ZnO, Cu, Fe, etc., are used to degrade refractory pollutants and 
voltaic organic compounds (Liu et al. 2016).

Recent advances in water treatment have used nanotechnology to remove nitrate 
from water. Nanomaterials have a small surface area, resulting in high catalytic 
properties, and hence can reduce nitrates in waste to ammonia, nitrite, ammonium, 
or nitrogen gas. Nanomaterials also have good adsorbing properties, and therefore, 
these reducing and adsorbing properties make them a good choice to remove pollut-
ants from water (Tyagi et  al. 2018). Nanotechnology have  cost-effective options 
such as solar cells or nanofuels for sustainable energy production, (Low et al. 2015), 
engineered enzymes for degradation, ligands, and bio-activators with better perfor-
mance than conventional processes that increase the efficiency of contaminant 
removal (Mobasser and Firoozi 2016).

3.4  Types of Nanomaterials

On the basis of dimension, nanomaterials can be classified into (a) 0 dimensional 
(0D), (b) 1 dimensional (1D), (c) 2 dimensional (2D), and (d) 3 dimensional (3D). 
On the basis of composition, nanomaterials are classified into (a) carbon-based 
NMs, (b) inorganic NMs, (c) organic NMs, and (d) composite NMs (Sudha et al. 
2018). Carbon is one of the most abundant elements on earth and is used in nano-
material manufacturing as it is present in all four dimensions. In zero dimension as 
fullerene molecules, 1D as carbon nanotubes, 2D as graphite sheets, and 3D as 
diamond crystals and graphite. One of its structures called fullerene is used a lot in 
nanotechnology as it has a symmetric structure and bounces back to its original 
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Fig. 3.1 Examples of organic and inorganic nanoparticles. (Tran Le 2018)

shape when high pressure is applied on it. Organic nanomaterials are made from 
lipids, carbohydrates, and polymeric substances with size ranging from 1 nanometer 
to 10 micrometers (Fig.  3.1). These polymers have application in drug delivery. 
Inorganic nanomaterials can be naturally occurring like clay and silica from volca-
nic eruptions or they can be engineered and converted into metal and metal oxides 
(Fig.  3.1). They have good optical and electronic properties, photostability, and 
multicolor capability and can be used in semiconductors. Composite nanomaterials 
are combinations of two or more different materials to get the best property out 
(Sudha et al. 2018; Jeevanandam et al. 2018).

3.5  Sources of Nanomaterials

Nanomaterials have been known to occur naturally before humans started engineer-
ing them. They are present as airborne particles that help the water to condense into 
rain., in intermetallic particles, sea plankton, biologically occurring in the form of 
protein, DNA, and viruses. Because of their size range, which is usually between 
10 nm and 200 nm, they show unique properties like increased surface area or modi-
fied electronic states (Brabazon 2016).

They can naturally occurr during processes like forest fires, volcanic eruptions, 
supernovas, or form by humans during orocesses like vehicle engine exhaust, weld-
ing fumes, and combustion. They are also specially designed and manufactured to 
use in industrial applications (Boverhof et al. 2015; Jeevanandam et al. 2018). So 
sources of nanomaterials can be classified into three major categories, shown in 
Fig. 3.2, with examples:
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NATURAL INCIDENTAL ENGINEERED 

Natural Oxides Magneli Phases Quantum dots 

Viruses Nano plastic Carbon nanotubes 

Sulfides Welding Fumes Metals 

Clay minerals Soot, agriculture, mining Liposomes 

Fig. 3.2 Examples of nanomaterials depending on source. (Hochella et al. 2019)

 1. Naturally produced nanomaterials.
 2. Incidental nanomaterials.
 3. Engineered nanomaterials.

3.6  Natural Nanomaterials

Nanoparticles that naturally occur in the environment like in plants and animal bod-
ies or are naturally formed by biogeochemical or mechanical processes like dust 
storms, volcanic eruptions, etc., are called natural nanomaterials. These are abun-
dantly present on earth since their formation and evolution for the past 4.54 billion 
years (Hochella et al. 2019).

Volcanic eruptions and soil formation: A volcanic eruption can lead to propul-
sion of an enormous number of aerosols, silica, bismuth oxide, heavy metals, and 
fine particles into the atmosphere with sizes ranging from micrometers to several 
nanometers. A single volcanic eruption can expel up to 30 × 106 tons of NPs mixed 
in ash into the atmosphere. These released NPs then spread over distances and settle 
in the lower layers of earth’s atmosphere (Jeevanandam et al. 2018). The volcani-
cally erupted particles may possess heavy metals that are toxic to humans. These 
emissions include short-term effects like nose, eye, throat, and skin irritations and 
bronchial symptoms and long-term effects like diseases such as podocin (a protein 
in kidney) aids and Kaposi’s sarcoma (Blundell et  al. 1989; Corachan 1988). 
Weathering and mineral formation in soils are the main sources of natural organi-
cally and inorganically occurring nanomaterials like sulfides, carbonates, phos-
phates, and metal oxides. These are usually transported to different places by rivers, 
glaciers, and wind movement.

Living organisms: Nanoparticles are found in organisms like nanobacteria, 
viruses, fungi, algae like Chlorella vulgaris that produces silver NPs, and magneto-
tactic bacteria that produce magnetic oxides, and in wings of insects like grasshop-
per, butterfly, and dragonfly (Jeevanandam et al. 2018). Nanocomposite particles are 
found in bones, abalone shells, mollusk shells, and eggshells (Sudha et al. 2018).
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Nanoparticles in the human body: Bones are considered nanomaterials with 
composite hierarchical structures consisting of inorganic nano-hydroxyapatite and 
organic collagen. DNA, antibodies, enzymes, some bacteria and viruses, organelles, 
peptides, and polysaccharides are all composed of nanoparticles (Jeevanandam 
et al. 2018).

Dust storms and cosmic dust: Dust storms can transport fine particles from des-
erts, aerosols, and human activities to long distances and cause health problems 
caused by airborne particles leading to respiratory issues. Cosmic dust, meteorites, 
and star dust have been known to contain nanomaterials based on carbide, oxide, 
magnetic nanomaterial, silicate, nitride, and carbon. Collisions, electromagnetic 
traditions, shock waves, etc., energize these particles (Hochella et  al. 2012; 
Rietmeijer and Nuth 2012).

Other sources where nanomaterials are found are in ocean water; for example, 
iron is found in fractions of 20–200 nm and manganese is found in less than 20 nm 
size (Fitzsimmons et al. 2014; Odlham et al. 2017).

3.7  Incidental Nanomaterials

Nanomaterials Incidental nanomaterials are unintentionally produced as by- 
products of any direct or indirect human activity. These are not usually present in 
nature but are added in nature by human activities (vehicle exhaust, combustion 
process, etc.) or some natural incident or event that resulted in the creation of a dif-
ferent compound by accident like forest fires, volcanic activities, or photochemical 
reactions (Jeevanandam et al. 2018).

Forest fires: Every year thousands of forest fires take place, and most are due to 
lightning strikes and human activities, and many forest fires have been reported to 
transport micro- and nanosized particles through smoke and ash. The smoke and ash 
from forest fires  can travel long distance, degrading the standard of ambient air 
quality, thereby increasing the number of particulates in air. A huge number of black 
carbon and soot are carried and deposited over the Himalayan glaciers by clouds. 
This results in an increase in absorption of sun’s heat, which accelerates the glacial 
melting (Sapkota et al. 2005). Smoke is known to contain nanoparticles that can 
cause or worsen the cardiopulmonary conditions in humans leading to fire-related 
deaths (Mott et al. 2002).

Industries and coal burning: Coal is a dominant source of energy in developing 
countries like India where around 54.67% of primary energy came from coal in 
2019, and for the USA, it was 11.98% with a global rise in coal prediction by 1.5% 
(BP statistical review 2020). Burning of coal leads to the release of hazardous par-
ticles in fly ash. Elements like As, Cd, Cr, Hg, Se, B, CI, F, Mn, Mo, Ni, Pb, Be, Cu, 
P, Th, U, V, Zn, Ba, Co, Sb, Sn, and Tl are found to be present in traces in coal ash 
(Saikia et al. 2018).
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Diesel and engine exhaust: In urban environment, automobile exhaust contrib-
utes to major source of micro and nanoparticles in environment especially carbon 
compounds like CNTs and fibers (Soto et  al. 2005). Diesel engines release 
20–130 nm sized particles, whereas gasoline engines release 20–60 nm sized parti-
cles like polycyclic aromatic hydrocarbons, metal oxides, nitrates, etc. (Hochella 
et al. 2019; Sioutas et al. 2005).

Some other sources are cigarette smoking and demolition of building material, 
which leads to the release of complex nanoparticles (Ning et al. 2006; Stefani et al. 
2005). Mining, agricultural processes, nuclear development, and environmental 
changes are also some of the reasons leading to accidental formation of some 
particles.

3.8  Engineered Nanomaterials

Engineered nanomaterials (ENMs) are deliberately or intentionally prepared mate-
rials with a nanoscale size and have specific physical and chemical properties that 
are different from the bulk. They are produced to exploit the best properties of an 
element or to produce desired results under a controlled environment. ENMs are 
used in diverse fields like biology, pharmacology, medicine, biomedical imaging, 
biomolecular sensing, drug delivery, tissue engineering, data storage, photocatalytic 
pigments, cosmetics, food, etc. (Jeevanandam et al. 2018). The most abundantly 
engineered nanomaterials are TiO2, Fe SiO2, Cu, ZnO, Al2O3, CeO2, Ag, carbon 
nanotubes, graphenes, and nanoclay composites (Hochella et al. 2019).

3.9  Risk Assessment of Nanomaterials

3.9.1  What Is Risk?

Risk is a possibility of occurrence of unwanted events that can be hazardous. It is 
something hazardous that can happen in the future. When we talk about things that 
can go wrong if a hazardous event happens, the likelihood of causality/harm of the 
event to occur, and consequences of a hazardous event, we are talking about risk 
analysis (Rausand 2011). So risk analysis is the identification of the hazard and risk 
to individuals, property, and environment by using the current available information 
in a systematic way (Rausand 2011). Risk evaluation is the process of decision- 
making regarding the amount of risk that is acceptable. Risk assessment is the com-
bination of risk analysis and risk evaluation. It is a regulatory and a guiding principle 
for the evaluating the  risks due to  nanotechnological practices. Hence, it is a 
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Fig. 3.3 Life cycle of nanomaterials. (In-Briefs  – ECHA. https://euon.echa.europa.eu/in- brief- 
guides. Accessed 31 Aug. 2020)

step- by- step approach to evaluate risk by gathering the available toxicity and expo-
sure data, quantifying it, and making decisions (Covello and Merkhoher 2013; 
Wilhelmsen and Ostrom 2019). The entire goal of a risk assessment is to reduce the 
amount of risk to an acceptable level by evaluating the hazard, exposure, dose, and 
risk characterization (Kuempel et al. 2012). It is a part of the overarching topic of 
risk management that furthers the risk assessment to track and control the risk and 
also document as well as communicate the information available on the risk (Popov 
et al. 2016; Rausand 2011). A technology is useful only if the benefits of using the 
technology are more than the risks related to using it. As discussed earlier, nano-
technology has lifesaving applications like disease prevention, repairing damage in 
the human body, clean water provision, human life longevity, maximizing agricul-
tural productivity, and advanced applications like quick response to natural disas-
ters, poverty reduction, improved fuel, and powerful information technology, but it 
also poses health and environmental risks of toxicity, exposure to unwanted chemi-
cals, and negligence to the actual potential of using nanotechnology. Nanomaterials 
are produced, used, and disposed leading to the formation of nanomaterial’s life 
cycle (Fig. 3.3). Science-based methods have been used to control and formulate 
approaches to risk analysis and regulations. In 2008, Environmental Health and 
Safety (EHS) presented a document that gathered information on various efforts 
done by the Nanotechnology Environmental and Health Implications (NEHI) work-
ing group. Ever since then, EHS has been inviting academia, the federal govern-
ment, and experts from the industry to share information on latest technology and 
developments in the risk management of nanotechnology. The National Institute for 
Occupational Safety and Health (NIOSH) is disseminating all the latest scientific 
information about the potential health hazards of nanomaterials. Other agencies like 
OECD are developing guidelines and recommendations on characterizing the nano-
materials and using them safely. Case studies are being used to develop best man-
agement routes to manage the uncertain risk of nanotechnology (Fadel et al. 2015).
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3.9.2  Health Risks

As the nanomaterials have different properties than their bulk compounds, there is 
less knowledge available as to how they will react in an environment in human con-
tact. And because there is less knowledge and information about the exposure and 
physical and chemical reactions, there is a concern that the exposure can exceed the 
present understanding of nanomaterial behavior. Ultrafine nanoparticles have a size 
less than 100 nm and can be inhaled easily, leading to breathing problems, lung 
inflammation, and distal organ involvement (Dominici et al. 2006). Ultrafine parti-
cles of carbon, silica, and titanium have been reported to cause problems like meso-
thelioma, pulmonary toxicity, inflammation, genotoxicity and neurotoxicity, DNA 
damage, and human embryo development (Baeza-Squiban et al. 2013; Zhang et al. 
2006; Shukla et al. 2011). Because of their nanosize, the chances of entering into 
human bloodstream increase, and they are electrochemically more reactive (Sudha 
et al. 2018).

3.9.3  Environmental Risks

The field is advancing rapidly and so are the concerns about its safety aspect. 
Researchers or industries working with nanomaterials should have access to per-
sonal protective equipment (PPE). Information on toxicity, regulation standards, 
exposure time, high precision instruments, effectiveness of PPE, usage of PPE, 
waste reuse and disposal flow, etc., should be clearly mentioned, explained, and eas-
ily accessible before starting to work with nanomaterials. Another way is to use 
engineered controls to reduce the exposure of nanomaterials, for example, source 
enclosure (enclosing the source of nanomaterial generation from  the workers at 
workplace), laminar flow cabinets, or local exhaust ventilation (like using lab fume 
hoods) to capture airborne nanoparticles while conducting the experiment. The 
exposure limit of only few nanoparticles is known, hence, it gets difficult to measure 
their exposure limit without designing an accurate instrument. This can be over-
come if we detect the overdose for nanoparticles (above the safe level for humans) 
through a sensor (Seal and Karn 2014).

3.9.4  Risk Assessment Frameworks

Risk assessment is the evaluation of things that can go wrong, likelihood and con-
sequences of it happening (Kaplan and Garrick 1981). Risk assessment of chemical 
comprises of dose response estimation, hazard and exposure assessments, risk char-
acterization, and uncertainty accountability of the overall estimation. Risk assess-
ment has four components: identification of the hazard, identification of the case of 
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the hazard, hazard evaluation, and prioritization. These components include infor-
mation gathering, hazard assessment, determination of protection measures, review 
of the effectiveness of measures, and documentation (Heinemann and Schafer 
2009). Applying these basic criteria in the field of nanotechnology needs some mod-
ifications specific to the type of nanomaterial (Sayre and Steinhauser 2016). Oomen 
et al. (2018) suggest different frameworks that can be used to assess the risks related 
to nanomaterials and the need to keep updating these frameworks. If steps are taken 
early in the innovation chain to weed out the nanomaterials that can cause human 
and environmental health problems, there are less chances of toxic nanomaterials 
with heavy risk to go into the market. Screening level assessment and categorization 
can be helpful to (Hansen et al. 2014; Godwin et al. 2015; Hund-Rinke et al. 2015) 
maintain records about known hazards and exposure potential of nanomaterials (to 
humans and environment) and prioritize those nanomaterials for further testing. 
Apart from this, the information should be communicated to different companies 
and stakeholders. Bos et  al. (2015) mention MARINA risk assessment strategy 
focusing on the development of an efficient and flexible data collection system to 
assess the risk of nanomaterials. Oosterwijk et  al. (2016) mention risk banding 
framework where the particles that are deposited in the lungs and the respiratory 
tract are studied to collect information regarding toxicity. Gottardo et  al. (2017) 
mention about analyzing the European Union regulatory framework dealing with 
nanomaterials to provide strong practical knowledge to the industries and regulatory 
authorities. NANoREG (2020) provides a risk screening framework with six risk 
identifiers during the early stage of a new project of innovation using nanoparticles: 
accumulation, stability of coating, genotoxicity, inflammation, ecotoxicity, and sol-
ubility rate. Linkov et  al. (2007) come up with multicriteria decision analysis 
(MCDA) in which a decision matrix is used to score the performance based on util-
ity, risk, valuation, and uncertainty of the nanomaterials and hence come up with 
alternatives if needed. Three basic groups of people are needed to make these deci-
sions: nanotechnology managers and policy/decision makers, scientists and engi-
neers, and stakeholders.

Having some analytical tools to learn about the importance of the nanomaterial 
is helpful for risk assessment (Lenz e Silva et al. 2019). Fan and Alexeeff (2010) 
came up with three ways to keep a check on risks related to nanotechnology use. 
First is to limit the usage of particles that are known or have been known to show 
hazardous properties. Second is to minimize the exposure of these materials during 
occupational work and ultimately into the environment. And the last one is to moni-
tor the exposure closely and at regular intervals to detect any harm to human health 
at initial stages. The USA has a good number of institutes like National Institutes of 
Health (NIH), National Institute of Standards and Technology (NIST), Environmental 
Protection Agency (EPA), National Institute for Occupational Safety and Health 
(NIOSH), and Food and Drug Administration (FDA) that are monitoring, control-
ling, and regulating nanotechnology-related activities and research in fields like 
occupational, environmental, health, and risk management (Fan and Alexeeff 2010). 
For risk management, steps like improving workplace practices, examining material 
life cycle to inform any risks and reduce them, classifying particles based on 
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physical and chemical properties, nanomaterial use and safety information, expo-
sure level, route nanomaterials take to enter the human body, expected uses, recy-
cling and disposal at the end of use, and developing risk communication approaches 
should be taken into account (Green facts 2020). Though currently the risks created 
by nanopracticles are still being explored, these steps can be used as precautionary 
guidelines to minimize the expore of risk at workplace.

Stress is laid on providing sufficient information on handling the nanomaterials 
in a top-down approach (identify stakeholders and integrate their decision into risk 
assessment; objective driven). Creating a common database of information leading 
to specific links for in-depth information, guidance documents, things to keep in 
mind when entering the nanotechnology business, validation of this data by third 
parties, and integration of hazard and exposure data into the admin database (Fadel 
et al. 2015, Fadeel et al. 2018) can provide us with all the important information 
about risks related to nanoparticles discovered or being discovered. Making a big 
database will take time, and efforts to create the data are still ongoing. Standardized 
methods and test guidelines, specific analytics instruments, engagement of the 
stakeholders, predictability of the risk of new nanomaterials, and nanotechnology 
are some of the solutions recommended (Fadel et al. 2015). Biodurability it another 
parameter of risk assessment. Biodurability of a particle is the extent to which it can 
resist any physical or chemical resistance, and dissolution is the rate of release of 
the molecules or ions of the particles (fast rate of ion release, short-term toxic effect) 
(Bernstein et al. 2005).

In vitro dissolution tests can find their usage to provide information on how par-
ticles and fibers may react in a biological setting (human body) (Utembe et  al. 
2015). The GUIDEnano tool and SUN Decision Support System (SUNDS) are two 
web-based risk assessment tools that are bridging the gap of quantifying risk assess-
ment and safety limits of nanomaterials. They provide the scope of risk assessment 
at different levels and scenarios and then provide a multitude of risk mitigation 
measures that can be put under consideration (Fadeel et al. 2018). Qualitative policy 
instruments like alternative assessment take into consideration a broad range of 
alternatives to deal with hazardous materials and activities. Quantitative instruments 
like multicriteria decision analysis (MCDA) are more structured and provide results 
for nanomaterial management by running suitable mathematical models (Linkov 
et al. 2009).

3.10  Safety Aspect of Nanomaterials

The field of nanotechnology is still in its rudimentary stages, and there is a lot to 
learn about using this technology but a lot more to learn about how to use this tech-
nology safely. The uncertainties give rise to addressing the needs of safety and toxi-
cology of nanomaterials. The possible ways of getting exposed to nanomaterials are 
inhalation, dermal absorption, and ingestion. Researchers have addressed the need 
to make the multidisciplinary effort at the federal as well as the state level to address 
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health and environmental risks of nanotechnology (Fan and Alexeeff 2010). The 
main components of occupational health and safety are information gathering, haz-
ard assessment, determination of protection measures, review of the effectiveness of 
measures, and documentation. The way nanomaterials are stored, handled, and dis-
posed can vary from lab to lab. Most often the nanomaterials under study are stored 
in a sealed, non-breakable container. Nanomaterials should be kept in a designated 
area; cleanliness should be taken care of; protective gears should be used like gloves, 
face masks, etc. (Dhawan et al. 2011). Sensitive nanomaterials are stored in sealed 
nitrogen boxes. The containers are labelled for the nanomaterial to be used, proper-
ties of the nanomaterial, etc. The sealed containers containing the nanomaterial in 
free form or dry nanomaterials are opened in a ventilated hood, fumed hoods, or 
closed glove box. Anything that meets the nanomaterial, like the container it was 
placed in, any wet wipes used to clean it, and gloves handling it, etc., is considered 
contaminated and should be disposed of properly (Dhawan et al. 2011; Seal and 
Karn, 2014). Steps have been taken where nanomaterials are converted into nano-
composites to immobilize their movement. Toxicity can be analyzed by using MTT 
(3-(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide), AB, and alkaline 
comet assays; decreased viability indicates that the toxicity has decreased 
(Tokarcˇíková et al. 2014). If a nanomaterial is in solvent, it should be immobilized 
with 1% agar dissolved in distilled water (Dhawan et al. 2011). Methods like stan-
dard gravimetric measurement can be used to count the number of particles, how-
ever  assessment based on mass only gives limited informaiton. The scanning 
mobility particle sizer is a better technique to measure nanoparticles but is expen-
sive, work  intensive and it is not yet standardized or validated. (Heinemann and 
Schafer 2009). There are different ways to handle a nanomaterial-contaminated sur-
face like wet wiping or using a tack roll mop, which is usually unsafe for people 
using it as they are exposed to the nanomaterial but is cheap; HEPA vacuuming, 
which is expensive and has high maintenance; and using strippable decontamination 
agents, which are safer to use as they do not leave the nanomaterials into the air 
(Seal and Karn 2014). Proper disposal of these nanomaterials is one of the major 
issues in safety handling. Before disposal, nanomaterials should be either kept in a 
labelled waste container or labelled plastic bags and treated as hazardous waste 
(Dhawan et al. 2011).

Incineration is one of the common methods to treat nanomaterial waste or nano-
materials can be used in soil for construction purposes (Lenz e Silva et al. 2019). 
United Nations came up with a platform, Globally Harmonized System (GHS), to 
classify and communicate the hazardous properties of chemicals globally (Catalan 
and Norppa 2017). High-content analysis/screening (HCA/S) and high-throughput 
screening (HTS) are suggested to be used in drug discovery and predictive testing 
of chemicals. Hazard prediction tools that predict not only short-term, high-dose 
exposure but also long-term, low-dose exposure are needed (Fadeel et al. 2018). A 
list of nanoparticles has been maintained by the Project on Emerging Technologies, 
Woodrow Wilson International Center for Scholars (www.wilsoncenter.org/nano) 
(Jamil et al. 2018).
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3.11  Conclusion

As the industry has decided to use nanotechnology and create nanomaterials, it 
should also be responsible for the health and safety risk it comes with. Detailed 
knowledge of using nanomaterials needs to be circulated to all the stakeholders as 
well as the public so that proper measures could be taken to safeguard from poten-
tial hazard. Risk assessment frameworks should be studied in detail so that nanoma-
terials with highest risk concern can be substituted before they enter the research 
field. Case studies, success stories, and research outcomes should be studied to 
improve these frameworks as well as handle regulations. Scientific knowledge 
regarding the risk and behavior of nanomaterials needs to be researched more. New 
techniques and instrumentation should be invented to measure the exposure level 
and toxicology of nanomaterials and to avoid any workplace hazards. Collaboration 
and cooperation of with nanotechnology industries, scientists, decision makers, and 
health and safety department are necessary to evolve safely in this field. A shift is 
needed from risk control to risk prevention and reduction.

 Multiple Choice Questions

Question 1. The superior properties of nanoparticles are due to.

 (a) High surface-to-volume ratio.
 (b) Large size.
 (c) Low melting point.
 (d) No quantum effect.

Question 2. The main applications of nanotechnology in the medical field are.

 (a) Drug delivery.
 (b) Diagnosis.
 (c) Tissue engineering.
 (d) All of above.

Question 3. The word “nano” in nanotechnology means.

 (a) A nanometer is one-billionth of a meter.
 (b) A nanometer is one-millionth of a meter.
 (c) A nanometer is one thousand of a meter.
 (d) A nanometer is one-trillionth of a meter.

Question 4. Who coined the term nanotechnology?

 (a) Norio Taniguchi.
 (b) Richard Feynman.
 (c) Eric Drexler.
 (d) Sumio Iijima.
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Question 5. The toxic effect of nanoparticles is termed.

 (a) Nano-remediation.
 (b) Nano-robotics.
 (c) Neurotoxicology.
 (d) Nanotoxicology.

 Answers

Question 1  (a)
Question 2  (d)
Question 3  (a)
Question 4  (b)
Question 5  (d)

 Short Questions and Answers

Q1. What is the basic difference between nanomaterials and bulk counterparts?

Answer: The significant size reduction has induced quantum effect and fur-
ther enhanced the surface-to-volume ratio in nanomaterials as compared to 
their bulk counterparts.

Q2. What are the dangerous impact of nanomaterials?

Answer: The high-end applications of nanoparticles have further enhanced 
their production rate and made living beings more prone to their exposure. 
With time, slow deposition results into various health hazards in living beings.

Q3. Explain how photocatalytic properties of nanomaterials are useful?

Answer: The method of photo-degradation has been primarily based on the 
organic pollutant adsorption ability over the photocatalyst surface. The photo-
catalyst with higher adsorption surface makes the degradation process easier 
as compared to other remediation processes.

Q4. List out the major pollutants present in the environment.

Answer: Inorganic anions, toxic gases (nitrogen oxides, sulfur oxides, ozone, 
carbon oxides, etc.), suspended particulate matter, as well as volatile organic 
compounds.

3 Nanomaterials in Environment: Sources, Risk Assessment, and Safety Aspect
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Chapter 4
Environmental Fate Descriptors 
for Screening Nanotoxicity and Pollutant 
Sensing

Pooja Chauhan, K. K. Bhasin, and Savita Chaudhary

Abstract Herein this chapter, advanced nanoparticles have been as the most prom-
ising tool for the sensing of contaminants/pollutants present in the environment. In 
addition to the advanced applications, the toxicological screening and biocompati-
ble behaviour of the nanoparticles has been investigated through various quantita-
tive multi-assay approaches such as antibacterial, antifungal, Allium cepa, 
phytotoxicity, antialgal, photodegradation, aggregation along with their dissolution 
and sorption experiments. These toxicologically screened nanoparticles have pos-
sessed higher aptitude in pollutant sensing due to their high stability, selectivity, 
sensitivity and fast simplified response array towards toxins. An overview of various 
types of semiconducting nanoparticles has been reported against numerous types of 
contaminants such as heavy metal ions, organic dyes, inorganic anions, organic 
volatile compounds and gases.

Keywords Nanoparticles · Gases · Pollutant · Contamination · Dyes · 
Biocompatibility · Toxicity · Fate · Environment · Heavy metals

4.1  Introduction

The toxic pollutant released as industrial and household waste has been contaminat-
ing the environment at a very high level. It has become a worldwide concern in front 
of researchers to overcome the mortal and adverse effect of toxins on environment 
and save the human beings and animals from adverse effects of toxins (Fig. 4.1). 
The toxic pollutants involve heavy metal ions, inorganic anions, phthalates, 
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Fig. 4.1 Representation of different types of contaminants present in the atmospheric environment

pesticides, organic and inorganic volatile compounds, gases, dyes from industrial 
wastes and many other toxic wastes (Jiang et al. 2018; Waheed et al. 2018).

The tremendous amount of released contaminants in natural environment leads 
to numerous lethal health issues like kidney failure, damage to the nervous system 
and brain, lack of development in children, skin diseases, cancer, asthma, allergy, 
depression, autism, damage to DNA and, in extreme condition, death (Fig. 4.2). The 
environmental pollutants permeate through air, water, soil and cosmetics, whereas 
the primary source for the bioaccumulation of contaminants is through our food 
chain (Bolis et al. 2018).

A number of toxic pollutants enter into the environment through various anthro-
pogenic sources such as industrial activities and combination of fossil fuels. These 
biological and non-biological conversion and permeation of harmful contaminants 
in the ecological system are major problems in front of living beings (Alharbi et al. 
2018; Oguri et al. 2018). Therefore, according to toxicological and environmental 
safety point of view, it is mandatory to develop such schemes which include easy, 
simple, cost-effective, and high-performance strategies for the detection of harmful 
contaminants in a very specific and selective manner. A series of techniques are 
available in literature for the analysis of toxic contaminants, which helps to detect 
toxicity at a very low concentration. The different varieties of techniques used for 
the sensing of harmful toxins have been listed in Table 4.1 with their advantages and 
disadvantages (Clarkson et al. 2003; Wang et al. 2008; Walekar et al. 2017).

All the above-mentioned methods have very high selectivity and sensitivity 
towards various toxins. Simultaneously, these reported techniques have possessed 
series of disadvantages. Thus, there is an urgent need for the development of low- 
cost material, with high sensing ability useful for onsite detection and removal of 
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contaminants in a timely fashion. From the last few decades, nanoparticles have 
emerged as a new milestone in the field of environmental pollution for the detection 
of toxins. Meticulously nanomaterials possess excellent properties as compared to 
the bulk material as the former have outstanding surface area to volume ratio and 
quantum effect which makes them efficient sensing probe in the field of contami-
nant sensing. Due to their large surface area, they have been widely used in the 
assortment of physico-chemical processes and their potential application in nano-
science. They are capable of shaping the current needs and act as a safeguard 
towards environment in the assessment of novel and simpler materials and provide 
various remediation schemes in the handling of harmful toxins. Out of a wide vari-
ety of nanomaterials, semiconducting nanoparticles have engrossed much consider-
ation as these are much superior to recognize and eliminate suitable contaminants 
from the environment. Semiconducting nanoparticles have excellent optical and 
photoluminescence properties, wide band gap values, tremendously biocompatible 
in nature and highly prone towards extensive range of toxic pollutants. The augmen-
tation in susceptibility, discrimination, reproducibility and physico-chemical prop-
erties of the semiconducting nanomaterials has provided a platform in miniaturize 
sensing devices (Payan et  al. 2017). In literature, diverse ranges of methods are 
available for the production of semiconducting nanoparticles (Fig. 4.3). (Sanchis 
et al. 2018; Kumar et al. 2017a, b).

This chapter mainly focuses on the different types of contaminants present in the 
environment and their remediation by using semiconducting nanoparticles. 
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Table 4.1 Representation of different sophisticated instrumental techniques used for contaminant 
sensing along with their advantages and disadvantages

S. 
no. Techniques used Advantages Disadvantages

1 Stripping voltammetry Useful for different water samples 
taken from different sources and 
has the tendency to examine 
environmental component out of 
mixture

Electrode is used and 
requires time-to-time 
modification

2 Mass spectrometry Good resolution and capable to 
determine exact structure at lower 
concentration level

Bulky device, costly, time 
running process and multiple 
pre-treatment steps

3 Atomic absorption 
spectroscopy

Highly selective and sensitive 
towards detection

Utilization of pricey 
reagents, towering 
maintenance expenditure and 
time-consuming analysis 
process

4 Small-angle neutron 
scattering

Investigates surface 
characterization with high 
penetration power

Needs more complicated and 
superior monitoring 
procedure

5 Raman spectroscopy Easy elucidation of chemical 
structure including fingerprint 
technique

Cost of laser sources is very 
high and works at low 
excitation

6 Auger electron 
spectroscopy

Analysis of chemical surface along 
with semi-quantitative data

Low surface sensitivity, high 
lateral resolution and low 
portability

7 Nuclear magnetic 
resonance

Crystalline and non-crystalline 
structure, molecular physics

Not available for higher 
molecular mass compounds 
and very expensive 
instrumentation

8 X-ray photoelectron 
spectroscopy

Analysis of surface composition High vacuum is required and 
slow processing

9 High-performance 
chromatographic 
method

Analysis of various types of 
pollutant and proteins in real water 
world

Response alters with 
alteration in environmental 
exposure and low throughput

10 Amperometric- 
voltammetric 
electrochemical 
technique

Tendency to explore all 
environmental samples along with 
chemical detection

Prospect of intervention by 
alteration in stipulation and 
very long procedure

Semiconducting nanoparticles, such as zinc oxide (ZnO), nickel oxide (NiO), tita-
nium dioxide (TiO2), iron oxide (FeO), tellurium oxide (TeO2), selenium (Se), silica 
oxide (SiO2), magnesium oxide (MgO), chromium oxide (Cr2O3) and copper oxide 
(CuO), have been extensively used for the detection and removal of a wide variety 
of pollutants. Before utilizing the semiconducting nanoparticles in the field of envi-
ronmental remediation, toxicological fate and screening of respective nanoparticles 
have been explored in detailed by utilizing various biological quantitative multi- 
assay approaches. In the end, various types of toxins, such as heavy metal ions, 
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Fig. 4.3 Synthesis of semiconducting nanoparticles by using different approaches

organic pollutants, inorganic anions and organic dyes, have been studied with their 
origin and detection by using semiconducting nanoparticles.

4.2  Toxicological Fate of Semiconducting Nanoparticles

Semiconducting nanoparticles have been widely used in the pharmaceutical indus-
tries, material science and analytical science due to their ease of synthesis, low cost, 
high bioavailability and excellent response array. They can also be applied in bio-
medical field, such as drug delivery system, live cell imaging, tissue infection, strain 
resistance, vaccines and theranostic system (Rad et al. 2019). But the sensing of 
different types of contaminants by using semiconducting nanoparticles has 
engrossed much attention in the past decades. Before utilizing the synthesized semi-
conducting nanoparticles in the field of pollutant sensing and environmental reme-
diation, it is mandatory to investigate the toxicological fate of developed particles 
(Rana et al. 2019). In literature, various types of activities have been reported to 
explore the toxicological fate of semiconducting nanoparticles which include anti-
bacterial, antifungal, antialgal, anti-proliferation, Allium cepa chromosomal, soil 
sorption and photodegradation and aggregation/dissolution activities.
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4.2.1  Antimicrobial Activity

Out of different toxicological profiling methods, antimicrobial activity is considered 
the most frequently used phenomenon due to its more standard operational param-
eters. In general, antimicrobial activity has been carried out on two basic bacterial 
strains such as gram-positive bacteria (Staphylococcus aureus, Clostridioides diffi-
cile, Streptococcus pneumoniae, Micrococcus luteus, Bacillus clausii) and gram- 
negative bacteria (Escherichia coli, Pseudomonas aeruginosa, Salmonella typhi, 
Klebsiella pneumoniae, Salmonella enteric, Proteus vulgaris and so on). Luria- 
Bertani (LB) medium has been generally used for the growth of bacterial strains. 
Muller Hinton agar has been used for the formation of solid agar plates (Gupta et al. 
2016). In literature, numerous biotools have been explored to execute the respective 
commotion. But out of those, few methods have been widely manoeuvred such as 
paper disc method, optical density quantification, staining by different dyes, live 
and dead cell staining, agar well diffusion assay and colony formation unit for 
studying the antimicrobial activities in the presence of nanoparticles (Thakur et al. 
2019). The permeable growth of bacterial strains was observed at solidified agar gel 
plate under sterilized condition in laminar air flow and incubated at 37 °C for 24 h. 
Semiconducting nanoparticles display excellent antibacterial activity towards both 
gram-positive and gram-negative bacteria and act as antiseptic agents against vari-
ous infectious diseases caused by a wide range of bacterial species. From the recent 
reports, it has been deduced that semiconducting nanoparticles enhanced the perme-
ability of thin bacterial cell membrane. Due to which significant functional charac-
teristic of various proteins, fatty acids and respiratory enzymes get restricted and 
result in the disruption of RNA and DNA, and simultaneously protein functioning 
has also been influenced in the presence of nanoparticles (Chaudhary et al. 2018a). 
The disruption of nucleic acids results in the inhibition of ion transport process 
which further leads to the effectual zone of inhibition. It was observed that the 
development of zone of inhibition during the respective study also depends upon the 
size and shape of developed nanoparticles because small-sized particles have very 
high tendency to incorporate inside the cell wall of bacterial species. In literature, 
numerous authors have successfully synthesized various types of semiconducting 
nanoparticles, and their antimicrobial activity has been carried out against different 
bacterial strains and reported in Table 4.2. The biocompatible copper oxide nanopar-
ticles form excellent nanocomposite in the presence of cellulose (CEL) and chitosan 
(CS). Various spectroscopic techniques were utilized to investigate the complete 
chemical intactness of CEL and CS with CuONPs (Tran et al. 2017). The size of 
developed nanoparticles was found in the range of 20–22 nm. It reflects outstanding 
antimicrobial activity towards a wide variety of bacterial strains both gram positive 
and gram negative. Iron oxide nanoparticles also serve as great antibacterial agents. 
However, Konwar et al. have modified iron oxide nanoparticles with chitosan (CH) 
and formed a nanocomposite by using graphene oxide (Konwar et al. 2016). The 
antimicrobial activity of chitosan iron oxide graphene nanocomposite was found to 
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Table 4.2 Representation of inhibition zone diameter of semiconducting nanoparticles in the 
presence of both gram-positive and gram-negative bacteria

S. 
no. Nanoparticle

Gram-positive 
bacteria

ZID 
(mm)

Gram-negative 
bacteria

ZID 
(mm) References

1 FeO Bacillus subtilis 2 Pseudomonas 
aeruginosa

4 Rana et al. (2019)

Staphylococcus 
aureus

10 Salmonella typhi 12

2 TiO2 Bacillus subtilis 24 Escherichia coli 27.67 Thakur et al. 
(2019)Staphylococcus 

aureus
27 Salmonella typhi 21.63

3 ZnO Staphylococcus 
aureus

14.5 Escherichia coli 12.7 Rad et al. (2019)

4 Se Staphylococcus 
aureus

27.84 Escherichia coli 28 Chaudhary et al. 
(2018a, b, c)Salmonella typhi 27.62

Pseudomonas 
aeruginosa

26.90

5 CuO Staphylococcus 
aureus

10 Enterobacter 
cloacae

30 Kim et al. (2006)

Escherichia coli 15
6 NiO Staphylococcus 

aureus
0 Escherichia coli 0 Chaudhary et al. 

(2018a, b, c)
7 TeO2 Staphylococcus 

aureus
22 Escherichia coli 22 Gupta et al. 

(2016)
Streptococcus 
pyogenes

0 Klebsiella 
pneumoniae

24

be exceptionally stronger than chitosan iron oxide nanoparticles at different concen-
tration levels and has been shown in Fig. 4.4.

4.2.2  Antifungal Activity

The antifungal activity of the semiconducting nanoparticles has been studied by 
using a number of various fungal species such as E. taxodii, A. alternate, C. her-
barum, C. krusei, F. oxysporum, C. albicans, A. niger, C. tropicalis, P. chrysogenum, 
C. glabrata and many more. Nutrient broth and Muller Hinton agar culture medium 
has been utilized for the inoculation of fungal strains from the fresh colonies. The 
homogenous solution of agar-agar type I and malt extract prepared in equimolar 
ratio has been prepared for the maximum growth of fungal species (Chaudhary et al. 
2017). The value of optical density for the respective culture mediums has been 
calculated through microdilution method, and it should not be less than 0.2 a.u. at 
around 600 nm wavelength (Miri et al. 2019). The maintenance of reaction condi-
tion (48–72 h) and temperature (below 17 °C) plays a very significant role for the 
uniform growth of fungal strains. The whole experimental procedure has been 
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Fig. 4.4 Pictorial representation of antibacterial activity against wide variety of bacterial strains 
(E. coli, S. aureus and C. albicans) by using bare chitosan (CH), chitosan graphene oxide (CH- 
GO), chitosan iron oxide (CH-IO) and chitosan iron oxide graphene nanocomposite (CI-GIO3). 
(Adapted figure from Konwar et al. (2016) with permission from copyright, American Chemical 
Society (Washington, DC, USA))

carried out in sterilized laminar air flow under optimal condition and growth of 
fungal species observed below 17 °C for 4–5 days in incubator. After maintaining 
the standard condition, the growth of mycelium exerted by fungus was observed and 
compared with the standard setup (Kumar et al. 2017a, b; Sharma et al. 2018). The 
broth dilution, agar well diffusion and agar gel escalation activities have been per-
formed against various fungal strains (Rajiv et al. 2013). To substantiate the repro-
ducibility of the respective activity, the same experiment has been carried out thrice 
and mean of average diameter was calculated. In literature, various reports have 
been presented on the antifungal activity of semiconducting nanoparticles (Sharma 
et al. 2010). Many authors synthesized FeO, TiO2, FeS, ZnO, SiO2, SnO2, Cu2O, 
NiO, TeO2 and Se nanoparticles and hence performed their antifungal activity. It 
was found that developed nanoparticles were highly antifungal in nature and exhib-
ited an appreciable range of inhibition zone and spore germination. MgO-, ZnO- 
and Mg-doped ZnO nanoparticles have been prepared by applying chemical sol-gel 
synthetic method. The prepared nanoparticles have manifested excellent antifungal 
activity at a higher concentration level (Fernandez et al. 2017) for calcareous stone 
heritage against Aspergillus niger and Penicillium oxalicum fungal strains as com-
pared to the control standard setup (Fig.  4.5). Simultaneously, the developed 
nanoparticles have also displayed photocatalytic activity against various dyes along 
with antifungal property in bioweathering of stone. ZnO nanoparticles were synthe-
sized by Bhargav et al. (2019) by employing sol-gel, thermal decomposition and 
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Fig. 4.5 Pictorial representation of inhibition zone carried out by MgO, ZnO and Mg1-xZnxO 
nanoparticles at different concentration levels with two fungal strains (A. niger and P. oxalicum). 
(Adapted figure from Fernandez et al. (2017) with permission from copyright, American Chemical 
Society (Washington, DC, USA))

direct precipitation synthetic route. The detailed characterization of the formed 
nanoparticles was carried out before examining their biological importance. The 
efficacy of developed nanoparticles was investigated on Rhizopus stolonifer, 
Candida albicans and plant Fusarium sp. fungal strains and therefore reflects resis-
tance towards fungal strain.

4.2.3  Seed Germination Analysis

Nanoparticles play a very crucial role in the seed germination activity which further 
depends upon the size, shape, morphology and surface characteristics (surface area/
mass ratio) of nanoparticles (Chaudhary et al. 2016). The environmental exposure, 
ageing, species and growth rate of plant play a fundamental role in the development 
of plant tissue. The size of nanoparticles (ranges from 10 to 50 nm) is considered as 
the most important factor in the analysis of proliferation because they can easily 
penetrate and allow accumulation into plant cell wall which further enhances the 
saturation stability. Aggregation, dissolution, adsorption, redox and desorption are 
found quite interesting processes which can transform the fate of progression and 
toxicity of nanoparticles on terrestrial species (Sharma and Uttam 2017). In litera-
ture, several types of seeds have been utilized to investigate the anti-proliferative 
effect of semiconducting nanoparticles (Fig.  4.6). Various methods have been 
described to carry out seed germination activity such as germination rate in petri 
dish, foliar spray test, agar assay, hydroponic method, germination in soil media 
(artificial and natural) and exposure of seeds under dark and light condition. During 
the measurement, various parameters are optimized for the better effect on seed 
germination, germination percentage, seedling growth, biomass, shape of leaf and 
elongation of root along weight. The structure and morphology of root leaf and 
shoot have displayed a significant role in understanding the mechanistic behaviour 
for the development and growth of plant in both positive and negative manners. The 
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Seed 
germination Vigna 

radiata
Triticum 
aestivum 
L.

Oryza 
sativa L.

Zea 
mays

Trigonella 
foenum

Fenugreek 
Methi

Pisum 
sativum

Raphanus 
sativus

Radish seeds 
Muli BeejPeasCorn 

seedsRiceWheat
Moong 
beans

Fig. 4.6 List of different seeds used during seed germination analysis

biocompatible behaviour of semiconducting nanoparticles on the germination rate 
and growth of seeds highly depends upon the behaviour and fate of the utilized 
nanoparticles. The emergence of oxidative stress and reactive oxygen species should 
be measured to investigate the cytotoxic and mutagenic behaviour of semiconduct-
ing nanoparticles over plant species (Garcia Gomez and Fernandez 2019).

During the respective activity, a comparison of various semiconducting nanopar-
ticles has provided a better platform to measure the surface physicochemistry, and 
it will emerge out as a new challenge in front of scientists (Chaudhary et al. 2018a, 
b, c). Many works have been reported in literature such as Savassa et al. (2018) that 
have synthesized different-sized ZnO nanoparticles by using chemical reduction 
method with varying concentration of the ZnSO4 and employed them in agricultural 
field for the seed nutrient enhancement by using seed priming (Fig. 4.7). It was 
observed that on increasing the concentration of the treatment, the germinating abil-
ity of common bean seeds (Phaseolus vulgaris) starts inhibiting, whereas lower 
concentration of treatment provides better affinity of seeds towards germination and 
root elongation ability due to the slow release of zinc ions. Chaudhary et al. (2018a, 
b, c) selected Vigna radiata seeds as a potential scaffold to investigate the efficacy 
of NiO nanoparticles developed by simple calcination chemical synthesis process. 
The germination capacity of seeds incremented rapidly as the concentration of NiO 
nanoparticles decreases uniformly, which suggests that higher concentration of 
nanoparticles causes more anti-proliferation. After determining the biocompatibil-
ity of NiO nanoparticles in agricultural field, they were used in the photocatalytic 
degradation of methylene blue dye as a specific sensor.

4.2.4  Antialgal Activity

In literature, various methodologies have been developed to investigate the toxic 
aspect of semiconducting nanoparticles in terms of cellular and oxidative damage 
towards various environmental aqueous species through the mechanisms of dissolu-
tion, adsorption, interaction and photo-induction (He et al. 2019). Out of all those 
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Fig. 4.7 Seed germination activity of common beans (Phaseolus vulgaris) in the presence of (a) 
ZnSO4, (b) bulk ZnO, (c) 40 nm ZnO NP, (d) 60 nm ZnO NP, (e) 20 nm ZnO NP and (f) control in 
water. (Adapted figure from Savassa et  al. (2018) with permission from copyright, American 
Chemical Society (Washington, DC, USA))

activities, algal activity has been considered of great importance. Algal blooms have 
been considered as photosynthetic organisms which have very high chlorophyll 
content. Algae have been present all around the environmental atmosphere and have 
the ability to influence the surroundings. They are most abundant, rapidly growing 
and untapped (unexploited) resource which have very high carbohydrate and lignin 
content (Kastovsky et al. 2019). Algae are divided into two categories such as mac-
roalgae (multicellular in nature and algae have roots) and microalgae (unicellular 
algae without roots). Microalgae cultures are divided into four major groups, 
namely, green algae, red algae, cyanobacteria and chrysophyte (Rasul et al. 2017). 
In today’s era, climate stability has become an important concern. So, it is very 
much important to understand how algal species interact with the environment and 
how they react towards climate changes. There is a diverse amount of toxicity 
caused by semiconducting nanoparticles (ZnO, WO3, CoO, SnO2, TiO2, CuO and 
MgO) while interacting with aquatic species due to their water-soluble nature. So, 
the basic purpose of performing antialgal activity is to investigate the efficacy of 
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semiconducting nanoparticles over aquatic species in direct and indirect manner 
(Luo et al. 2018). The toxicity imparted due to the uptake of nanoparticles has been 
depended upon the physico-chemical properties of formed material. The respective 
activity determines the amount of chlorophyll content present in the algal species by 
utilizing UV-visible and fluorescence spectroscopy (Sharan and Nara 2019). NiO 
and TiO2 nanoparticles exhibit very high tendency of aggregation and ion release in 
seawater. The respective nanoparticles have strong capability to produce reactive 
oxygen species under both ultraviolet and visible light which further generates the 
process of oxidative stress in algal species. The adsorption photocatalytic inactiva-
tion of detrimental algal species can be visualized easily by using the developed 
nanoparticles (Gong et al. 2019; Wang et al. 2019).

4.2.5  Allium cepa Chromosomal Aberration Assay

Among various living beings, plants have been considered as the most fundamen-
tally important part of life cycle because they help in maintaining the level of oxy-
gen in the environment through photosynthesis and food chain cycle. For example, 
onion and garlic were dipped in nanoparticle solution and obtained rootlets used to 
measure the mitotic division under optical light microscope. During this activity, 
mitotic division during prophase, metaphase, telophase, anaphase and interphase 
was observed. But disorientation in mitotic division leads to the emergence of vari-
ous chromosomal aberrations. Chromosomal aberration deals with the loss and 
breakage of chromosome which induces abnormalities at chromosomal level. The 
respective activity has various advantages such as trouble-free handling, highly 
selective and sensitive, cheap and good association with animal assay. 
Semiconducting nanoparticles are superior in contrast to the bulk material as they 
possess high surface area to volume ration, stability, small size, desired morphology 
and excellent physico-chemical properties (Giorgetti 2019). Nanoparticles combine 
with the different components of cell such as organelles, membrane, DNA and 
nucleus, which results in the genomic and chromosomal alteration, micronuclei for-
mation and production of oxidative stress. During this process, highly reactive 
semiconducting nanoparticles dissociate into ionic forms (positively and negatively 
charged) and affect the DNA orientation (Roy et al. 2019). Simultaneously, NPs 
interact with the plasma membrane through reactive oxygen species, which results 
in the alteration of antioxidant enzymatic activity which causes severe damage in 
cell signalling. Various physiological parameters such as apical and radical growth, 
cellular uptake and production of biomass reflect about the knowledge of phytotox-
icity. The physiological, cytotoxic and morphological effects appraise the posses-
sions of the mitotic divisions, DNA damage and regular cell cycle caused by 
genotoxic activity. The described activity was found to be widely used to investigate 
the toxicity of any particular system. The most extensively used semiconducting 
nanoparticles used for the respective study are TiO2, CeO2, ZnO, SiO2, CuO and Se, 
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and the corresponding data of respective biological activity has been shown in 
Table 4.3.

4.2.6  Antioxidant Assay

The total antioxidant capacity of semiconducting nanoparticles such as Cr2O3, TiO2, 
MgO, CeO2, ZnO, SiO2, Bi2O3, CuO and Se can be evaluated by simpler physiologi-
cal activities as it provides better platform to understand the oxidizing and reducing 
behaviour of nanoparticles which can be further utilized in environmental process-
ing. It involves paper-based colorimetric portable paper nanosensor and filter paper- 
based quantification. Environmental exposure and various operational parameters in 
the environment play a fundamental role in the determination of antioxidant con-
tent. The basic fundamental principle of antioxidant activity involves basic probe 
and antioxidant material. The mechanistic behaviour of antioxidant phenomena has 
been shown in Fig. 4.8. The antioxidant activity works in two manners: one is com-
petitive (direct) assay and the other is non-competitive (indirect) assay (Apak 2019). 
In competitive assay, both probe and antioxidant get oxidized simultaneously and 
produce reactive oxygen species, whereas in non-competitive assay, the probe of the 
respective system gets oxidized by the antioxidant by utilizing simple chemical 
reactions in simulated manner. The antioxidant behaviour of semiconducting 
nanoparticles leads to the reduction of metal ion with variable kinetics (Gupta 2018; 
Ozkan et al. 2018). In literature, it has been found that some of the semiconducting 
nanoparticles such as FeO, ZnO and Se act as strong reducing antioxidant agent. 
They have very low redox potential values which help in the production of smaller- 
sized nanoparticles. In other words, weak reducing agents have a tendency to pro-
duce large-sized particles for long interval of time (Pisoschi and Negalescu 2011). 
Therefore, the antioxidant capacity of any type of nanoparticles can be related to the 
size of nanoparticles in analytical determination and further leads to reduction 
behaviour. The antioxidant activity involves hydrogen peroxide (H2O2) radical scav-
enging activity, superoxide anion radical scavenging activity and total reduction 
capacity, which are considered the most significant characteristics of antioxidant 
process. Various other methods have been reported in literature on the basis of their 
antioxidant behaviour such as crocin bleaching assay, oxygen radical absorbance 
capacity and so on. Different nanoprobes such as ZnO, SnO2 and Ag2O have been 
designed with high selectivity and sensitivity for the determination of hydrogen 
peroxide and total reduction behaviour of a wide variety of species under antioxi-
dant activity (Rajeshkumar et al. 2018; Vidhu and Philip 2015; Vinay et al. 2019). 
The selectivity of hydroxyl radical offers an excellent role in the redox potential 
activity. Usually, UV-vis spectroscopy, fluorescence spectroscopy and colorimetric- 
ratiometric nanoprobe are utilized for the evaluation of antioxidant content of semi-
conducting nanoparticles. Out of these three, fluorescence analysis is considered as 
the most suitable and selective technique for the analysis purpose.v
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Fig. 4.8 (I) Competitive and (II) non-competitive antioxidant phenomena which involve a chro-
mophoric or fluorophoric group with and without biologically relevant ROS/RNS. (Adapted figure 
from Apak (2019) with permission from copyright, American Chemical Society (Washington, 
DC, USA))

4.2.7  Aggregation and Dissolution Behaviour

Aggregation process deals with the combination of a series of particles which results 
in the formation of a large-sized particle. Aggregation is divided into two categories, 
namely, homo-aggregation and hetero-aggregation which depends upon pH, stearic 
hindrance, electrostatic interaction and ionic strength of nanoparticles along with 
their attachment efficiency. The aggregation tendency of nanoparticles has become 
beneficial according to environmental fate and prevents the toxicity of nanoparticles 
at their early stages. The velocity of aggregation plays a fundamental key role in 
nanoparticle formulation. Due to the aggregation process, nanoparticles have a very 
high tendency to adsorb on the surface of both organic and inorganic solid materials. 
It takes numerous years to reach nanoparticles at the bottom and top-down layer of 
earth (Markus et al. 2015; Li et al. 2018). The process of dissolution leads to split-
ting of molecule in their respective ionic forms and exerts toxicity on the different 
species present in the environment. During dissolution, the disruption of nanopar-
ticles takes place into various fragments through either chemical or physical trans-
formation (Zook et  al. 2011). Here, oxygen content plays a fundamental role in 
aquatic systems as most of the water content is anoxic in nature. The oxygen works 
as a catalyst, and an appreciable amount of dissolved oxygen will not affect the dis-
solution activity. The instrumental techniques such as DLS, TEM, SEM, UV, 
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Fig. 4.9 (a) Representation of aggregation and (b) dissolution process of ZnO nanoparticles at 
four different pH values. (Adapted figure from Bian et al. (2011) with permission from copyright, 
American Chemical Society (Washington, DC, USA))

fluorescence and BET can be employed to measure aggregation and dissolution. 
DLS and UV-vis spectroscopy have been the most frequently used techniques due 
to the ease of operation parameters, high selectivity, very less time consumption and 
more reliable results obtained. While doing measurement through DLS instrument, 
diffusion-limited colloidal aggregation theory (DLCA) plays a fundamental role on 
the size distribution profile (Conway et al. 2015). The more the ionic strength, the 
more will be the adsorption of ions on the exterior surface of nanoparticles due to 
augmented aggregation tendency. Bian et  al. (2011) have synthesized zinc oxide 
nanoparticles by applying chemical synthetic route with average size 4 nm. The 
influential behaviour of aggregation, dissolution, pH, ionic strength and adsorption 
was carried out on the developed nanoparticles by using standard Derjaguin- 
Landau- Verwey-Overbeek (DLVO) theory. From the respective theory, it was con-
cluded that the small-sized ZnO NPs have very low tendency to aggregate and very 
high tendency of dissolution, whereas at higher pH, the size and aggregation ten-
dency of nanoparticles were found to be maximum as shown in Fig. 4.9.

4.2.8  Sorption Behaviour

The contamination of soil is increasing with the greater dormant due to its harmful 
effect on various living beings present in the ecosystem and has become a global 
concern worldwide. There are various anthropogenic sources available which are 
polluting the soil such as mining, industrial activities, domestic sludge, land agro-
chemical waste and road transport that affects the landfills and water resources. 
Therefore it is required to understand their adverse effect on living beings and the 
exact impact of toxins on the living systems. The disposed off nanoparticles in water 
resources have also produced toxic impact on living beings (Paula and Paula 2019). 
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The small size, of nanoparticles can make them easily accumulate in the soil and 
disrupt the quality of soil along with life span of different microorganisms present 
in it. Therefore, before the decomposition of nanoparticles in the environment or 
utilizing them in agricultural field, it is very much predominant to scrutinize their 
sorption performance for environmental fate (Kumar et al. 2018). During this activ-
ity, different batches of soils were prepared in the presence of various types of 
nanoparticles, and their sorption behaviour was studied by using UV-visible spec-
troscopy. From the absorption spectrum, the value of optical density recorded and 
the amount of sorption (adsorption) of soil towards nanoparticles have been calcu-
lated out. Various reports have been published in literature over sorption activity of 
nanoparticles. Out of the various reports, Kah et al. (2018) observed that sorption 
activity of nanoparticles enhances with time of incubation (kinetic of reaction), 
which suggests the slow rate of diffusion of nanomaterials (sorbate) into the organic 
matrices of soil aggregates. If changes in the fate processes can be controlled, then 
nanoformulations can be a mitigating active ingredient.

4.2.9  Photodegradation Activity

In today’s era, photodegradation activity is one of the most desirable activities due 
to the mild reaction condition and low cost of process evaluation during the degra-
dation of harmful organic and inorganic pollutant for the wastewater remediation. 
Photodegradation is defined as the photo-induced reaction where the rate of reaction 
can be enhanced in the presence of some external agents. When compared to the 
additional conventional methods, photodegradation method has various advantages 
over other techniques. Here, the rate of reaction can be easily affected by various 
operational parameters such as oxygen pressure, optophysio-chemical properties, 
pH, light intensity and concentration of pollutant substrate. It has significant impor-
tance under UV light irradiations due to the high electron-hole recombination rate 
and advances their performance in wastewater treatment (Jose et al. 2018). In recent 
trend, it has become an admirable technique due to the degradation of harmful pol-
lutant into non-toxic subsequent products without using any supplementary energy 
source (Markus et  al. 2015). Degradation processes involve the entrapment of 
charges generated by light sources on the exterior surface, which further leads to the 
induction of electron transfer reaction. Semiconducting nanoparticle-based photo-
degradation has become the most fundamental method in industrial sector espe-
cially chemical industries and has become a widely adopted method due to NPs’ 
excellent band gap values and redox potential. Therefore, it is very much necessary 
to investigate the mutagenic and carcinogenic potential of semiconducting nanoma-
terials on the ecosystem and human health. Kah et al. (2018) have investigated envi-
ronmental fate of nanocomposites in terms of sorption, photodegradation and 
durability. It was inferred that the photodegradation half-life efficiency enhances up 
to 21% by utilizing nanoformulations in water as compared to the conventional 
methods. Kumar et  al. (2012) have synthesized silver-titanium dioxide 
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Fig. 4.10 Mechanistic schematic representation of photodegradation capacity of silver-TiO2 
nanocomposite. (Adapted figure from Kumar et  al. (2012) with permission from copyright, 
American Chemical Society (Washington, DC, USA))

nanocomposites by sol-gel technique followed by spin coating and investigated 
their photodegradation efficiency. The photocatalytic efficiency of developed nano-
composite is directly related to the potential difference (Fig. 4.10). The basic aim of 
performing the respective study is to conclude the environmental performance, fate, 
new risks and benefits of developed nanomaterials. In this respect, durability and 
fate of nanomaterials are getting tremendous interest.

4.3  Application of Nanoparticles in Contaminant Sensing

The pollutants released in the environment are in different forms such as heavy 
metal ions, inorganic anions, toxic gases (nitrogen oxides, sulphur oxides, ozone, 
carbon oxides, etc.), suspended particulate matter (PM), as well as volatile organic 
compounds (VOCs). Typically, a pollutant is any toxin which is not native to the 
ecosystem. However, if the particular discharged chemical is indigenous to the eco-
system, then it is characterized as a pollutant if it is released into the environmental 
streaming in amounts that are in overabundance to the natural concentration of the 
organic chemical in the ecosystem, and therefore, this augmented concentration can 
cause damage to the flora or fauna of the ecosystem. They are able to undergo long- 
range atmospheric transport from the source to remote areas (Jaward et al. 2005), 
thereby threatening the global ecological environment and individual health. The 
detection and control of environmental pollutants is an essential constituent of gov-
ernmental policies on the environment and of the efforts by regulatory authorities 
across the globe aiming to preserve and develop the eminence of our surroundings 
for the coming generations. It is also an issue of effervescent research, as novel 
procedures that are more sensitive, faster, low cost and able to sense a progressively 
wider range of pollutants are necessary to deal with the current challenges associ-
ated with environmental pollution. In general, different types of pollutants explained 
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in brief are as follows: heavy metal ions, organic pollutant, organic dyes and inor-
ganic anions.

4.3.1  Heavy Metal Ions

Heavy metals are a class of inorganic pollutants which can be categorized as any 
metal or metalloid species that exhibits toxicity, irrespective of their atomic mass or 
density in a form or concentration, that causes a negative human or environmental 
effect. The heavy metals have been referred to as persistent and bioaccumulative 
environmental toxins, since unlike other contaminants like pharmaceuticals drugs 
and dyes, these cannot be metabolized to carbon dioxide and water or easily ren-
dered undisruptive by chemical or biological remediation processes (Khan et  al. 
2011). The global industrial revolution has enabled the harmful materials to spread 
into the environment with unprecedented speed. The carcinogenic and hazardous 
nature of various metal contaminants including arsenic, mercury, chromium, mer-
cury, cadmium, copper, lead, etc. warrants a great deal of attention for detecting 
these heavy metals in the ecosystem. These toxic elements are present in the envi-
ronment by taking diverse forms, coming from different sources and causing severe 
health issues. These metals once released into the atmosphere may have long-term 
lethal effects on human health, even with just a trace presence. Heavy metals are 
largely classified into essential and nonessential ions. Nonessential heavy metal 
ions such as lead, cadmium, mercury, antimony and arsenic are carcinogenic in 
nature and produce severe toxic effects to the living entities. Essential heavy metals 
include copper, zinc, calcium, cobalt, iron, magnesium and selenium, which are 
required by the body in a very less amount. Nonetheless, exceeding the quantity of 
essential and nonessential heavy metals than the optimal suggested level promotes 
various neurological and morphological disabilities in plants, animals and human 
beings, due to their persistent and non-biodegradable characteristics (Li and Zhang 
2010; Luo et al. 2011). These metals get accumulated in the food chain in the course 
of biogeochemical cycles, thereby affecting the healthy individuals by means of 
contaminated water and food (Nabulo et  al. 2011; Abuduwaili et  al. 2015). 
Environmental attentiveness is growing within the industries due to the severe 
health effects of heavy metals on consumers. According to the US Environmental 
Protection Agency (EPA) and the International Agency for Research on Cancer 
(IARC), heavy metals have been classified as human carcinogens (Jaishankar 
et al. 2014).

4.3.1.1  Sources of Heavy Metals

Even though heavy metals are found all through the earth’s crust, yet most of the 
environmental contamination marks from the weathering and volcanic eruptions 
(leaching from bedrocks and atmospheric deposition), industrial sources (metal 
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processing in refineries, nuclear power stations, coal burning in power plants, plas-
tics, textiles, petroleum combustion) microelectronics, paper processing plants and 
wood preservation, agricultural runoffs, etc. (Verma and Dwivedi 2013). Heavy 
metal toxicity has proven to be a major threat as there are a number of health haz-
ards related to it. It damages the mental and central nervous system, lowers energy 
levels, affects blood composition as well as damages the lungs, kidneys, liver and 
other vital organs (Inoue 2013). Also, long-term exposure to such metals may also 
result in physical, muscular and neurological degenerative processes that resemble 
Alzheimer’s disease, muscular dystrophy, Parkinson’s disease, diabetes mellitus 
and hypertension. The most commonly reported heavy and toxic metal ions are as 
follows: arsenic, mercury, chromium and lead.

Arsenic

Arsenic has been considered as the most toxic and carcinogenic metal for both envi-
ronment and human beings. It is present in the earth’s crust and in groundwater in 
numerous forms such as arsenates, arsenide, etc. Direct exposure to this toxic type 
is unfavourable to the whole ecosystem (Yang et al. 2017). Arsenic is hazardous as 
it does not have a taste or odour; therefore humans can be exposed to it without 
knowing it. The main fundamental sources for the intake of arsenic are food and 
drinking water. The long-term exposure of respective metal ion in drinking water 
may lead to increased risks of not only skin cancer but also some other cancers and 
skin lesions like hyperkeratosis and pigmentation changes (Haley 2016). Arsenic 
pollution in groundwater has been considered as a major global concern. The pri-
mary cause of arsenic toxicity has been found to be well water contaminated by 
natural sources (Bhowmick et al. 2018).

Mercury

Mercury (Hg) is a toxic metal contaminant found extensively in wastewater. The 
prime source of contamination is modern industrial processes. This metal affects 
neurologic, gastrointestinal and renal systems depending upon the route of expo-
sure. Hg (II) is extremely dangerous at low concentration level. The excess exposure 
has caused serious health disorders such as kidney failure, brain damage, motion 
disorder and a range of other cognitive diseases. The World Health Organization 
(WHO) has standardized the permissible toxic value for Hg (II) as 1  ppb (Liu 
et al. 2009).
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Chromium

Chromium (Cr) is another lethal and carcinogenic element found in abundance in 
groundwater with Cr (III) and Cr (VI) as general oxidation states. Cr (VI) has been 
reported to be more toxic than Cr (III) (Shekhawat et al. 2015). Chromium contami-
nation leads to severe health problems which includes lung and sinonasal cancer. 
The estimated guideline value for chromium is 50 ppb by WHO (Liu et al. 2007). 
The excess exposure has caused serious health disorders such as kidney failure, 
brain damage, motion disorder and a range of other cognitive diseases.

Lead

Like various toxic metal contaminants, lead (Pb) is well known to be carcinogenic 
and to create undesirable effects on the body. It is harmful to the kidneys, reproduc-
tive system and nervous system. It is extremely dangerous to foetuses and young 
children at the brain growth stage. Exceedingly high levels of lead contamination 
can result in seizures and coma and may cause death in extreme conditions. The 
toxic character of these metal contaminants needs precise monitoring of trace levels 
in water prior to use (Lopes et al. 2015).

4.3.1.2  Specialized Techniques to Remove Heavy Metals

The toxicity, persistence and bioaccumulative character of the heavy metals have 
raised severe public concerns across the globe. Therefore, the past decades have 
witnessed a growing interest towards the expansion of specialized techniques to 
either reduce the toxicity of these metals before their discharge or remove the metals 
from the waste discharges. Many analytical and industrial techniques have been 
developed to find the concentration level of heavy metal ions in the samples. These 
conventional techniques include atomic absorption spectroscopy, nuclear magnetic 
resonance, Raman spectroscopy, X-ray fluorescence spectroscopy and amperomet-
ric technique and neutron activation analysis. These methods can distinguish various 
metal ions and have fine sensing parameters. However, these methods are costly and 
involve tedious sample preparation (Pujol et al. 2014). Other techniques which are 
less expensive and easy to utilize are hence being developed to replace the conven-
tional procedures. There has been widespread research interest in nanotechnology 
that provides new opportunities for the development of different portable sensors for 
sensing of multiple metal contaminants on site. Optical sensors, biological sensors 
and electrochemical sensors are the places where various nanomaterials have been 
used for sensing heavy metal ions. Compared to the traditional techniques, these are 
considered the most reliable tools for the recognition of heavy metal ions (Kailasa 
et al. 2019). There are various advantages of such techniques in terms of uncompli-
cated handling, specificity, sensitivity, portability, expeditious response time, com-
pactness, user friendliness and reliability. In addition, these are able to determine the 
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biotoxicity repercussions of heavy metal ions towards living beings. Mesoporous 
Fe3O4 nanoparticles are found to be highly capable for the detection and removal of 
heavy metal ions (Pb2+, Cu2+, Ni2+ and Cd2+) from various water resources such as 
river water, rainwater and deionized water by utilizing adsorption and desorption 
phenomena as shown in Fig. 4.11. The 90–98% removal efficiency was obtained 
while taking consideration of mesoporous nanoparticles (Fato et al. 2019). Li et al. 
(2005) have synthesized water-soluble luminescent thiol- capped CdTe nanorods 
with an average size of 90 nm, which results in the discriminative photolumines-
cence enhancement of zinc ion by 68% and quenching of cobalt ion by 75%.

Silica oxide (SiO2) nanoparticles were synthesized using simple chemical reduc-
tion method and decorated by using sensory array probes (Peng et al. 2018). The 
developed nanoparticles were found to be highly reactive and selective towards 
various metal ions (cadmium, mercury, zinc and copper) in nanomolar range by 
utilizing fluorescence response and sensor array technique as shown in Fig. 4.12. 
Wang et al. (2010) have developed highly sensitive and selective photoelectrochem-
ical sensor for Cu2+ by using cadmium-sulphur nanodots with 1.0 × 10−8 M detec-
tion limit. Various other reports have been published for the detection of heavy 
metal ions and shown in Table 4.4.

Hung et al. have synthesized 2-mercatoethanol (2-ME)- and 4- mercaptobutanol 
(4-MB)-capped gold nanoparticles (Au-NPs) by applying simple and rapid chemi-
cal synthetic method. The developed nanoparticles were applied in the field of 
heavy metal ion sensing by using UV-visible and fluorescence spectroscopy. 
2-ME-capped Au-NPs were found highly selective and sensitive towards silver and 
lead ions, whereas 4-MB-capped Au-NPs detected mercury in selective manner. 
The value of detection limit was reported 500, 70 and 45 nm for Hg2+, Ag+ and Pb2+ 
ion by utilizing Stern-Volmer plot of fluorescence spectroscopy. The extraordinary 
property of respective Au-NPs is such that they can detect three metal ions simulta-
neously with great precision (Fig. 4.13). To carry out practical application of devel-
oped nanoparticles, real water and soil sample analysis was also carried out and 
90–95% recovery was obtained.

Placido et al. (2019) have synthesized biochar-derived carbonaceous nanomate-
rials by using chemical depolymerization, solvent extraction and nanorefinery pro-
cess. Biochar nanomaterials such as microalgae, sorghum straw and rice straw were 
utilized. The developed semiconducting nanomaterials have been characterized by 
using different analytical approaches to confirm the formation of nanoparticles. 
Before investigating the efficiency of developed nanomaterials in the meadow of 
heavy metal ions sensing, their biocompatibility, cellular localization and cellular 
uptake were evaluated by using three different yeast species. The developed nano-
materials were also utilized in the field of bioimaging. Out of various numerous 
metal ions, developed microalgae and sorghum straw biochar-derived nanomateri-
als have been found highly selective towards zinc and copper metal ions, whereas 
the value of detection limit was found to be 9 and 0.0125 μM. It has been reported 
that heavy metal uptake by living beings is dependent on the amount of free metal 
ion concentration as compared to total metal ion concentration which in turn deter-
mines the toxic strength of heavy metal ion in a free form (Verma and Singh 2006).
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Fig. 4.11 Mechanism of desorption process for the removal of heavy metal ions from aqueous 
solution (a), removal efficiency of mesoporous nanoparticles in deionized water (b), removal effi-
ciency of metal ions river water (c), simultaneous removal of metal ions in river water (d), desorp-
tion efficiency through number of cycle method using nitric acid in diluted form (e). (Adapted 
figure from Fato et  al. (2019) with permission from copyright, American Chemical Society 
(Washington, DC, USA))
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Fig. 4.12 Development of silica oxide nanoparticle and sensory array probe as a decorating agent 
and their application in heavy metal ion sensing (a) and fluorescence sensing of mercury ion (b) 
and cadmium (c). (Adapted figure from Peng et  al. (2018) with permission from copyright, 
American Chemical Society (Washington, DC, USA))

4.3.2  Organic Pollutants

By way of clarification, an organic pollutant is defined as an organic chemical which 
enters into the environmental streams and causes pollution (however transitory or 
enduring) and is unsafe to the flora and fauna of the ecosystem. There are some 
organic chemicals which are called persistent organic pollutants (POPs) and classi-
fied as compounds that are impenetrable to environmental degradation during the 
different chemical and biological processes (Jacob 2013). POPs are highly non- 
degradable in atmospheric territory because of their extreme stability and low 
decomposition rates and, hence, have a long life in different ecosystems. POPs are 
semi-volatile, have low solubility in water, have an inherent toxicity and are lipo-
philic in nature. Such chemical and physical properties make them capable of long-
range transport and enable them to bioaccumulate in living organisms and 
biomagnify in food chains. Organic chemical pollutants can enter the environment 
in the course of the solid phase, the liquid phase or the gas phase, can resist 
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Table 4.4 Representation of sensing of different heavy metal ions by using semiconducting 
nanoparticles

S. 
no.

Nanomaterials 
used Heavy metal ions

Detection 
method

Limit of 
detection 
(LOD) References

1 CuO Mercury (Hg2+) Fluorescence 2 μg/L Chaudhary et al. 
(2019)

2 MgO Iron (Fe3+) UV-vis 
spectroscopy

23 μM Jain et al. (2018)

3 ZnS Chromium (Cr3+) 
and cadmium 
(Cd2+)

Fluorescence 31 and 
64 μM

Ayodhya and 
Veerabhadram 
(2019)

4 Ag2S Cadmium (Cd2+) Fluorescence 546 nm Wu et al. (2017)
5 TiO2 Mercury (Hg2+) Electrochemical 0.017 μM Zhou et al. (2017)
6 Fe2O3 Lead (Pb2+) and 

cadmium (Cd2+)
Electrochemical 0.17 and 

0.21 ng/ml
Maleki et al. 
(2019)

7 CdS Chromium (Cr3+) Fluorescence 16 nM Ahmed et al. 
(2015)

8 MoS2 Cadmium (Cd2+) Optical 72 nM Yin et al. (2017)

degradation and are mobile over large distances. A huge variety of such organic pol-
lutants originating from the massive population growth and superior agricultural 
and industrial activities are released into the environment which threatens the human 
health. Organic pollutants mainly arise from the sources like oxidation of organic 
particulate matter, emissions from motor vehicles, smoke from organic oils, burning 
of coal, etc. Therefore, these pollutants can accumulate in living organisms through 
the biological food chain and have destructive effects on living organisms which 
include acute toxicity and carcinogenicity (Abdel-Shafy and Mansour 2016). These 
pollutants have caused harming effect on the environment. Hence, organic pollut-
ants are a major trouble-causing agent worldwide, especially heteroaromatic and 
aromatic compounds such as phenol, p-nitrophenol, pyridine, dimethyl phthalate 
(DMP) and trichloroethylene. These are widely used in the petrochemical, chemical 
and pharmaceutical industries and are therefore usually found in industrial waste-
water (Essam et al. 2010). These compounds are extremely harmful and have been 
listed by the US Environmental Protection Agency as priority pollutants. Therefore, 
there is a need to remove them efficiently in order to prevent their entry into the 
environment. Considering their potential detrimental effects, the international com-
munity is beginning to establish particular treaties and laws to eradicate or restrict 
the production and usage of such pollutants. The Stockholm Convention (SC) on 
Persistent Organic Pollutants is one of the most famous multilateral treaties. 
Currently, a total of 23 chemicals or groups of halogenated compounds, including 
pesticides, chemicals from industries and unintentional products, are included in the 
list of persistent organic pollutants regulated under the Stockholm Convention. 
Nonetheless, despite the recognized measures and the manufacture of most POPs 
being ceased for over 20 years, significant levels of such pollutants remain in the 
environment (Mechlinska et  al. 2010). Hence, there is clearly a need to develop 

4 Environmental Fate Descriptors for Screening Nanotoxicity and Pollutant Sensing



120

Fig. 4.13 Schematic representation of (a) 4-mercaptobtanol- (b) 2-mercaptobutanol-capped gold 
nanoparticles with their sensing mechanism; fluorimetric selective detection of (c) mercury ion in 
the presence of 4 MB Au-NPs and (d) lead, copper and silver in the presence of 2ME Au-NPs. 
(Adapted figure from Hung et al. with permission from copyright, American Chemical Society 
(Washington, DC, USA))

methods for the monitoring of pollutants in the environment to evaluate the risk to 
human health and the wildlife. Nanomaterials have some essential properties such 
as great specific surface areas, size distribution, hydrophilicity/lipophilicity, molec-
ular structure and high reactivity. All of these physico-chemical characteristics 
make nanomaterials appropriate for a broad range of environmental applications 
like adsorbents, sensors and catalysts. For the treatment of pollutants, research is 
focussed on toxic-gas nanosensor, nanofilters and nanoporous film in a photocata-
lytic unit to remove volatile organic compounds (VOCs) and degrade residual ozone 
(Khan and Ghoshal 2000). In general, nanotechnology can be applied in pollution 
control through three major categories: (1) remediation and treatment, (2) detection 
and sensing and (3) pollution prevention (Yadav et al. 2017). The highly water-sol-
uble and photocatalytic Fe3O4@TiO2 nanoparticles act as promising agents in the 
photodegradation and mineralization of endocrine-disrupting organic compounds 
like bisphenol A (BPA) and dibutyl phthalate (DBP) under UV illumination after 
functionalization with carboxymethyl β-cyclodextrin (CMCD) (Fig. 4.14).

The attractive feature of the respective CMCD-functionalized Fe3O4@TiO2 
nanoparticles is such that they can be completely obtained from the organic com-
pound suspension and reused completely without any loss of catalytic activity. 
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Fig. 4.14 (a) Photocatalytic degradation of bisphenol A and (b) dibutyl phthalate by using Fe3O4@
TiO2 nanoparticles, (c) schematic representation for the mechanistic behaviour of the degradation 
of BP and, DBP and (d) sorption isotherm for the adsorption of BPA and DBP by using Fe3O4@
TiO2 nanoparticles. (American Chemical Society (Washington, DC, USA))

Sharma et al. (2017) have synthesized nanohybrid of graphene nanoplatelets on the 
surface tin oxide nanoparticles by utilizing surface plasmon resonance method. The 
developed nanoparticles were found to be highly selective towards hexachloroben-
zene, and the value of detection limit was found to be 8.76 × 10−13 g/L which was 
found to be very small as compared to other reports. Kim et al. (2017) have synthe-
sized highly luminescent tetraphenylethylene-derived silica nanoparticles by adopt-
ing thermally reversible scheme. Diethylstilbestrol was used as sensing material in 
the presence of developed silica nanoparticles by using fluorescence spectroscopy. 
The fluorescence-quenching response calculated by utilizing Stern-Volmer plot was 
found to be 50 ng/ml. Biosynthesized copper oxide nanoparticles were prepared by 
using fruit extract of plant (Singh et al. 2017) and characterized by various analyti-
cal schemes. The electrochemical sensing of 4-nitrophenol was carried out using 
cyclic voltammetric method (square wave voltammetry and impedance spectros-
copy). The developed nanoparticles produce significant response and degradation 
for 4-nitrophenol in range 10 nm–10 mM in very selective and sensitive manner.
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4.3.3  Organic Dyes

Organic dyes are classified as a cluster of coloured composites, and their members 
may belong to a broad variety of chemical substances. Organic dyes may be aro-
matic, heteroaromatic or any other types of ions or molecules which have very high 
tendency of complex formation with variable molecular structure and properties. 
The basic characteristic of any dye depends upon the molecular structure which in 
turn is related to the temperature, ionic strength, redox potential, solvent and pH of 
the material. From the last few decades, enormous quantity of dyes enters into the 
environment due to the constant growth of printing and dyeing industries. Dyes are 
vital daily chemical compounds that are being widely used in many fields to fabri-
cate colourful products such as textile, paper, rubber, leather, drug, mining, food 
processing industries, plastics, printing, etc. (Rafatullah et  al. 2010). The textile 
industry discharge is one of the highest amounts of dye effluent, contributing to 
more than half of the existing dye effluents seen in the environment around the 
world. The excessive usage of reactive dyes in numerous industries around the 
globe causes severe contamination of water and soil (Zhang et al. 2014). Most of the 
organic dyes contain volatile and harmful chemical compounds such as acetic acid, 
nitrates, sulphur and chromium-based compounds along with various functional 
groups. Simultaneously, heavy metals are also present in miniature quantities such 
as lead, cadmium, mercury, nickel, cobalt, zinc and arsenic (Rajasimman et  al. 
2017). Around 50% of the commercially used dye materials are non-biodegradable 
and reactive in nature. Dyes are considered as pollutants that not only are lethal but 
also alter the colour of the water as they are visible in water bodies even in extremely 
low concentrations. Due to the presence of dyes, sunlight penetration gets entirely 
blocked and leads to imbalance in the photosynthetic reaction which further affects 
the aquatic biota due to oxygen deficiency. Oxygen deficiency disturbs the life cycle 
of various species, and hence, this may eventually lead to a process called eutrophi-
cation (Shakoor and Nasar 2016). Therefore, dyes as pollutants are deleterious to 
humans, aquatic animals and plants too. Various techniques are available in litera-
ture for the quantification of colour present in dyes such as spectrophotometry, 
chromatography and high-performance capillary electrophoresis. But, the most 
popular dye detection technique is UV-visible spectrophotometry which is used for 
monitoring the absorbance of dyes (Heidarizadi and Tabaraki 2016). In general, 
dyes are classified into two categories, namely, natural dyes and synthetic dyes. The 
natural dyes can be nontoxic because of their natural commencement as compared 
to the synthetic dyes. The colour of natural dyes is derived from their complex 
organic structures which have both chromophoric groups (including azo, polyme-
thine, aryl methyl, nitro, nitroso, coumarin, xanthenes and anthraquinone) and 
auxochromic groups (like -NH2, -OH, -SO3H, etc.). These auxochromic and chro-
mophoric groups have susceptibility to escalate the solubility and affinity towards 
the substrate and are electrochemically oxidizable/reducible (Hudari et al. 2017). It 
is coloured as it is absorbed in the visible range of the spectrum. Other properties 
include optical, electronic, photophysical and photochemical properties and 

P. Chauhan et al.



123

conversion of absorbed light energy. Predominantly, a small dosage of dye in water 
can generate a vivid colour and contribute appreciable value of molar extinction 
coefficients. On the basis of their solubility and chemical structure, dyes are also 
classified into various categories such as acidic, basic, vat, azo, direct, mordant and 
so on. Among the different classes of dyes, azo dyes (contain azo group –N=N-) 
have been considered as the most frequently used dyes in industrial application due 
to their excellent and wide spectrum of colouration. Azo dyes are highly toxic and 
mutagenic to the ecosystem on the basis of their concentration effect in water 
resources (Agbe et al. 2019). Their degradation products are also toxic because of 
their bigger molecular structures. However, under anaerobic conditions, the forma-
tion of amines takes place due to reductive cleavage of azo linkages which are clas-
sified as toxic and carcinogenic materials (Solis et al. 2012). Azo dyes enter the 
human body very easily through the skin, lungs and gastrointestinal tract. After 
entering the human body, it destructs the haemoglobin adduct formation which in 
turn affects the blood formation (Karthikeyan and Jothivenkatachalam 2014). In 
other aspect, when these dyes enter into the agricultural field, they get easily adsorb 
by the soil through sorption process and assassinate the life cycle of various small 
organisms present in the soil. The rupturing of microorganisms (flora and fauna) 
affects the agricultural productivity (Imran et  al. 2015). From the environmental 
point of view, the removal of dye from industrial waste is one of the most important 
concerns in today’s world. So, there is an urgent need for the recognition, quantifi-
cation and most importantly degradation of the organic dyes. According to various 
revised policies, it is expected that no synthetic chemicals should be discharged in 
the effluents. Since we cannot imagine a world without colours or coloured articles 
like clothes and objects, the manufacturers will keep on using the dyes. Therefore, 
new technologies must be developed to trap almost all the dyes that enter into the 
environmental atmosphere. Environmental scientists have adopted numerous meth-
ods such as filtration, flocculation, degradation, coagulation, adsorption and so on to 
overcome such hazardous threat. However, these techniques involve multiple as 
well as complex steps and are time-consuming, with sludge generation problems, 
and costly with some limitations. Hence, it is quite important to develop a compe-
tent method for the removal of such hazardous chemicals and dyes by employing 
sustainable approach. According to literature, zinc oxide semiconducting nanopar-
ticles were found to be highly reactive and employed for the photocatalytic degrada-
tion of organic dyes such as methyl orange and methylene blue under the exposure 
of ultraviolet and sunlight (Fig.  4.15). 95–97% of degradation was observed for 
both dyes, and detailed mechanism of degradation was carried out on release of 
reactive hydroxyl species (Islam et al. 2019).

Chaudhary et  al. (2018a, b, c) have synthesized NiO nanodisks by applying 
hydrothermal treatment at different temperatures, and average size was found to be 
6–12 nm. Before investigating the degradation mechanism of developed nanomate-
rials, their biocompatible behaviour was evaluated by carrying out their antibacte-
rial and seed germination analysis. The developed nanodisks degrade methylene 
blue dye and mixture of other dyes up to 98% and 94% within 20 mins. Zinc oxide 
nanoparticles were also prepared by considering microwave irradiation method 
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Fig. 4.15 (a–e) Schematic representation for the development of zinc oxide nanoparticles, (f) 
their TEM image, (g) photocatalytic degradation of methyl orange dye at different time intervals 
and (h) mechanism of photocatalytic generation of reactive oxygen species by zinc oxide nanopar-
ticles and their application in degradation of harmful dyes. (Adapted figure from Islam et al. (2019) 
with permission from copyright, American Chemical Society (Washington, DC, USA))

with average size 4-22 nm. The developed nanoparticles were found to be highly 
selective towards Coomassie brilliant blue R-250 (BBR-250) dye. The adsorption 
and desorption studies of respective nanoparticles were performed towards BBR-250 
dye. The real water sample analysis was also carried out by spiking different water 
sources with known concentration of dye amount. Malini et al. (2018) have synthe-
sized C-, N- and S-doped titanium dioxide (TiO2) nanoparticles by simple hydroly-
sis method. The developed nanoparticles act as efficient catalyst for the 
photodegradation of rose bengal dye, and 100% degradation is obtained only in 
60 mins.
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4.3.4  Gas Sensing

In today’s scenario, the quality of air degrades at a very high rate due to the presence 
of various types of volatile organic compounds and gases. Simultaneously, the 
human health is also getting affected at a higher risk. So, the purification of air qual-
ity has become a major concern (Yin et al. 2019). The most common sources for the 
production of volatile gases are heat exchange arrangements, domestic commodi-
ties and chemical-manufacturing industries along with offices and printers. The 
most common volatile gases are acetone, n-butanol, hydrogen disulphide methanol, 
ethanol, carbon monoxide, hydrogen cyanide, formaldehyde and so on (Joshi et al. 
2009; Chen et  al. 2019). The US National Institute for Occupational Safety and 
Health (NIOSH) has maintained an upper and lower limit for the revelation of the 
volatile organic gases (Wang et al. 2016; Qu et al. 2019). Gas sensors have a variety 
of relevance in the field of personal safety explosive recognition. So, there is an 
urgent need to develop gas sensors for examining and scrutinizing the environmen-
tal pollution caused by excess of gases. In literature, different kinds of gas sensors 
have been reported, but out of all those, semiconducting nanoparticles have gained 
enormous attention and considered as the most promising materials due to their 
stumpy price, high selectivity and sensitivity, elevated response time, easy avail-
ability and most importantly environment-friendly nature. The band gap of the 
nanomaterials also plays very important role in gas sensing due to their excellent 
thermal and chemical steadiness (Wang et al. 2010). Out of various semiconducting 
nanoparticles, TiO2, ZnO and CuO nanoparticles have very fast response time 
towards gases, and they have excellent band gap values (Shi et al. 2018). Huber 
et al. (2017) have developed zinc oxide (ZnO) nanowires on silicon by applying 
chemical vapour deposition (CVD) method. The developed nanowires were sepa-
rated by operating dielectrophoresis and utilized in sensing of gas such as H2S. It 
was observed that the prepared nanoparticles were highly selective and sensitive 
towards H2S gas, and minimum 50  ppb concentration can be detected easily. 
Similarly, Zhao et al. (2018) also synthesized ZnO nanoparticles by cadmium dop-
ing, and highly crystalline wurtzite nanocrystal structure was revealed for the devel-
oped nanoparticles from X-ray diffraction (XRD) analysis. The developed 
nanoparticle acts as a promising candidate for the selective sensing of n-butanol gas 
sensing up to 100 ppm. Suematsu et  al. (2018) developed Au-loaded zinc oxide 
nanoparticles by calcinations process, and the size was found in range 2–4 nm with 
metallic structure. The developed nanoparticles act as sensors towards various gases 
and show response up to 200 ppm for carbon monoxide and hydrogen and 100 ppm 
for toluene, ethanol, acetone and acetaldehyde in dry atmosphere at 377  °C 
(Fig. 4.16). The sensing response of Au-ZnO NPs was found to be 92 for toluene as 
compared to other combustible gases.

Yang et al. (2015) have investigated the role of copper oxide nanoparticles in 
sensing of gas molecules. Copper oxide nanoparticles were developed by using sol-
vothermal analysis, and functionalization of respective nanoparticles was carried 
out by quartz crystal microbalance. It was observed that the developed nanoparticles 

4 Environmental Fate Descriptors for Screening Nanotoxicity and Pollutant Sensing



126

Fig. 4.16 Graphical representation of ethanol (a, c) and toluene (b, d) diffusion. Toluene gas 
selectivity out of various other gases (e) and transient response curve of ZnO and Au-ZnO nanopar-
ticles at 377 °C for 100 ppm toluene (f). (Adapted figure from Suematsu et al. (2018) with permis-
sion from copyright, American Chemical Society (Washington, DC, USA))

were found highly selective towards hydrogen cyanide gas under wide-ranging 
humidity condition. The sensitivity, selectivity and response time of hydrogen cya-
nide gas increase with augmentation in the relative humidity present in the environ-
ment at 9–51%, and hydrogen cyanide gas works as a practical gas sensor. Singh 
et  al. (2016) have synthesized Zn-doped SnO2 polycrystalline nanoparticles by 
applying hydrothermal treatment with size range 9–20 nm. The developed nanopar-
ticles were utilized in the field of gas sensing application such as methanol, ethanol 
and acetone. It was found that the highest concentration of dopants (zinc = 0.20%) 
reflects upper limit of 65% to ethanol, 75% to methanol and 62% to acetone for a 
concentration of 100 ppm at diverse functioning temperature.

4.3.5  Inorganic Anions

Inorganic anions such as iodide, sulphate, chloride, carbonate, sulphite and bromide 
have been considered as one of the major constituents of daily life cycle as they play 
indispensable role in various physiological and biological activities. Simultaneously, 
they have been widely used in the meadow of industrial processing, drug delivery, 
biomedical diagnostic and environmental screening (Lyu and Pu 2017; Bothra et al. 
2015). The discharge of water from industries and rivers is the most common source 
for the release of inorganic and organic anions which in turn pollute the drinking 
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and groundwater at a very high risk (Liu and Liu 2015). But above optimal concen-
tration, anionic group acts as harmful pollutant towards human health and environ-
mental living species, and sometimes its administration leads to death. Therefore, 
there is an urgent need to develop highly selective and sensitive sensor to stimulate 
the phenomenal behaviour of anionic species even at very low and higher concen-
tration level with clinical significance (Poland et  al. 2006). In literature, various 
techniques have been employed to evaluate the permissible limit of anions, but fluo-
rimetric luminescent technique has been considered as the most widely used due to 
its ease of labour, cheap cost, simple operating software, reproducibility, reliability 
and high accuracy along with specificity. In recent era, semiconducting nanoparti-
cles emerged out as the most suitable channel to investigate the performance of the 
anions (Ansari et al. 2016; Mehta et al. 2013). Becuwe et al. (2013) have synthe-
sized silica nanoparticles by using sol-gel Stöber method. The developed nanopar-
ticles are found to be spherical in nature with size 150–200 nm. During the sensing 
application, developed nanoparticles exhibit specific turn on (enhancement) behav-
iour towards perchlorate anion and turn off (quenching) behaviour towards nitrate, 
acetate and chloride ion. Zhang et al. (2011) have described the effect of Cu@Au 
nanoparticles in sensing of sulphide anion during colorimetric assay and optical 
absorption spectroscopy. It was observed that developed nanoparticles could detect 
sulphide up to 3  μM by utilizing colorimetric assay (naked eye detection) and 
0.3 μM by adopting UV-vis spectroscopy.

4.4  Summary

In this book chapter, the venomous nature of different types of contaminants and 
toxins present in the environment was explored to a large extent. The potential apti-
tude of semiconducting nanoparticles has been studied here to investigate their 
capability in the field of pollutant sensing. Before utilizing them in the field of envi-
ronmental remediation, the toxicological screening of semiconducting nanoparti-
cles has been explored by utilizing the quantitative multi-assay approach such as 
antimicrobial, antifungal, antialgal, seed germination, Allium cepa chromosomal, 
photodegradation, sorption, aggregation and desorption assays. The corresponding 
influence of concentration and the nature of particles on different assays has pro-
vided a detailed overview regarding the biocompatibility of nanoparticles. 
Furthermore, the biocompatible nanoparticles were studied to explore their poten-
tial in pollutant sensing. The focus has been kept over heavy toxic metal ions, inor-
ganic anions, organic dyes, volatile toxic gases and organic volatile compounds. 
The influence of corresponding interfering species on the sensing aptitude of 
nanoparticles has also been taken into consideration. Overall, semiconducting 
nanoparticles have been found free from all kinds of toxicological environmental 
fates and have been successfully utilized in the field of environmental remediation 
against various types of contaminants.
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 Multiple-Choice Questions

Question 1. Nanoparticles possess excellent properties as compared to bulk materi-
als due to

(a) High surface to volume ratio
(b) Large size
(c) Low melting point
(d) No quantum effect

Question 2. How nanotechnology is used in the medical field?

(a) Drug delivery
(b) Diagnosis
(c) Tissue engineering
(d) All of the above

Question 3. Which of the statement is correct about semiconductors?

(a) Charge carrier may be positive hole or electron.
(b) They have conductivity between conductors and insulators.
(c) They have very low electrical conductivity and resistivity.
(d) They do not have properties between conductors and insulators.

Question 4. During antimicrobial activity, zone of inhibition directly depends upon?

(a) Shape and size of nanoparticles
(b) Nature of nanoparticles
(c) Concentration of nanoparticles
(d) All of the above

Question 5. While carrying out antifungal activity, what is the optimum condition 
for fungus growth?

(a) Low temperature range
(b) High temperature range
(c) Normal environment
(d) None of the above

Question 6. Seed germination study provides information about the

(a) Behaviour of nanoparticles
(b) Germination index
(c) Biocompatible behaviour
(d) All of the above

Question 7. Allium cepa chromosomal aberration assay gives knowledge of

(a) Meiotic results
(b) Mitotic division
(c) DNA rupture
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(d) Nuclei formation

Question 8. Photodegradation deals with the

(a) Adsorption
(b) Desorption
(c) Degradation
(d) None of the above

Question 9. The excess concentration of heavy metal ions leads to

(a) Environmental contamination
(b) Remediation
(c) Improvement of human health
(d) No changes

Question 10. Why is sensing of different contaminants present in the environment 
important?

(a) To protect the environment
(b) For good health of humans
(c) For good health of animals
(d) All of the above

 Short Questions

Question 1. Why do nanoparticles have different properties from bulk materials? 
Explain their different features.

Question 2. Name different methods utilized for the toxicological screening of 
semiconducting nanoparticles.

Question 3. How do nanoparticles play a crucial role during seed germination 
activity?

Question 4. Explain aggregation and dissolution behaviour of nanoparticles?
Question 5. What are the different pollutants present in the environment and what 

are their adverse effects?

 Answer Sheet

 Answers of MCQ

Question 1 (a)
Question 2 (d)
Question 3 (b)
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Question 4 (d)
Question 5 (a)
Question 6 (d)
Question 7 (b)
Question 8 (c)
Question 9 (a)
Question 10 (d)

 Short-Question Answers

Answer 1. Nanoparticles possess excellent properties as compared to the bulk 
material as the former have outstanding surface area to volume ratio and quan-
tum effect which makes them efficient sensing probe in the field of contaminant 
sensing. Due to their large surface area, they have been widely used in the assort-
ment of physico-chemical processes and their potential application in nanosci-
ence. They are capable of shaping the current needs and act as a safeguard 
towards the environment in the assessment of novel and simpler materials and 
provide various remediation schemes in the handling of harmful toxins. They 
have excellent optical and photoluminescence properties and wide band gap val-
ues and are tremendously biocompatible in nature and highly prone towards 
extensive range of toxic pollutants.

Answer 2. Various types of biological and toxicity activities have been reported to 
explore the toxicological fate of semiconducting nanoparticles, which include 
antibacterial, antifungal, antialgal, anti-proliferation, Allium cepa chromosomal, 
soil sorption and photodegradation and aggregation/dissolution activities.

Answer 3. Nanoparticles play a very crucial role in the seed germination activity 
which further depends upon the size, shape, morphology and surface character-
istics (surface area/mass ratio) of nanoparticles. The environmental exposure, 
ageing, species and growth rate of plant play a fundamental role in the develop-
ment of plant tissue. The size of nanoparticles (ranges from 10 to 50  nm) is 
considered as the most important factor in the analysis of proliferation because 
they can easily penetrate and allow accumulation into plant cell wall which fur-
ther enhances the saturation stability. Aggregation, dissolution, adsorption, redox 
and desorption are found quite interesting processes which can transform the fate 
progression and toxicity of nanoparticles on terrestrial species.

Answer 4. Aggregation process basically deals with the combination of a series of 
particles, which results in the formation of a large-sized particle. Aggregation is 
basically divided into two categories, namely, homo-aggregation and hetero- 
aggregation, which depends upon pH, stearic hindrance, electrostatic interaction 
and ionic strength of nanoparticles along with their attachment efficiency. The 
aggregation tendency of nanoparticles has become beneficial according to envi-
ronmental fate point of view and prevents the toxicity of nanoparticles at their 
early stages. The process of dissolution leads to splitting of molecule in their 
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respective ionic forms and exerts toxicity on the different species present in the 
environment. During dissolution, disruption of nanoparticles takes place into 
various fragments either through chemical or physical transformation. Here, 
oxygen content plays a fundamental role in aquatic systems as most of water 
content is anoxic in nature. Oxygen works as a catalyst, and an appreciable 
amount of dissolved oxygen will not affect the dissolution activity.

Answer 5. The pollutants released in the environment are in different forms such as 
heavy metal ions, inorganic anions, toxic gases (nitrogen oxides, sulphur oxides, 
ozone, carbon oxides etc.), suspended particulate matter as well as volatile 
organic compounds. Typically, a pollutant is any toxin which is not native to the 
ecosystem. However, if the particular discharged chemical is indigenous to the 
ecosystem, then it is characterized as a pollutant if it is emancipated into the 
environmental streaming in amounts that are in overabundance to the natural 
concentration of the organic chemical in the ecosystem, and therefore, this aug-
mented concentration can cause damage to the flora or fauna of the ecosystem. 
They are able to undergo long-range atmospheric transport from source to remote 
areas, thereby threatening the global ecological environment and individ-
ual health.
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Chapter 5
Nanomaterials in Combating Water 
Pollution and Related Ecotoxicological 
Risk

Teenu Jasrotia, Ganga Ram Chaudhary, and Rajeev Kumar

Abstract To meet the needs of the present times, synthesis and processing of tools 
and resources related to nanoscience are the integral parts of the developmental 
industries. In this chapter, we have discussed about the emerging and evolving fields 
of nanotechnology in the domain of water pollution. Nanomaterial-based sensing, 
diagnosis, and remediation of pollutants from the aquatic ecosystems have been 
summarized as the state-of-the-art developments. The potentiality of different nano-
materials can tackle and remediate pollution released from diverse industrial units 
with greater efficacy than other outdated conventional methods. But at the same 
time, by keeping in view the toxicity concerns rising about the release of nanopar-
ticles (NPs) in the water bodies, the evaluation of ecotoxicological risks on different 
trophic levels of aquatic ecosystems has also been discussed in this chapter. To 
advance the nano-field in the domain of pollution control, there is a need of design-
ing the nanomaterials with least cons for the sustenance of aquatic life.
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5.1  Introduction

The industrialized world of today’s time has left its incarnation in every corner of the 
earth. The impact of fast globalization and speedy urbanization has left unforgettable 
scars in every sphere of the only claimed planet of life. The clenches of the 
materialistic world can be seen even on the final frontier of the modern era, i.e. in the 
abyssal plain and oceanic trenches of the ocean beds. The contribution of noxious 
elements by the manly activities has surpassed the geological time scale of natural 
nutrient and elemental cycling. These biodegradable as well as non- biodegradable 
waste products affect the aquatic ecosystems by degrading the aesthetic values and 
ecosystem services. The non-biodegradable section of the waste has a longer life 
cycle, so it remains persistent for the ages by playing the role of a slow poison for 
the ecosystem. These wastes have irreversible adverse impact on the flora and fauna 
of the system ranging from micro to macro in size scale (Wang et al. 2015). Natural 
polluting sources greatly differ from human-originated ones because of the mobility 
issues. Naturally released contaminants generally have a tendency of scattering and 
waning after a short period with the only exception of volcanic lava, whereas anthro-
pogenic sources (except water stream-fed pollutants), owing to their constrained 
movement, remain intact for longer durations (Trujillo-Reyes et  al. 2014). These 
man-made routes mainly include oil spills, fertilizers and pesticides left-outs, extrac-
tion and combustion of fossil fuels, and industrial by-products. They affect the aque-
ous cycle with direct as well as indirect means, which in turn affects the quality and 
quantity of consumable share of the hydrological cycle (Jaciw- Zurakowsky et al. 
2020). The need for rectification is further boosted up by the fact that the earth holds 
only 2.5% water in potable form. The tripling of the human population as per the 
data of twentieth century has resulted in the sixfold increase of water utilization by 
the present human civilization (Verma et al. 2020). So, the future predictions about 
demographic details have provided an impetus to draw the attention of researchers 
and scientists towards the rectification of water pollution to meet the water needs of 
the fastly exploding population. The prevailing limitations in the form of quality and 
quantity of freshwater along with marine pollution raise the requirement of crucial 
and credible materials (Wang et al. 2015; Zhang et al. 2021). Thus, there is an urgent 
need for some modern, advanced, and efficacious solutions for combating water pol-
lution to save and improve living standards on a global scale.

5.2  Types of Water Pollutants

Diverse forms of water contaminants (Fig.  5.1) can be efficiently treated with 
nanomaterials. These chemical pollutants include organic dyes, heavy metals, 
pesticides, phenolic compounds, pharmaceutical waste, endocrine-disrupting 
chemicals, and personal care products.
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Fig. 5.1 Different types of water pollutants treated with nanomaterials

5.2.1  Organic Dyes

These are the chromophore groups containing coloured aromatic compounds, which 
are further categorized into anionic dyes and cationic dyes (Bagheri et al. 2020; Lu 
and Astruc 2020). Industries dealing with textiles and fabrics, paper, food, leather, 
pharmaceutical, cosmetics, and agriculture are the significant contributors of dyes 
in the environment (Mu and Wang 2016). As per the industrial data, every year, 
around 1.6 million tonnes of different coloured dyes are demanded, out of which a 
considerable share of 10–15% is discarded as industrial effluent waste (Hunger 
2003). Health impacts such as breathing discomfort, irreparable damages to the 
brain cells, allergic reactions, and dermal and eye infections are reported after com-
ing in contact with the dye-polluted water (Pan et al. 2012). The mutagenic as well 
as carcinogenic concerns associated with these coloured compounds have risen 
thoughtful processing regarding their abundant discharge in water bodies.
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5.2.2  Heavy Metals

Metals surpassing the atomic density of 4 ± 1 g/cm3 are categorized as heavy metals. 
The presence of these metals in levels greater than the values set by national and 
international agencies such as the World Health Organization (WHO) and US 
Environmental Protection Agency (EPA) has become a dreadful threat for humans 
along with other animals (Burakov et al. 2018).

5.2.3  Pesticides

These are the class of chemicals used for the enhancement of food supply by 
restricting the growth of unwanted plants, animals, insects, and diseases. Pesticide 
is a broad terminology which is comprised of many terms such as weedicide, 
herbicide, fungicide, miticide, insecticide, and many more. Any route of exposure to 
pesticides like organophosphates, organochlorine, and chlorophenoxy is lethal for 
humans and other animals. These carcinogenic compounds have the potential of 
causing severe damage to body organs, reproductive system, nervous system, and 
genetic system. Reports suggest that annual usage of pesticides for the management 
of different pests in the agricultural industries marks the figure of millions of tonnes. 
The surface run-off and leaching phenomenons have aggravated the pesticide issue 
by contaminating the surface water bodies and groundwater aquifers, respectively. 
Thus, removal of these xenobiotics from water bodies has become an attention- 
seeking issue.

5.2.4  Phenolic Compounds

Phenol is seen as a priority water pollutant by the US EPA and National Pollutant 
Release Inventory (NPRI) as it stands at 11th position in the list of hazardous chem-
icals. Its presence even in trace quantities can aggravate serious health issues and is 
mostly dreadful. Resistance to degradation has resulted in their bioaccumulation 
and hence biomagnification in every trophic level of the food chains.

5.2.5  Pharmaceutical Waste, Endocrine-Disrupting Chemicals, 
and Personal Care Products

Detection of these products in water bodies has become an alarming issue, owing to 
their durability and non-biodegradability. Effluents from hospitals, industries, and 
municipalities dump loads and loads of pharmaceutical products like ciprofloxacin 
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and ibuprofen in the aquatic ecosystem (Moussavi et al. 2013). Personal care prod-
ucts and endocrine-disrupting complexes like bisphenol A are usually characterized 
by higher polarity, low volatility, and non-degradability. As a result, they have been 
listed as harmful chemicals for humans, animals, and the environment (Archer et al. 
2017). Even the trace amounts of these categories of pollutants in water can raise 
teratogenic, carcinogenic, and mutagenic impacts on living beings (Archer et  al. 
2017). The functional groups carried by these products have aided their detection in 
surface water bodies and groundwater table as well.

5.3  Definition and Significance of Nanomaterials

Nanomaterials belong to the class of materials that bear all or at least any one 
dimension in the nanoscale ranging from 1 nm to 100 nm and are characterized by 
dimension-dependent properties (Ray and Salehiyan 2020). The inimitable proper-
ties of these materials vary greatly from their correspondent macro-sized chemical 
compounds (Jeevanandam et  al. 2018). According to the definition of the 
International Organization for Standardization (ISO), ‘Nanomaterials are the mate-
rials with any external nanoscale dimension or having internal nanoscale structure’. 
Whereas European Commission (EC) has modified the words to define nanomateri-
als as ‘a manufactured or natural material that possesses unbound, aggregated or 
agglomerated particles where external dimensions are in-between 1 to 100  nm 
size range’.

Nanomaterials because of their distinct and tailorable dimension-dependent 
properties serve the purpose of an integral helping tool in diverse evolving fields 
(Kagan and Murray 2015). The competence of nanomaterials has been proved in 
numerous fields like medicine, agriculture, food, information technology, textiles, 
paper and pulp, energy, concrete, transport, and cosmetics (Lugani et al. 2021). The 
successful exploitation of nanomaterials is achieved because of the ground principle 
of high surface-to-volume ratios (Bharathi et al. 2021). The effects of quantum con-
finement govern the enhancement of the properties (optical, structural, chemical, 
electronic, and magnetic) of the materials in the nanoscale regime (Scher et al. 2016).

Nanomaterials’ development and implementations have proved to be more 
effective and better tools for water pollution monitoring and treatment as compared 
to their conventional counterparts. From the past few decades, nanotechnology and 
nanomaterials due to their higher reactivity have emerged as novel and advanced 
technological innovations for the remediation of water pollution with higher effec-
tive rates. The on-going advancement projects on nanomaterials have provided 
porous domains and surface modifiability to the structural aspects of nanomaterials. 
As a result, solutions like desalination of seawater, enhanced filtration potential, 
reduction of toxicants, and improved water quality came into existence (Lu and 
Astruc 2020). For combating water pollution, nanotechnology can provide promis-
ing outputs by following any one of the two approaches, namely, sensing and detec-
tion of toxic pollutants in the water bodies or degradation and remediation of 
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different water pollutants. These attractive options for water treatment can be 
moulded according to customer-oriented needs and are achieved because of their 
remarkable catalytic nature, enhanced stability (physical, chemical, and thermal), 
high surface area, notable reactivity, stronger tendency of electron transfer, and 
many more (Fig. 5.2) (Zhang et al. 2014b; Xu et al. 2019a). On comparing nanoma-
terials with other traditional methods, nanomaterials proved to be more efficient, 
low energy consuming, less time-consuming, and environment-friendly option for 
the addressal of different environmental issues (Nasrollahzadeh et al. 2021).

5.4  Nanomaterials for Combating Water Pollution

5.4.1  Zero-Valent Nanoparticles

5.4.1.1  Nano Zero-Valent Iron (nZVI)

The applicability of nano zero-valent iron (nZVI) has been practised for combating 
water pollution since the 1990s (Lu and Astruc 2020). nZVI has a broad spectrum 
towards the elimination of water pollutants including both organic and inorganic 
contaminants. These include organic dyes, polychlorinated biphenyls, chlorinated 
organic compounds, pesticides, inorganic ions (like nitrates and phosphates), metal-
loids, personal care products, radio elements, and pharmaceutical products such as 
ampicillin and amoxicillin (Shahwan et al. 2011; Zhang et al. 2014a; Sadegh et al. 
2014; Goodarzi et al. 2017). They have the tendency of converting toxic species of 
heavy metals like Cr(VI), As(III), Ni(II), As(V), Cu(II), and Pb(II) into their less 
toxic counterparts (Bernd 2010; Qu et al. 2013). Large surface area and shape prop-
erties result in the enhancement of reactivity of nZVI when compared with simply 
granular iron (Homhoul et al. 2011; Aredes et al. 2012). The reducing reaction of 
nZVI towards redox-labile contaminants like chlorinated solvents via reductive 
dehalogenation is reflected by the value ‘0.440 V’ as standard redox potential of its 
elemental form (He and Zhao 2007). Because of their higher adsorption capacity, 
economic viability, precipitation, reduction, and oxidation properties, nZVI are the 
most researched zero-valent metal NPs for water remediation (Lu et al. 2016). The 
current scenario of the utilization of nZVI for the water combating is not restricted 
to the laboratorial level, but successful implementations are made at pilot-scale and 
at full-scale real water sampling from different contaminated sites (Lu et al. 2016). 
Apart from surface water remediation, nZVI is also investigated for groundwater 
pollution and is found to be successful for treating chlorinated hydrocarbons, halo-
genated organic pollutants, and perchlorates (Bernd 2010; Bishop et al. 2010; Zhan 
et al. 2011; Verma et al. 2020). The processes of hydrogenolysis and dehaloelimina-
tion serve as the reactive pathways of nZVI for reductive dehalogenation (Bishop 
et  al. 2010). nZVI interacts with groundwater pollutants either by directly being 
injected in the stabilized form in the underwater aquifers, wherein they get adsorbed 
on the surfaces of aquifer solids after making a zone of iron particles, or by the 
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formation of reactive iron particles plume when mobile nZVI is incorporated in the 
groundwater. In the latter case, the formed plume has the tendency of destroying 
dissolved organic pollutants, which came into existence from the liquid source of 
dense non-aqueous phase present in the aquifer (Bernd 2010; Yunus et al. 2012).

5.4.1.2  Silver Nanoparticles (AgNPs)

AgNPs are known to have antimicrobial behavior towards a broad range of microbes 
present in water and are extensively used for water treatment. Due to their antifoul-
ing potential, many industries have installed a coating of AgNPs in their filtration 
membranes such as in poly sulfone membranes (Panahi et al. 2018). Many research 
reports also suggest AgNPs as a successful treatment for organic pollutants like 
4-nitrophenol (Ismail et al. 2019). Different dyes such as crystal violet (Moghadas 
et  al. 2020), eosin yellow, methylene blue, methyl orange, and many more are 
intrinsically reduced by the catalytic action of AgNPs (Marimuthu et  al. 2020; 
Sherin et al. 2020). Many researchers are exploring the applications of AgNPs in the 
sensing sector. Rani et al. (2020) have utilized the AgNPs for the designing of elec-
trochemical sensor which can detect the lowest possible concentration of a toxic 
compound of p-nitrotoluene from the water bodies (Rani et al. 2020).

5.4.1.3  Zinc Nanoparticles (ZnNPs)

For the reduction of many halogenated organic compounds, ZnNPs are always 
considered as an alternative to nZVI, because of their negative standard reduction 
potential (Bokare et al. 2013; Lu et al. 2016). Generally, ZnNPs exhibit a faster rate 
of degradation than their other counterparts. Dehalogenation reactions which are 
involved in the reduction of CCl4 by ZnNPs are greatly influenced by the chemistry 
of water solutions. Complete degradation with faster rates has been achieved by 
ZnNPs (Tratnyek et al. 2010). A study conducted for achieving dechlorination of 
octachlorodibenzo-p-dioxin in aqueous solution at ambient conditions has revealed 
ZnNPs to be the first zero-valent metal NPs responsible for efficient degradation of 
this toxic compound into its lower chlorinated compounds (Bokare et al. 2013).

5.4.1.4  Gold Nanoparticles (AuNPs)

AuNPs have shown adsorption potential towards different organophosphate 
pesticides, serious pollutants, found in different water bodies (Das et  al. 2009). 
AuNPs, when coated with different polyphenolic groups, can act as strong 
photocatalysts for a series of dyes like bromophenol blue, methylene blue, 
bromocresol green, and methyl orange (Choudhary et al. 2017; Kumar et al. 2019). 
Apart from this, many studies have reported photocatalytic interaction of AuNPs 
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with phenol (Navalon et al. 2010), ciprofloxacin, and many more pharmaceutical 
products (Durán-Álvarez et al. 2016), released into the water bodies.

5.4.2  Metal Oxide Nanoparticles

5.4.2.1  Titanium Oxide Nanoparticles (TiO2NPs)

TiO2NPs are the most commonly used NPs of the semiconductor class because of 
their noteworthy properties like photocatalytic, chemical, biological and photosta-
bility, economic efficiency, and high reactivity in the UV range (Guesh et al. 2016). 
Due to their limited selectivity, they are found to be effective for a broad range of 
water contaminants such as heavy metals (Tahir et al. 2020), polycyclic aromatic 
hydrocarbons (Shaban 2019), pharmaceutical products (Mahmoud et al. 2017), pes-
ticides (Surendra et  al. 2020), dyes (Sathiyan et  al. 2020), phenols (Zamri and 
Sapawe 2019), and cyanides (Mishra et  al. 2019) along with pathogenic load of 
virus, harmful algae, and bacteria (Jaciw-Zurakowsky et  al. 2020). The reactive 
oxygen species (ROS) generated on the surface of TiO2NPs because of the forma-
tion of electron-hole pairs can degrade organic compounds in variant wavelengths 
of light (Budimir et al. 2020). TiO2NPs crystallize the toxic forms of metals like 
Hg(II) and Ag(I) due to the generation of hydroxyl ions, when used as photocata-
lysts in the water (Prairie et al. 1993). The successful transformation of Cr(VI) to a 
less toxic form Cr(III) has been attained by these NPs in basic conditions. Food 
additives such as tartrazine dye undergo degradation when they come in contact 
with photocatalytic TiO2NPs (Gupta et al. 2011). Many researchers support the uti-
lization of TiO2NPs for the eradication of pharmaceutical waste from the water bod-
ies (Kanakaraju et al. 2014).

5.4.2.2  Zinc Oxide Nanoparticles (ZnONPs)

ZnONPs are known for their unique properties like high photocatalytic activity, 
direct and wide band gaps in the near UV range, and stronger oxidation potential, 
which renders their suitability for combating water pollution (Borysiewicz 2019). 
Moreover, their biocompatibility makes them one of the most efficient and demanded 
alternatives for being utilized in wastewater treatment (Schmidt-Mende and 
MacManus-Driscoll 2007). ZnONPs are well known for many plus points which 
involve low cost, considerable stability and reactivity, and larger intake capacity of 
solar spectra of wider ranges, when compared with NPs of other metal oxides 
(Yathisha and Nayaka 2020). ZnONPs have the potential of deactivating a wide 
range of pathogens found in polluted water, which makes them apt for the applica-
tion of water disinfection (Gehrke et al. 2015; Wong et al. 2019). ZnONPs exhibit 
higher removal efficiencies of around 98% against Cu(II) released in the wastewater 
of electroplating industries (Rafiq et al. 2014). The toxic heavy metals like Cr(VI) 

5 Nanomaterials in Combating Water Pollution and Related Ecotoxicological Risk



148

are extensively eliminated from the water by getting adsorbed on the surface of 
these NPs (Kumar et al. 2013). The photocatalytic efficiency of ZnONPs has been 
reported in the UV range against dyes like methyl orange (Fu et  al. 2011). The 
undulating fluorescent signals in the UV range after coming in contact with differ-
ent chlorinated organic compounds reflect the competency of ZnONPs towards this 
class of water pollutants (Mohamed 2017).

5.4.2.3  Iron Oxide Nanoparticles (FeONPs+Fe2O3NPs + Fe3O4NPs)

FeONP-associated processes and properties like higher affinity towards pollutants, 
redox reactions, magnetic properties, and ion exchange open up the routes of their 
exploitation in the environmental field (Trujillo-Reyes et  al. 2014). Due to large 
abundance, lower cost, easy accessibility, and simple synthesis, FeONPs are the 
preferential adsorbent for combating water pollution (Bagheri et al. 2020). FeONPs 
are often considered eco-friendly and biocompatible with very lower toxicity con-
cerns associated with them (Jasrotia et al. 2020). These features aid their entry into 
the field of sensing and remediation of water pollutants. Nano iron hydroxide has 
been reported as an adsorbing substrate for arsenic present in aqueous solutions 
(Priyadarshni et al. 2020). Nano Fe2O3 and nano Fe3O4 are known for their super-
paramagnetic properties, which results in their large-scale exploitation as pollutant 
separators along with the additional advantage of their recovery under the influence 
of low-gradient magnetic field generated by them (Qu et al. 2013). From the very 
initial times of the nano introduction, Fe2O3NPs have been studied for their interac-
tion with organic pollutants discharged in the water bodies via the phenomena of 
degradation, adsorption, and oxidation (Xu et al. 2019b). The removal of organic 
pollutants such as ethylene glycol, toluene, phenol, bisphenol A, benzene, and 
xylene has been successfully carried out at room temperature with the help of 
Fe2O3NPs (Yu et al. 2016). The photo-Fenton-carried degradation of dyes like black 
5 (Miyashiro et al. 2021), remazol yellow (Bhuiyan et al. 2020), and rhodamine B 
along with other pollutants like ‘4-nitrophenol’ has been investigated with these 
NPs (Piotrowski et al. 2019). Because of the magnetic properties of this class of 
NPs, they are easily separated after their course of action for the reusability purpose 
and for evading impending environmental risks. Fe3O4NPs have played a substantial 
role in the removal of organophosphorus pesticides (Fakhri et al. 2020) and polyaro-
matic hydrocarbons (Zhou et al. 2019). Mahanty et al. (2020) evaluated the efficacy 
of Fe2O3NPs up to five adsorption-desorption cycles against a list of heavy metals 
like Ni(II), Pb(II), Cu(II), and Zn(II) from aqueous solutions. Qiao et  al. (2019) 
focused on the desired characteristics of FeONPs as magnetic oil sorbents with 
appreciable efficiencies. FeONPs are also involved in the removal of pharmaceuti-
cal waste like ofloxacin from the water bodies with the help of adsorptive mecha-
nism of H-bonding and π-π electron donor-acceptor (Singh and Srivastava 2020). A 
study investigated not only the removal but also the efficient recovery of both the 
organic and inorganic species of selenium from the waste water with the help of van 
der Waals attractions and electrostatic interactions, respectively (Okonji et al. 2020). 

T. Jasrotia et al.



149

Apart from these, Fe2O3NPs after the subjection to a certain type of treatment are 
efficient for the removal of radioactive materials like uranyl ions (Zhu et al. 2019).

5.4.2.4  Magnesium Oxide Nanoparticles (MgONPs)

MgONPs synthesized by different routes have the potential for the catalytic 
degradation of organic dyes (Nguyen et al. 2020). Sackey et al. (2020) showed the 
effective photocatalytic property of MgONPs against methylene blue under visible 
irradiation. Non-spontaneous adsorption of direct sky blue dye from the aqueous 
solutions has been recently reported because of these NPs (Noreen et  al. 2020). 
MgO2NPs are successfully applied for the removal of hydrocarbon compounds like 
naphthalene and toluene from the groundwater (Gholami et al. 2019). MgONPs can 
simultaneously act on pathogens and heavy metals like Cd and Pb to remove their 
considerate concentrations from the water bodies (Cai et al. 2017). The literature 
has demonstrated cubical- and spherical-structured MgONPs as good adsorbents 
with substantially higher adsorption capacities for pharmaceutical products like cip-
rofloxacin which are ended up in water bodies (Sivaselvam et al. 2020). 

5.4.2.5  Copper Oxide Nanoparticles (CuONPs)

CuONPs are always an interesting object for combating water pollution, because of 
their distinctive physical and chemical properties, antimicrobial potential, and lower 
cost issues (Budimir et al. 2020). These NPs release small-sized copper ions into the 
contaminated water, which causes major disruptions in the internal structures of the 
bacteria after entering into their cell walls (Sunitha et al. 2020). In addition to this, 
CuONPs also alter the pH and conductivity of the surroundings, thus altering the 
chemical composition of the water. Large surface-to-volume ratio of the CuONPs 
provides proximity to cell membranes, which results in more intense interaction 
between them, thus displaying antimicrobial character in a concentration-dependent 
pattern towards a variety of bacteria like S. aureus, E. coli, etc. (Budimir et  al. 
2020). Various progressions in the photocatalytic activity of CuONPs towards pol-
lutant degradation are very well jotted down by Raizada et al. (2020) in a review. 
CuONPs have applications in the treatment of different categories of pollutants such 
as dyes (including methyl red, methylene blue, rhodamine B, eosin yellow, methyl 
orange) (Sreeju et  al. 2017; Rafique et  al. 2020) and heavy metals (like As(III), 
Pb(II), Cr(VI)) (Mohan et al. 2015). Furthermore, they are also implied in the sens-
ing field as successful sensors of phenol (Wahab et al. 2020) and as catalytic agents 
for the transformation of serious pollutants like 2-NP, 3-NP, and 4-NP into their 
analogous amino compounds within a time frame of 4–12  minutes (Sreeju 
et al. 2017).
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5.4.2.6  Cerium Oxide Nanoparticles (CeONPs)

CeONPs are a part of emerging nanotechnological interventions for environmental 
applications like heterogeneous catalysis, pollutants adsorption, and contaminants 
sensing. Pharmaceutical wastes such as tetracycline are exothermically and sponta-
neously adsorbed by the cubical-structured CeONPs (Nurhasanah et  al. 2020). 
Effective photodegradation of CeONPs is reported in literature against different 
dyes like congo red, methyl orange (Latha et al. 2018), rhodamine 6G (Calvache- 
Muñoz and Rodríguez-Páez 2020), reactive green 19, reactive yellow 81, reactive 
orange 84, and reactive violet 1 (Sane et al. 2018). Many reports have been pub-
lished considering CeONPs as excellent adsorbents for the removal of toxic con-
taminants like As(III), As(V) (Feng et al. 2012), Cr(VI) (Sun et al. 2016), Pb(II), 
Cu(II) (Yari et al. 2015), and Hg(II) from the natural water bodies.

5.4.3  Carbon-Based Nanomaterials

5.4.3.1  Carbon Nanotubes (CNTs)

As the very name suggests, carbon nanotubes are the folded structures of carbon in 
the shape of a tube with size dimensions ranging in nanoscale. The inimitable 
behaviour of these nano-sized carbon tubes is ascribed to a list of properties like the 
accessibility of a larger number of adsorption sites, large surface area, high mechan-
ical strength, remarkable electrical and thermal conductivities, and flexible surface 
chemistry (Alghuthaymi et al. 2020). These nanotubes can be further categorized 
into two types based on structural forms: single-walled carbon nanotubes and multi- 
walled carbon nanotubes. The former type is comprised of only a single layer of 
graphene folded in a cylindrical shape, whereas in the latter case, there is more than 
one layer with a length ranging from nano to a few microns. These CNTs are 
reported to be used as extracting agents for the leftovers of five N-methyl carbamate 
insecticides, namely, carbaryl, carbofuran, zectran, methiocarb, and aminocarb, 
present in different surface water bodies (Latrous El Atrache et al. 2016). CNTs are 
reported to have strong adsorption potential for a wide array of organic compounds 
and heavy metals because of their high sorption surface (Alghuthaymi et al. 2020; 
Verma and Balomajumder 2020). Multi-walled CNTs act as a competent and low- 
priced technique for the exclusion of 99.5% of unleaded gasoline hydrocarbon from 
the contaminated water surfaces (Lico et al. 2019). Different pollutants interact and 
are adsorbed differently on the internal hollow spaces of nanotubes, interstitial 
channels between nanotubes, outermost superficial grooves, or outside surfaces of 
nanotube aggregates (Panahi et al. 2018). Heavy metals like Pb(II) and Cd(II) show 
electrostatic interactions and chemical binding with the functional groups of the 
adsorption sites of CNTs, whereas organic pollutants present in the vicinity of 
CNTs show π-π interactions, hydrophobic effects, electrostatic attractions, hydro-
gen bonding, and covalent bonding (Panahi et al. 2018; Lu and Astruc 2020).
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5.4.3.2  Carbon Quantum Dots (CQDs)

The attention of the scientific world has been drawn towards CQDs because of their 
non-toxicity and harmless green synthesis, which is further boosted up by their 
excellent optical and electrical properties (Si et al. 2020). CQDs have emerged as a 
promising alternative approach to semiconductor QDs for water remediation. These 
carbon-based nanomaterials are comprised of carbon NPs with a size range of less 
than 10  nm. CQDs are considered at par or superior to other available nano- 
remediation approaches because of their properties like cost-effectiveness, higher 
physical and chemical stability, stronger photoluminescence, good thermal and 
electrical conductivity, appreciable solubility in water, and lower toxicity levels 
(Lim et al. 2015). The higher number of ROS generation under the influence of vis-
ible light attributes a substantial amount of antibacterial potential to CQDs (Meziani 
et al. 2016). Degradation of dyes like rhodamine B and transformation of toxic spe-
cies of heavy metals like Cr(VI) have been achieved with the participation of CQDs 
(Liu et al. 2020). Sensing and differentiation of four different antibiotics released in 
the water bodies, namely, tetracycline, metacycline, oxytetracycline, and doxycy-
cline, have been achieved with the help of a fluorescence sensor fabricated by the 
conjunction of two CQDs (Xu et al. 2020).

5.4.3.3  Graphene-Based Nanomaterials

Graphene and related materials are the newest addition in the carbon family and are 
applied for different applications because of their unique morphology, chemical 
structure, and electronic properties. To meet the ever-increasing demands of clean 
water, graphene-based nanomaterials are intensively dedicated to the prevention, 
control, and reduction of water pollution. So, they have been focused on different 
organic materials, heavy metal ions, and inorganic pollutants in water with the help 
of strong π-π interactions (Lu and Astruc 2020). Graphene oxides and sheets are 
emerging as competent agents for the removal of antibiotics, a class of pharmaceuti-
cal waste, with the help of adsorption or oxidation processes. A summarized report 
on graphene oxide and related nanomaterials towards the adsorption of antibiotics 
like tetracycline, sulfamethoxazole, and ciprofloxacin, analgesics like diclofenac, 
β-blockers like atenolol and propranolol and pharmaceutically active compounds 
like carbamazepine has been provided by Khan et al. (2017). Many advanced gra-
phene structures have a removal potential against a series of toxic compounds 
including dyes, pesticides, phenols, aromatic polar and non-polar compounds, halo-
genated compounds, and nitro compounds which are present in aqueous solutions 
(Mandeep and Kakkar 2020). Yuan et al. (2013) reported removal of ions of Cr(VI), 
Cu(II), Pb(II), Fe(III), and Zn(II) with the help of modified graphene. In a study, 
Tran et  al. (2020) made a successful attempt for the removal of anionic (crystal 
violet), cationic (congo red), and neutral (methyl red) dyes from the wastewater 
using composites of graphene. The parameters of graphene sheets like roughness, 
surface functionalization, charge, orientation, size, and wettability decide the extent 
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of adhesion and interaction of bacteria with these sheets (Szunerits and Boukherroub 
2016). The antibacterial nature of graphene oxide sheets towards different strains of 
bacteria is attributed to the mechanisms like membrane rupture with sharp edges of 
nanosheets, oxidative stress, and membrane wrapping (Perreault et al. 2015).

5.4.3.4  Fullerenes

Fullerenes are carbon compounds with hydrophobic surfaces, higher electron 
affinity, and surface-to-volume ratios. The structural deficits on the superficial areas 
of fullerenes aid them in adsorbing different pollutants from aqueous solutions. 
They showed an adsorbing tendency towards different organic compounds, but the 
most fascinating results were obtained for the organometallic class (Panahi et al. 
2018). Owing to the internal and external coverage of π electrons, these carbon 
compounds interact strongly with organic molecules (Lucena et  al. 2011). 
Nanocrystalline aggregates of C60 have antimicrobial behaviour towards bacteria 
(Azizi-Lalabadi et al. 2020), whereas amino fullerenes show activity against viruses 
and are reported for degrading pharmaceutical wastes (Elessawy et  al. 2020). 
Fullerenes are always looked upon as an attractive solution for wastewater treatment 
because of their lower affinity to aggregation and larger surface area. Fullerenes 
differ from other carbon-related nanomaterials because of the extensive adsorption 
sites availability. They can adsorb pollutants at the superficial layers or in the 
channels or between the masses of fullerenes (Bagheri et al. 2020).

5.4.4  Nanocomposites

To overcome the drawbacks associated with each one of the nanomaterials, 
researchers have come up with the strategy of fabricating nanocomposites for the 
treatment of contaminated water. Because of the enhanced efficiency and limited or 
no drawbacks, nanocomposites are emerging in the field of nanoscience as the most 
active subject of the current times. Bentonite-hydroxyapatite nanocomposite is 
evaluated for the significant removal rates of Pb(II) and Ni(II) and the eradication of 
residues of fungicides present in aqueous solutions (El-Nagar et  al. 2020). 
Nanocomposites are capable of removing more than one pollutant at the same time 
and with much greater efficiency. One such nanocomposite fabricated with the 
cross-linking of iron oxide and sodium alginate was confirmed as an excellent 
nanosorbent for the simultaneous removal of different heavy metals like Pb, Cd, and 
Cu from the wastewater (Mahmoud et al. 2020). Oyewo et al. (2020) summarized 
the removal and degradation of different heavy metals and dyes discharged in 
surface water bodies with the help of different nanocomposites designed by 

T. Jasrotia et al.



153

combining different metal oxides with cellulose. Magnetic nanocomposite of Fe3O4 
and Cr2O3 is competent of degrading 4-chlorophenol followed by its magnetic 
separation from the pollutant for the recycling of the nanocomposite (Singh et al. 
2017). Biogenic Fe3O4/Au nanocomposite performs photocatalytic degradation of 
drugs like imatinib and imipenem. Additionally, it is successfully evaluated for the 
removal of three human pathogens, thus expressing its antimicrobial character as 
well (Mirsadeghi et  al. 2020). The functionalized graphene/sericin composites 
perform exceptionally great rates of phenolic compounds decontamination from 
water due to the presence of chemically active functional groups on its surface 
(Abdolmaleki and Mahmoudian 2020).

5.4.5  Nanomembranes

Membrane-based decontamination is a rapidly evolving innovation in 
nanotechnology wherein nano-sized formulations are explored for the treatment of 
polluted water. Sizes of the membrane pore and contaminant molecules are the 
deciding features for the successful removal of different pollutants by providing a 
physical barrier. The efficacy of the nano-sized membrane is governed by polarity, 
weight, molecular structure, hydrophobicity, hydrophilicity, and pore size. These 
membranes prohibit the contaminants of size dimensions less than 1 nm, and the 
mechanism of charge-carried repulsions is followed for the separation of different 
ions. These nanomembranes because of their amazing permeation properties and 
characteristics of being antibacterial, antifouling, and photocatalytic are exploited 
as ultra- fast and selective filtration units for water purification (Ying et al. 2017). 
Nanomembranes studded with hydrophilic NPs develop resistance towards many 
pathogens and organic compounds (Gehrke et al. 2015). These membranes can be 
grouped under two categories, namely, inorganic nanomembranes and organic 
nanomembranes (Lu and Astruc 2020). The incorporation of organic polymers with 
photocatalytic NPs exhibits the fabrication of new membranes with enhanced deg-
radation rates for the organic pollutants dispersed in water. Two hydrophilic mem-
branes and one hydrophobic membrane were fabricated using TiO2NP-impregnated 
polyethersulfone and polyvinylidene fluoride (PVDF) in the former case and only 
PVDF in the latter case. Hydrophobic membranes were efficient photocatalysts for 
methylene blue dye, whereas hydrophilic membranes showed degradation of phar-
maceutical wastes such as ibuprofen and diclofenac (Fischer et al. 2015). Successful 
degradation of organic pollutants such as humic acid and cyclohexanoic acid is 
performed with the integration of Fe2O3NPs and CNTs with PVDF membrane 
(Alpatova et al. 2015).
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5.5  Ecotoxicological Risks Associated 
with the Nanomaterials

The toxicity issues associated with different nanomaterials rest on the parameters 
such as origin, life, dose, dimensions, surface chemistry, surface area, surface coat-
ing, crystallinity, aspect ratio, and aggregation tendency of these nanomaterials 
(Saleh 2020). NPs after entering into the bodies of the aquatic organisms via direct 
or indirect interactions (Fig. 5.3) get accumulated into different tissues and organs 
and thus express their toxicity in many forms such as apoptosis, ROS production, 
oxidative stress, and death. The toxic effects of NPs in aquatic ecosystems are 
highly dependent on their mobility and bioavailability. Many reports have thrown 
light on the toxic impacts of NPs on different aquatic flora and fauna comprising 
bacteria, algae, plants, cladocera, oligochaete, cnidarian, and fishes. The ecotoxico-
logical impacts of the deliberate and non-deliberate introduction of NPs in the 
aquatic environment can be studied under the following sub-sections.

Direct Interactions Indirect Interactions

Nanoparticles

Fig. 5.3 Interaction of NPs with the different trophic levels of aquatic ecosystem
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5.5.1  Effects on Aquatic Autotrophs

5.5.1.1  Toxic Impacts on Phytoplankton

Phytoplanktons are the primary producers of the aquatic ecosystems, and their 
community structure and functions are greatly affected by the presence of 
nanospecies of the metals. Since marine phytoplanktons occupy the base of a trophic 
level of food chains and food webs, thus they are more structurally, reproductively, 
and metabolically susceptible to different nanomaterials. In a study reported by 
Dauda et al. (2020), significant alterations were obtained in the community structure 
and dynamics of phytoplankton in the presence of TiO2NPs. NPs either directly or 
indirectly impart toxic responses to phytoplankton by the release of ionic species of 
toxic metals or by generating ROS in the cellular bodies of the organisms (Dauda 
et al. 2020). The disproportionate levels of ROS attack and mutilate proteins, lipids, 
and DNA assembly of the cells. These nanomaterials induce mutations or com-
pletely degrade the DNA after forming complexes with them. When they get associ-
ated with proteins of the cells, serious alterations are noticed in the proteins’ 
structures and functions. Cr2O3NPs reported the impairment of the photosystem II 
in the chlorophyll-containing organelles of Chlamydomonas reinhardtii (Dauda 
et  al. 2020). The activity of oxidative stress enzymes is greatly altered by the 
ZnONPs in the species of Chlorella vulgaris (Suman et al. 2015). CuONPs in the 
presence of UV light express the synergistic response in the form of cell membrane 
destruction and oxidative stress mismanagement (Cheloni et al. 2016). In a study, 
the probability of DNA destruction is reflected in the Dunaliella tertiolecta, a dia-
tom, when provided with the exposure of TiO2NPs, SiO2NPs, and ZnONPs. TiO2NPs 
activate the signals needed for cell wall destruction, SiO2NPs play the role in exces-
sive generation of ROS, whereas ZnONPs induce fragmentation of DNA strands 
(Cheloni et  al. 2016). A significant decline in the photosynthetic efficiency of 
Isochrysis galbana, a prymnesiophyte phytoplankton species, is seen as a physio-
logical endpoint for the concerned aquatic photoautotrophs by the population-level 
effect of four types of NPs, namely, ZnONPs, AgNPs, CeONPs, and CuONPs 
(Miller et  al. 2017). AgNPs and CeO2NPs alter the structural, reproductive, and 
physiological processes of D. salina and C. autotrophica by causing a decline in 
chlorophyll content and quantum yield of photosystem II and cell densities and 
enhancing the cell complexities and generation of ROS in the internal environment 
of cellular bodies (Sendra et al. 2018). NPs like α-Fe2O3NPs and γ-Fe2O3NPs have 
adverse effects on the species of both types of phytoplankton, i.e. freshwater phyto-
plankton like Selenastrum capricornutum and marine phytoplankton like 
Nannochloropsis oculata (Ates et al. 2020).
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5.5.1.2  Toxic Impacts on Cyanobacteria

These photosynthesizing single-celled or colony-forming organisms are an integral 
part of aquatic ecosystems. Generally, they are more prevalent in the form of blooms 
in freshwater ecosystems but are also found in marine habitats. Investigations are 
made to establish toxicity concerns of citrate-stabilized AgNPs towards 
Prochlorococcus, a marine dominant cyanobacteria. The detrimental results 
obtained in the NP-exposed community are largely driven by the generation of 
superoxides and by the leaching of silver ions from the reduced AgNPs (Dedman 
et al. 2020). Synechococcus elongatus, a species of cyanobacteria, exhibits remark-
ably high sensitivity towards graphene oxides (Malina et al. 2019). The toxic behav-
iour of AgNPs towards Microcystis aeruginosa, a bloom-forming strain of 
cyanobacteria, is confirmed by the captured TEM and SEM images of the shrunk 
and damaged cell walls. The inhibitory effect of around 99% is obtained, resulting 
in the reduction of cell growth, morphological changes, and changes in cell density 
(Duong et al. 2016). The toxicity of AgNPs towards cyanobacteria is reflected by 
their negative impacts on the viability of the member of cyanobacterial community, 
i.e. Synechococcus leopoliensis (Taylor et al. 2016).

5.5.1.3  Toxic Impacts on Aquatic Plants

Aquatic vascular plants comprising of different categories of plants like free- 
floating, rooted, emergent, and submerged play a key role as producers in ecological 
energy metabolism. The toxicity of different nanomaterials to aquatic plants like 
macrophytes has been reported in the literature (Blinova et al. 2020). The toxicity 
signs are noticed in AgNP-exposed Halophila stipulacea (a sea grass) in the form of 
actin filament disturbances, affected microtubules, undulations in H2O2 levels, death 
of epidermal cells, inhibition in cell elongation, disappearance of grainy structures 
and massive aggregations in meristematic cells containing endoplasmic reticulum, 
elevated malondialdehyde content, and enhanced activity of superoxide dismutase 
and peroxidase, thus initiating oxidative damages and activation of antioxidant 
defence mechanism (Mylona et al. 2020). AgNPs exhibit toxic impacts on Lemna 
gibba by targeting its physiological state. These NPs cause serious reductions in the 
aquatic plant’s biomass because of drop in photosynthetic activity by inhibiting the 
transfer of energy to the reaction centres from the light-harvesting complexes, nega-
tively influencing the water splitting system of PS-II, or by the complete inactiva-
tion of photosynthetic reaction centres (Dewez et al. 2018). Another plant from the 
same family, Lemna minor when exposed to AgNPs shows increasing rates of chlo-
rosis, decrease in growth rate and fronds per colony, and unregulated enzymatic 
activity of guaiacol peroxidase and glutathione-S-transferase because of the induc-
tion of oxidative stress in the cells of the aquatic plant (Pereira et al. 2018). CuONPs 
inhibit the PS-II and thus affect the energy fluxes undergoing in photosynthetic 
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membranes of L. gibba as a response to the release of Cu ions from the CuONPs 
(Perreault et al. 2014). A significant reduction in the reducing ratios of chlorophyll 
a to phaeophytin is observed in Spirodela polyrhiza when exposed to ZnONPs (Hu 
et al. 2013). AgNPs synthesized by chemical routes get accumulated in the tissues 
of water hyacinth, thus inhibiting its growth (Rani et al. 2016).

5.5.2  Effects on Aquatic Heterotrophs

5.5.2.1  Toxic Impacts on Zooplanktons

The shape, size, and chemical properties of NPs affect the structural and functional 
composition of the zooplanktons. NPs not only carry toxic characters but also influ-
ence and increase the toxicity of co-occurring pollutants in the aquatic environment. 
TiO2NPs in addition to the toxicity issues of their own also increase the negative 
impacts of polycyclic aromatic hydrocarbons like phenanthrene and heavy metals 
like Cd(II). Zooplanktons like Artemia salina bioaccumulate large quantities of 
these pollutants when they come in the vicinity of TiO2NPs. These TiO2NPs govern 
the concentration-dependent mechanisms for the adsorption of hydrocarbons and 
heavy metals to impart toxic effects towards the zooplanktons (Lu et al. 2018). A 
high dose of AgNPs for shorter durations reduces abundance, species richness, and 
biomass of the zooplanktons (Vincent et al. 2017). Studies show the bioaccumula-
tion, biomagnification, and thus elevated toxicity of AgNPs in the water flea (Moina 
macrocopa) (Yoo-iam et al. 2014). Ahmed et al. (2021) provided a detailed insight 
into toxicity concerns of differently shaped Cu2ONPs on the multi-generations of 
Daphnia magna in the aquatic ecosystem. Cu2ONPs impart long-lasting impacts on 
the body structures of D. magna and cause increased Cu accumulation in their off-
springs. The negative effects on the body length and reproduction rate of D. magna 
are because of the dissolution of CuONPs in water, resulting in the formation of Cu 
ions in the exposure medium. ZnONPs are found to be toxic for the marine primary 
consumers like A. salina and D. magna. Even the small concentrations of these NPs 
can exhibit lethal results on the organisms. The mortality rate is parallel with the 
increasing concentrations and time periods (Danabas et al. 2020). When daphnids 
are exposed to La2O3NPs, serious accumulations are seen in their intestines which 
induces many toxic impacts and can even lead to mortality within 48 h of exposure 
(Balusamy et al. 2015). Graphene oxide leads to a shift in the energy paradigm of 
Ceriodaphnia dubia from feeding and reproductive incentives to self-maintenance. 
Prolonged doses of these nanomaterials cause a noteworthy change in the feeding 
patterns, reduction in neonates, and ROS generation (Souza et al. 2018).
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5.5.2.2  Toxic Impacts on Invertebrates

Caixeta et al. (2020) summarized the toxicity details of different nanomaterials on 
the diverse species of snails which includes the bioaccumulation and biomagnifica-
tion of NPs, reproductive and transgenerational impacts, genotoxicity, and embryo-
toxicity. Short-term exposures of graphene oxides are capable of inducing significant 
changes in the eastern oyster like reduction in total protein contents, increased lipid 
peroxidation, epithelial inflammation, and oxidative stress (Khan et al. 2019a). The 
presence of graphene oxide in the Crassostrea virginica causes alterations in the 
detoxifying enzyme ‘glutathione-s-transferase’ present in the digestive glands and 
gills of the animal. It leads to the generation of stress signals which in turn start the 
uncontrolled generation of ROS, thus causing oxidative damage in the system of the 
concerned invertebrate. Further, the resulting elevated levels of lipid peroxidase 
cause cellular damage in the organisms (Khan et al. 2019b). Nano oxides of the 
graphene induce destructive changes in the physiological feature of regeneration in 
Diopatra neapolitana. Its exposure results in delayed regenerative capacity, 
decreased metabolism, and significant cellular damage (Marchi et  al. 2017). 
Graphene oxide present in water bodies aggravates the toxicity of co-contaminants 
like Cd and Zn and thus compromises the routine metabolism of the shrimp 
‘Palaemon pandaliformis’ (Melo et al. 2019). Fullerenes in water bodies impair the 
life cycle parameters like breeding of benthic invertebrate Chironomus riparius by 
delaying the emergence time of females (Waissi et al. 2017). 

5.5.2.3  Toxic Impacts on Vertebrates

Numerous reports are depicting the toxicity of ZnONPs towards the vertebrates of 
the aquatic environment. As per a study conducted on the zebrafish exposed with 
ZnONPs, inhibiting effects on the hatching, induction of metallothionein, variations 
in the expressions of target genes, and changes in the transcription of pro- 
inflammatory cytokines were noticed. These transcriptional alterations caused sig-
nificant toxic impacts on the embryos of zebrafish (Brun et al. 2014). Exposure of 
AgNPs on the biological system of Danio rerio is studied wherein toxicological end 
points are attained in the form of abnormal hatching rates and heart rates and mor-
tality (Cunningham et al. 2013). Significant toxic impacts such as DNA damage, 
erythrocytes compositional and functional disruption, nuclear abnormalities like 
micronuclei formation, generation of oxidative stress, accumulations in the brain 
and liver, and reticence of antioxidant system are observed in the juveniles of 
Ctenopharyngodon idella which are fed with the polystyrene NP-contained water. 
Even the nanogram concentrations of these NPs raise cytotoxic, mutagenic, and 
genotoxic concerns in these organisms (Guimarães et al. 2021). Carbon nanofibres 
accumulate in the biomass of Nile tilapia via the food chain wherein it imparts 
severe cytotoxic effects. These effects are in association with occurrence rates of 
erythrocytes nuclear aberrations like kidney-shaped micro-nucleation, constricted 
nucleated erythrocytes, small-sized nuclei, and a lower ratio of nuclear/cytoplasmic 
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area. The causative agent of mutagenic and cytotoxic changes is transferred from 
the lower trophic levels of the food chain (Gomes et al. 2021). Exposure of multi- 
walled CNTs to sexually mature Xenopus tropicalis causes toxicological changes in 
the growth and reproductive phases of their life cycles. The share of inhaled CNTs 
accumulates in their lungs to cause lung cannons. Reports suggest significant 
changes in the structure and diversity of microbial communities residing inside their 
guts. Apart from these, chronic exposures of CNTs raise the potentiality of repro-
ductive abnormalities such as inhibition to the formation of spermatogonia and 
oocytes along with the decreased cases of fertilization and survival rates of their 
embryos (Zhao et al. 2020). The inhalation of ZnONP formulation induces cardio-
respiratory and metabolic disorders in the white sucker. Gill tissues of Catostomus 
commersonii provide the shreds of evidence of cellular level and oxidative stress 
involving elevation in levels of malondialdehyde, increase in activity of caspase 3/7, 
and expression of heat shock protein. The acute exposure of ZnONPs upsurges the 
parasympathetic nervous signals which in turns reduces the heart rate by around 
35%, thereby decreasing energy demand of the tissues. The resultant enhancement 
in the permeability of epithelial cells and structural remodelling causes a threefold 
increase in the activity of gill Na+/K+-ATPase. Thus a whole new animal hypoxic 
response is generated to the cellular stress and tissue degeneration caused by the 
exposure of ZnONPs (Bessemer et al. 2015). Stability of the genomic template of 
Dicentrarchus labrax is highly hampered in the form of oxidative DNA damage by 
the presence of TiO2NPs (Vannuccini et al. 2015), whereas these NPs induce immu-
notoxic effects in the Pimephales promelas by disturbing the bactericidal properties 
of the neutrophils (Jovanović et al. 2015).

5.6  Conclusion

Water environments served the purpose of an ultimate sink of anthropogenically 
generated waste products and end products of divergent utilities. Due to the perni-
cious fate of these pollutants in the water bodies, the recent advancements are ema-
nated in the nano-field. Nanomaterials provide a more effective and on-site detection, 
monitoring, and removal of these contaminants with remarkable results. But the 
ongoing investigations revealed the associated toxic temperament of these nanoma-
terials on the aquatic environment and its inhabitants. The summarized reports in 
this chapter show both the phases of nanomaterials, i.e. nanomaterials as a tool for 
combating water pollution and ecotoxicological effects of nanomaterials on the 
quality and life of different trophic levels of water organisms. So, while keeping in 
view the negative aspects associated with the use of nanomaterials for environmen-
tal amelioration (Fig. 5.4), there is an urgent need for designing nano entities with 
their complete life cycle analysis beforehand. The engineering of nanomaterials 
with environmental frames help in better understanding of their future transforma-
tions in environmental matrices so that minimum negative impacts are imparted to 
the living organisms.
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 Multiple-Choice Questions

 1. Which of the following contaminants can be efficiently treated with 
nanomaterials?

 (a) Pesticides
 (b) Heavy metals
 (c) Dyes
 (d) All of these

 2. Nanomaterials should have 1nm to 100 nm size range in:

 (a) 1 dimension
 (b) 2 dimensions
 (c) 3 dimensions
 (d) All of these
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 3. ‘Nanomaterials are the materials with any external nanoscale dimension or 
having internal nanoscale structure’ is the definition of nanomaterials as per:

 (a) International Organization for Standardization
 (b) European Union
 (c) Both a and b
 (d) None of these

 4. Which properties of the nanomaterials are governed by the effects of quantum 
confinement?

 (a) Optical
 (b) Structural
 (c) Electronic
 (d) All of these

 5. Nanomaterials proved as a failure for which of the following solutions?

 (a) Desalination of seawater
 (b) Reduction of toxicants
 (c) Improvement of water quality parameters
 (d) None of these

 6. Which of the following is a property of nanoparticles?

 (a) Less surface area
 (b) Tendency of electron transfer
 (c) Non-catalytic nature
 (d) Chemical instability

 7. What is the value of standard redox potential for the elemental form of nano 
zero-valent iron?

 (a) 0.440 V
 (b) 1 V
 (c) 0 V
 (d) 0.34 V

 8. nZVI are found to be successful for treating which of the following contaminants 
from groundwater pollution?

 (a) Chlorinated hydrocarbons
 (b) Halogenated organic pollutants
 (c) Perchlorates
 (d) All of these
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 Answers

 1. (d)
 2. (d)
 3. (a)
 4. (d)
 5. (d)
 6. (b)
 7. (a)
 8. (d)

 Short Questions

 1. How does nZVI interact with groundwater pollutants?

nZVI interacts with groundwater pollutant either by directly being injected in 
stabilized form in the underwater aquifers wherein they get adsorbed on the 
surfaces of aquifer solids after making a zone of iron particles or by the for-
mation of reactive iron particles plume when mobile nZVI is incorporated in 
the groundwater. In the latter case, the formed plume has the tendency of 
destroying dissolved organic pollutants, which came into existence from the 
liquid source of dense non-aqueous phase present in the aquifer.

 2. Write a short note on carbon nanotubes.

Carbon nanotubes are the folded structures of carbon in the shape of a tube 
with size dimensions ranging in nanoscale. The inimitable behaviour of these 
nano-sized carbon tubes is ascribed to a list of properties like accessibility of 
larger number of adsorption sites, large surface area, high mechanical 
strength, remarkable electrical and thermal conductivities, and flexible sur-
face chemistry. These nanotubes can be further categorized into two types 
based on structural forms: single-walled carbon nanotubes and multi-walled 
carbon nanotubes. The former type is comprised of only a single layer of 
graphene folded in a cylindrical shape, whereas in the latter case, there are 
more than one layer with length ranging from nano to few microns.

 3. What are carbon quantum dots (CQDs)?

CQDs are emerging as a promising alternative approach to semiconductor 
quantum dots for water remediation because of their excellent optical and 
electrical properties. These carbon-based nanomaterials are comprised of car-
bon nanoparticles with size range less than 10 nm. CQDs are considered at 
par or superior to other available nano-remediation approaches because of 
their properties like cost-effectiveness, higher physical and chemical stability, 
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stronger photoluminescence, good thermal and electrical conductivity, appre-
ciable solubility in water, and lower toxicity levels.

 4. How do nanoparticles impart toxicity to phytoplanktons?

Nanoparticles either directly or indirectly impart toxic responses to 
phytoplanktons by the release of ionic species of toxic metals or by generating 
reactive oxygen species (ROS) in the cellular bodies of the organisms. The 
disproportionate levels of ROS attack and mutilate proteins, lipids and DNA 
assembly of the cells. These nanomaterials induce mutations or completely 
degrade the DNA after forming complexes with them. When they get associ-
ated with proteins of the cells, serious alterations are noticed in the protein 
structures and functions.

 5. What are the toxicity signs induced by the silver nanoparticles on the Halophila 
stipulacea?

The toxicity signs are noticed in silver nanoparticle-exposed Halophila 
stipulacea in the form of actin filament disturbances, effected microtubules, 
undulations in H2O2 levels, death of epidermal cells, inhibition in cell 
elongation, disappearance of grainy structures and massive aggregations in 
meristematic cells containing endoplasmic reticulum, elevated 
malondialdehyde content, and enhanced activity of superoxide dismutase and 
peroxidase, thus initiating oxidative damages and activation of antioxidant 
defence mechanism.
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Chapter 6
Nanotechnology: Emerging Opportunities 
and Regulatory Aspects in Water 
Treatment

Yogita Lugani, Venkata Ramana Vemuluri, and Balwinder Singh Sooch

Abstract Nanotechnology is emerging as one of the innovative technologies, 
which involves the controlled synthesis of structures, materials, and devices in 
the nano range. Nanomaterials have shown their competence in almost all fields of 
science due to their entirely different functional properties than bulk counterparts. 
Environmental nanotechnology is a revolutionary field of science and technology 
that involves the use of nanomaterials for environmental applications. In this era, 
the most worrying issue of global concern are water scarcity, which is becoming 
more intense day by day due to increasing human population, civilization, environ-
mental changes, agricultural activities, and industrialization. The conventional 
water treatment approaches like coagulation, flocculation, activated carbon adsorp-
tion, ozonation, and membrane processing are not competent to remove all the con-
taminants from wastewater, which necessitate the emergence of developing novel 
water treatment technologies to overcome this social issue. In view of these, nano-
technology is one of the promising tools to solve the problems of water purification 
and wastewater treatment. The competency of nanomaterials is due to their high 
reactivity, large specific surface area, affinity for specific target contaminants, size- 
dependent properties, and a high degree of functionalization of engineered nano-
forms. Different nanomaterials are used in the past for the detection and removal of 
chemical and biological contaminants. The toxic effect of nanomaterials on ecology 
and human health is a critical concern in their selection for commercial applica-
tions. Hence, regulatory guidelines should be adopted before the marketing of nano-
engineered products. This chapter covers diverse applications of nanotechnology in 
different sectors, the action mechanism of nanomaterials, conventional and advanced 
tools for wastewater treatment, and the application of nanotechnology in water 
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 purification and wastewater treatment. Further, attention is paid to safety issues with 
the use of nanomaterials along with regulatory aspects. The commercial processes 
of nano-based materials related to water application will also be addressed.

Keywords Nanotechnology · Nanomaterials · Water contaminants · Water 
purification · Waste water treatment · Environment

6.1  Introduction

Nanotechnology is related to the engineering of materials at the atomic or molecular 
level with sizes ranging from 0.1 to 100 nm, and this process was initiated in 1959 
by Richard Feynman (Nikalje 2015). The extremely small size of nanomaterials 
results in their unique physical, chemical, biological, and electrical properties such 
as high surface-to-volume ratio, water solubility, physical strength, magnetism, 
chemical reactivity, optical effects, photocatalytic activity, zeta potential and elec-
trical conductance (Lugani et al. 2018a). The two common methods used for the 
synthesis of nanoparticles are the top-down approach and the bottom-up approach. 
The strategies used for the preparation of nanoparticles are self-assembly, layer-by- 
layer deposition, thermal plasmas, gas phase synthesis and sol-gel processing, crys-
tallization, biogenic strategy, microbial synthesis, biomass reactions, sonochemical 
processing, cavitation processing, microemulsion processing, and high-energy ball 
milling (Tiwari et al. 2008). There are numerous benefits of nanotechnology in vari-
ous industrial sectors like food, pharmaceuticals, medicine, cosmetics, energy, tex-
tile and clothing, paint and coating, and catalysis (Huang et al. 2010; Berekaa 2015; 
Chaturvedi and Dave 2019). Nanoparticles are used in biological research for the 
detection of biomolecules, sample separation, purification and concentration, sub-
strate coding, and signal transduction and amplification (Liu 2006). Currently, most 
of the developing and developed countries are facing terrifying challenges to meet 
the rising demand for fresh water arising due to population growth, extended 
droughts, enhanced industrialization, stringent health-based regulations, water 
quality deterioration, and competing demand for a variety of users (EPA 2015; 
BRSNL 2003). Hence, the major global challenge in the twenty-first century is to 
provide clean and affordable water to the public for their good health. Contaminated 
drinking water containing pathogenic bacteria is the major cause of water-borne 
diseases (approximately 80%) in developing countries like India. According to the 
guidelines published by World Health Organization (1996), water is considered safe 
for drinking purposes when its fecal and total coliform count is zero per 100 mL 
water (WHO 1996). It is well known that India is an agricultural country, and  
excessive use of pesticides for agricultural activities leads to contamination of 
groundwater by notorious organochlorine insecticides such as endosulfan, 
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dichlorodiphenyltrichloroethane (DDT), aldrin, hexachlorocyclohexane (HCH), 
and dioxin. Today, different conventional techniques such as physical and chemical 
agents, halogens (Cl, Br), sedimentation, boiling, distillation, reverse osmosis, sol-
vent extraction, evaporation, ultraviolet light, low-frequency ultrasonic radiations, 
ion exchange water softener, neutralization and remineralization, oxidation and 
reduction, ozonization, water sediment filters (fiber and ceramic), crystallization, 
pitcher and faucet mount filters, and activated carbon are being used for the water 
treatment of such contaminated water (Ali 2012; Chaturvedi and Dave 2019). Some 
enzyme-based methods for the reatment of industrial wastewater were also tested in 
the past (Sooch et al. 2014, 2016; Sooch and Kauldhar 2015). It is evident that the 
current methods of water purification and treatment are expensive and create carci-
nogenic and toxic by-products. Currently, available water treatment technologies 
are not sufficient to meet human and environmental needs; therefore, the present 
“need of the day” is to recycle, reuse, and repurpose of fresh water. In view of this, 
nanotechnology offers leapfrogging opportunities for developing advanced, eco- 
friendly, and cost-effective water purification and treatment systems. Nanomaterials 
like metal oxides, zeolites, dendrimers, carbon nanotubes (CNTs), fullerenes, 
graphene- based nanomaterials, nanosorbents, nanocatalysts, biomimetic mem-
branes, molecularly imprinted polymers (MIP), and zerovalent iron particles are 
presently used for water treatment applications at pilot scale. The characterization 
of nanoparticle interactions with bacterial contaminants by atomic force micros-
copy (AFM), scanning electron microscopy (SEM), transmission electron micros-
copy (TEM), Raman microscopy (RM), scanning probe microscopy (SPM), and 
laser confocal microscopy (LCM) showed considerable changes in cell membrane 
integrity, which result in bacterial cell death. The currently available nanomaterial- 
based immobilization techniques are leading to a significant loss of treatment effi-
ciency. Keeping this in view, research groups need to focus on developing simple, 
cost-effective methods for immobilizing nanomaterials without significantly alter-
ing their performance (Qu et al. 2013). Although nanomaterials have proved to be 
potential for their use in various industrial applications, there are some issues asso-
ciated with the  commercialization of nano-based materials due to their harmful 
effects on human health and the environment (Bumbudsanpharoke and Ko 2015). 
There is little knowledge about the hazards and exposure risks of nanoparticles to 
the environment, and hence, risk assessment and management is a great challenge, 
which needs to be resolved before the use of such nanoparticles in larger-scale water 
purification systems (Gardner and Dhai 2014). This chapter will briefly update on 
the action mechanism of nanomaterials, conventional and advanced tools for waste-
water treatment, the application of nanotechnology in water purification and waste-
water treatment, and safety and regulatory aspects of nanomaterials for their safe 
use. This review also provides an overview of the availability of commercial sys-
tems having nano-based materials in the market for water treatment applications.
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6.2  Manufacturing Approaches

There are two major approaches for the synthesis of nanoparticles, which are 
the top-down approach (reduction of larger structures to nanoscale level by main-
taining their original properties) and the bottom-up approach (engineering of atomic 
or molecular level components by self-assembly) (Fig. 6.1). Bottom-up approach is 
also called as molecular manufacturing or molecular nanotechnology, and this 
method is used in energy, healthcare, national security, biotechnology, and informa-
tion technology (Sanchez and Sobolev 2010). The strategies used for the prepara-
tion of nanoparticles are self-assembly, layer-by-layer deposition, thermal plasmas, 
gas phase synthesis and sol-gel processing, crystallization, biogenic strategy, micro-
bial synthesis, biomass reactions, sonochemical processing, cavitation processing, 

Fig. 6.1 Major approaches used for synthesis of nanoparticles
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microemulsion processing, and high-energy ball milling (Tiwari et al. 2008). Self- 
assembly of molecules is induced by manipulation of physical (temperature, pH) 
and chemical (solute concentration) conditions to form fibrous nanostructures 
(Graveland and Kruif 2006). Vesicles/polymersomes are produced by self-assembly 
through the slow evaporation of organic solvents, and they are used for encapsula-
tion (Lorenceau et al. 2005). The Layer-by-layer deposition is used for the synthesis 
of bilayer membranes using layering of sodium silicate and poly(allylamine hydro-
chloride) on gold, which was followed by calcination in the furnace, and this strat-
egy is used for the preparation of lipid bilayers, which are used for the detection of 
specific proteins (Phillips et al. 2006). Silicide and rare-earth boride are used for 
preparation of functional nanoparticles by induction of thermal plasmas, and the 
resulting nanoparticles are used in electromagnetic shielding and solar control win-
dows (Tiwari et al. 2008). Gas phase synthesis and sol-gel processing are used for 
the generation of nanoparticles (1–10  nm) of the  high degree of monodispersity 
with consistent crystal structure and surface derivatization (Siegel 1994). The crys-
tallization process uses the  solution containing amino acids for the synthesis of 
hydroxyapatite-aspartic acid/glutamic acid (Boanini et al. 2006). There is the self- 
assembly of organic materials using the “nested level of structural hierarchy” for the 
preparation of templates/scaffolds for inorganic components (Aksay 1992).

Production of gold and silver nanoparticles by a number of bacterial and fungal 
species is one of the examples of microbial synthesis of nanoparticles. Gold 
nanorods and nanoparticles are produced by incubating the dead oat stalks with an 
aqueous solution of gold ions (Bhattacharya and Gupta 2005). Low-temperature 
nanoparticle preparation methods are used for the preparation of silver halide par-
ticles (Bishop 1990). Sonochemical processing leads to the generation of nanopar-
ticles by  the  formation of the  transient-localized hot zone through  the acoustic 
cavitation process in the presence of extremely high-temperature gradient and pres-
sure, and the materials produced by this process are utilized for various industrial 
applications (Suslick et  al. 1996). Nanoparticles are generated by hydrodynamic 
cavitation by the  creation and release of gas bubbles inside a  sol-gel solution. 
Pressure and solution retention time in a cavitation chamber are two major factors 
affecting the size of nanoparticles in hydrodynamic cavitation (Sunstrom et al. 1996).

6.3  Applications of Nanotechnology

Nanotechnology has shown potential applications in various areas such as food and 
agriculture, medicine and drugs, cosmetics, transportation, energy, paper and pulp, 
defense and security, bioremediation, wastewater treatment, paints and coatings, 
optical engineering, bioengineering, electronics, and space exploration 
(Mihindukulasuriya and Lim 2014; Pradhan et  al. 2015; Skalickova et  al. 2017; 
Hamad et  al. 2018; Chaturvedi and Dave 2019; Lugani et  al. 2020; Rattu et  al. 
2020). Nanomaterials are used in the food sector for food packaging, food preserva-
tion (Beyth et al. 2015), nutritional drinks, and nutritional supplements (Skalickova 
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et al. 2017) because they play an important role in enhancing the quality and shelf 
life of food products; improving the  chemical, mechanical, thermal, barrier, and 
antimicrobial properties; detection of pathogens; and decreasing depletion of nutri-
ents from food products. They are used in nano-fertilizers, nano-sensors, nano- 
pesticides, waste management, animal husbandry, post-harvest technology, and 
agricultural engineering aspects (Meetoo 2011; Bharathi et al. 2016; Abobatta 2018; 
Hamad et al. 2018; Krishnan et al. 2018). Nanoparticles are used in the biomedical 
sector for screening and early detection of diseases, tissue-specific drug delivery, 
tissue engineering, organ transplantation, and treatment of many diseases like acute 
ischemic stroke, brain tumors, Alzheimer’s disease, and Parkinson’s disease (Lugani 
et al. 2018b). The antibacterial activity of ciprofloxacin can be improved by supple-
menting ZnO nanoparticles, which interfere with the antibiotic resistance mecha-
nisms (Banoee et al. 2010). Nanotechnology is used in forensic science in DNA 
fingerprinting for parental testing and solving criminal cases. The nanoparticles 
commonly used for DNA fingerprinting are Ag, Au, TiO, ZnS, and CdSe (Harvey 
2015; Lee et  al. 2016; Kaushik et  al. 2017). The nanoparticles that have shown 
potential use for fingerprint analysis are hybrid cadmium sulfide quantum dots 
(QDs) nanocomposites assembled in porous phosphate heterostructure (PPH), and 
functionalized with propionitrile (PPH-CN) and mercaptopropyl (PPH-SH) (Algarra 
et al. 2011). The nanomaterials that are used nowadays in medicine, environment 
engineering, consumer products, catalysis, quantum computer, and communication 
are peptide nanotubes, carbon nanotubes, and QDs (Verma et  al. 2011). Nano- 
engineering is used in the cement industry for the development of new-generation 
multifunctional, tailored, and cement composites with high durability and superior 
mechanical performance. Nano-engineered concrete has various novel properties 
like self-cleaning and self-sensing capability, self-control of cracks, low electrical 
resistivity, and high ductility (Sanchez and Sobolev 2010). Different nanomaterials 
(TiO2, ZnO, dendrimers, polymers, nano-emulsions, nano-crystals, and solid lipid 
nanoparticles) are used in various hair care products, moisturizers, sunscreen, 
makeup, and other cosmetic products. Nanoparticles are also used for developing 
modified medicated textiles, which possess improved UV-protection, antimicrobial 
activity, anti-odor, easy clean, stain, and water repellent properties (Lugani et al. 
2018a, b). Nanotechnology is used in the  papermaking process due to the  great 
potential of celluloses and lignocelluloses as nanomaterials, and hence nanomateri-
als like fillers, sizing and coating minerals, and nanofibers are used to improve 
the quality of produced paper and for producing new types of paper (Mohieldin 
et al. 2011). In biological research, nanoparticles are used for the detection of bio-
molecules, sample separation, purification and concentration, substrate coding, and 
signal transduction, and amplification (Liu 2006). Nanoparticles are used as fluoro-
phores in fluorescence in situ hybridization (FISH), and quantum dots (QDs) 
attached with specific oligonucleotide probes or immunoglobulin G (IgG) has been 
used successfully for the detection of the human Y chromosome (Pathak et al. 2001) 
and in cellular imaging for the location of cancer markers (Wu et al. 2002). The 
sensitivity and yield of polymerase chain reaction (PCR) amplification were 
improved by the addition of gold (Au) nanoparticles (Li et al. 2005). Global climate 
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change due to increasing population growth, industrialization, and improved living 
standards is one of the major issues, which lead to steady alteration in environment. 
Though several government- and private-funded projects are in action all over the 
world to overcome this problem, these problems have not been completely resolved 
to date. Environmental nanotechnology is a revolutionary field of science and tech-
nology, which is gaining interest in the  scientific community for the  past few 
decades. Nanomaterials have been explored for the generation of renewable energy 
in batteries, fuel cells, and supercapacitors (Yu et al. 2014). Nanoparticles are used 
for environmental remediation, water purification, and wastewater treatment 
(Carpenter et al. 2015; Hussain et al. 2016; Chaturvedi and Dave 2019).

6.4  Synoptic Applications of Nanotechnology 
in Water Treatment

One of the major problems in the world is water contamination, which affects 
human health and the environment and ultimately has negative impacts on social 
costs and economics. The most basic human goal in the twenty-first century is reli-
able access to affordable and clean water. Approximately, 780 million people lack 
access to improved drinking water sources (WHO 2012). Industrial wastewater gen-
erated across India is around 13,468 million liters per day (MLD); however, the 
sewage treatment capacity of our nation is only 8080.8 MLD. The major cities of 
India generated a total of 38.354 million liters of sewage and wastewater per day; 
however, their sewage treatment capacity is only 11,786 MLD (Kaur et al. 2012). A 
large number of pathogenic organisms such as bacteria, viruses, protozoans, and 
helminths are present in wastewater, which can cause severe diseases like leptospi-
rosis, hepatitis A, campylobacteriosis, etc. (Singh et  al. 2016; Kaur et  al. 2018). 
Antibiotic-resistant pathogenic microbes, which are very difficult to remove from 
wastewater, can be eliminated by bioactive nanoparticles that have emerged as an 
alternative for new chlorine-free biocides (Prachi et al. 2013). Nonbiodegradable 
materials are the emerging pollutants in wastewater streams, which pose a risk of 
causing harmful effects on the environment and human health due to their persis-
tence in the environment and bioaccumulation through the food web (Sidhu et al. 
2019). The major contaminants of toxic water are heavy metal ions (Ag(I), Pb(II), 
Co(II), Cd(II), Hg(II), Cu(II), Ni(II), Cr(III), As(III), and Cr(VI)), which are creat-
ing severe public health and environmental problems (Patil 2015). The currently 
available water treatment technologies such as activated carbon adsorption, ozona-
tion, and advanced oxidation processes, coagulation-flocculation, membrane pro-
cesses, halogens (Cl, Br), sedimentation, boiling, distillation, reverse osmosis, 
solvent extraction, evaporation, ultraviolet light, low-frequency ultrasonic radia-
tions, ion exchange water softener, and neutralization and remineralization are com-
petent to remove some specific particulates; however, these approaches are not 
effective for the removal of endocrine-disruptor chemicals (Arbabi et  al. 2015; 
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Fig. 6.2 Properties of nanoparticles in water bodies

Bonvin et al. 2016). Therefore, wastewater treatment has become one of the most 
worrying topics all over the world, and there is a dire need for tailoring treatment 
methods and the generation of eco-friendly collaborative approaches with efficient 
wastewater management systems. Nanotechnology is one of the finest and most 
advanced techniques for wastewater treatment. Nanoparticles have gained special 
attention in the last few decades for industrial and municipal wastewater treatment 
due to their enhanced absorbing, interacting, and reacting capabilities (Kamaly 
et al. 2016). The properties of nanoparticles in water bodies are listed in Fig. 6.2. 
Nanoparticles having applicability in wastewater ecosystems like nanocomposites, 
MNPs, CNTs, quantum dots (QDs), and zerovalent metal nanoparticles are promis-
ing tools for wastewater treatment due to their ability to remove various contami-
nants like bacteria, emerging pollutants, inorganic anions, and organic pollutants 
(Mendez et al. 2017; Prasad and Thirugnanasanbandham 2019). The effective deg-
radation and dechlorination of toxic contaminants have been achieved by immobili-
zation of metallic nanoparticles on polyvinylidene fluoride (PVDF), cellulose 
acetate, polysulfone, and chitosan membranes, which offer many advantages such 
as organic partitioning, high reactivity, lack of agglomeration, and reduction of sur-
face passivation (Tian et al. 2011).

6.4.1  Nanomaterials Used for Environmental Applications

For the removal of charged particles, sediments, heavy metals, chemical effluents, 
microbial pathogens, different nano-structured materials such as carbon nanotubes, 
magnetic nanoparticles (MNPs), carbon-iron nanoparticles, nanofiltration mem-
branes, photocatalytic titania nanoparticles, silver-impregnated cyclodextrin nano- 
composites, nanocatalysts, functionalized silica nanoparticles, quantum dots (QDs), 
and iron zeolites are employed. The applications of nanomaterials in water purifica-
tion and wastewater treatment are summarized in Table 6.1.

Based on the type of material, nanoparticles are classified into the metallic, semi-
conductor, and polymeric nanoparticles (Liu 2006). The nanomaterials used in 
water purification system are carbon-based nano-adsorbents, metal-based nano- 
adsorbents, polymeric nano-adsorbents, nanofiber membranes, nanocomposite 
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membranes, thin-film nanocomposite (TFN) membranes, and biologically inspired 
membranes (Zhao et al. 2011a; Qu et al. 2013). Nanomaterials often possess novel 
properties such as high specific surface area, strong and wide-spectrum antimicro-
bial activity, high chemical stability, low cost, photocatalytic activity, ease of use, 
high conductivity, high mechanical strength, tunable surface chemistry, and super-
paramagnetism, which have been explored by researchers for their applications in 
water purification and wastewater treatment. Some nanomaterials like nano-TiO2, 
nano-Ag, nano-Ce2O4, nano-ZnO, fullerenes, and CNTs exhibit antimicrobial prop-
erties and lead to less formation of toxic disinfection by-products (DBPs) (Qu et al. 
2013). MNPs are becoming very popular for the  removal of organic pollutants, 
natural organic matter, biological contaminants, and toxic heavy metals or elements 
like cations, arsenic, nitrates, and fluorides due to their large surface area and super-
paramagnetic nature. They can be produced from materials that are strongly attracted 
by magnets or be magnetized, and hence these MNPs can be used to capture differ-
ent agents and biomolecules before their detection (Ito et al. 2005). MNPs are avail-
able in different phases and compositions, including pure metals like Co and Fe, 
alloys like FePt and CoPt3, iron oxides like Fe2O3 and g-Fe2O3, and spinel-type fer-
romagnets like CoFe2O4, MgFe2O4, and MnFe2O4 (Patil 2015). Magnetic nanosor-
bents are interesting tools for the  removal of organic contaminants by magnetic 
forces; they also act as ion exchangers, cleaning agents, and cost-effective regener-
ated nanosorbents and hence promoted for commercialization (Campos et al. 2011). 
Dendrimers are tailored polymeric nano-adsorbents in which exterior branches are 
tailored at the terminals with –NH2 and –OH group for the adsorption of heavy met-
als, and the  interior shell is hydrophobic for sorption of organic compounds and 
hence used for the removal of both heavy metals and organics (Tian et al. 2011; Qu 
et al. 2013). Table 6.2 gives an overview of different adsorbing nanomaterials used 
for the removal of heavy metals, dyes, and pesticides.

Nanostructured catalytic membranes (NCMs) offer many advantages such as 
the  easy capability of optimization, high uniformity of catalytic sites, allowing 
sequential reactions, limited contact time of catalysts, and ease in industrial scale-
 up, which allows their use for water contamination treatment (Prachi et al. 2013). 
Nanocatalysts possess high catalytic activity due to their large surface area and 
shape-dependent properties, which enhances their reactivity and degradation of 
various environmental pollutants like azo dyes, organochlorine pesticides, nitro aro-
matics, polychlorinated biphenyls (PCBs), halogenated herbicides, and halogenated 
aliphatics (Wang and Gu 2015). QDs refer to the quantum confinement of electrons 
and hole carriers at dimensions smaller than Bohr radius and QD nanocrystals com-
posed of group II, III, V, and VI atoms such as CdS, CdSe, and CdTe at their core. 
They are compatible to use with biological molecules, which are present in aqueous 
solution due to their high stability against photobleaching and insolubility in water 
with size-dependent tunable emission characteristics (Gao et al. 2002). Membrane 
processes are used for the removal of undesired constituents from water, and mem-
branes provide physical barriers in water treatment by providing a high degree of 
automation and less chemical and land use by providing flexible design. The major 
challenges associated with currently available membrane processes are high energy 
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consumption, membrane fouling, and complexity of process design and operation. 
In the past few years, functional nanomaterials are incorporated into membranes to 
improve fouling resistance, membrane permeability, thermal and mechanical stabil-
ity, and self-cleaning. The distinguished specialty of nanofiltration membranes is 
their high rejection rate to monovalent and multivalent ions (Kanchi 2014). The 
nano-membranes used for water treatment are nanofibers, nanocomposites, thin- 
film nanocomposites (TFN), and biologically inspired membranes (Qu et al. 2013). 
The nanomaterials used for constructing nanocomposite membranes are photocata-
lytic nanomaterials (TiO2), metal-oxide NPs (TiO2, Al2O3, zeolite), and antimicro-
bial NPs (CNTs, nano-Ag) (Pendergast et al. 2010).

6.4.2  Action Mechanism of Nanomaterials

Nanomaterials possess the properties of oxidation, reduction, precipitation, and 
adsorption, and hence they are used worldwide for the degradation of many pollut-
ants like inorganic anions, phosphates, nitrates, phenols, chlorinated and haloge-
nated organic compounds, radio elements, nitroaromatic compounds, and organic 
dyes (Lu et al. 2016). The different antimicrobial action mechanisms of nanomateri-
als are discussed in Fig. 6.3.

Silver nanoparticles (Ag NPs) possess good antimicrobial activity, and they have 
been used extensively for wastewater treatment against a wide range of bacteria, 
viruses, and fungi. Ag NPs increase the permeability of cell membrane by the gen-
eration of free radicals, which finally results in cell apoptosis (Le et al. 2012). Ag 

Fig. 6.3 Action mechanisms of different nanomaterials
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NPs may also damage DNA by acting on its sulfur (S) and phosphorous (P) ele-
ments, or they may alter normal life functioning by inactivating metabolically active 
enzymes (Aziz et al. 2019). Some research groups have studied the action mecha-
nism of Ag NPs and observed that these NPs can kill pathogenic bacteria by induc-
ing physical perturbation with oxidative stress through the disruption of specific 
microbial processes by oxidation or disturbing vital cellular components or cell 
membrane structure (Seo et al. 2014; Prasad et al. 2018). The antagonistic effect of 
TiO2 NPs is linked to the synthesis of reactive oxygen species, ROS (H2O2 and OH−) 
by ultraviolet (UV)-A irradiation through the oxidative and reductive pathways (Li 
et  al. 2014). The action mechanism for the  antimicrobial behavior of zinc oxide 
(ZnO) NPs is a photocatalytic generation of ROS, disorganization of cellular mem-
brane, and penetration of cellular envelope (Bhuyan et al. 2015). Different mecha-
nisms associated with iron oxide (FeO) NPs under the adsorption of contaminants 
from wastewater are magnetic selective adsorption, surface binding, electrostatic 
interactions, and ligand combinations (Yang and Yin 2017). Most of the previously 
reported studies on wastewater treatment using Zn NPs and Fe NPs are based on 
dehalogenation reactions (Mahgoub and Samaras 2014; Anjum et al. 2016; Ghosh 
et al. 2017). Fe NPs are oxidized into Fe(II) and H2 by molecules of water or protons 
under anaerobic conditions, and the resultant Fe(II) is oxidized to Fe(III) to form 
Fe(OH)3, which acts as an effective flocculent for the removal of various inorganic 
and organic contaminants from the ecosystem (Klacanova et al. 2013). The oxidized 
CNTs possess a  major adsorption sites for metal ions by chemical bonding and 
electrostatic interactions through surface functional groups like –OH, and –
COOH. CNTs have proved to be better adsorbents with high adsorption kinetics for 
heavy metals (Pb2+, Cd2+, Cu2+, and Zn2+) and short intraparticle diffusion distance 
and faster kinetics and possess highly accessible adsorption sites (Lu et al. 2006; Qu 
et al. 2013). Alumina nano-adsorbents have a high surface area with good thermal 
stability, and they can be prepared at a low cost. These nano-adsorbents have been 
used in wastewater treatment for the  removal of Cd, Cr, Hg, and Pb metal ions 
(Pacheco and Rodriguez 2001). The graphene-based nanomaterials show their anti-
microbial action by oxidative stress and microbial membrane damage (Qu et  al. 
2013). The metal-based nano-adsorbents are involved in adsorption of heavy metals 
and radionucleotides in a two-step process (Trivedi and Axe 2000), and the sorption 
process is controlled by complex formation between metals and oxygen present in 
metal oxides (Koeppenkastrop and Decarlo 1993). The sorption of heavy metals and 
organic compounds on dendrimers is achieved by hydrogen bonding, complexation, 
hydrophobic effect, and electrostatic interactions (Crooks et al. 2001). The nanoma-
terials used as photocatalysts for photocatalytic water treatment are TiO2, WO3, and 
some fullerene derivatives (Kominami et al. 2001). The photocatalyst-based (TiO2, 
CeO2, and CNTs) reaction pathways (radical mediated and nonradical mediated) for 
the  degradation of organic pollutants have also been suggested in the  literature 
(Nawrocki and Hordern 2010).
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6.4.3  Conventional and Modern Techniques Used 
for Water Treatment

There are various conventional methods that have been utilized currently for 
the treatment of wastewater such as screening, sedimentation, evaporation, precipi-
tation, floatation, filtration, coagulation, gravity separation, distillation, setting-out, 
oxidation, solvent extraction, adsorption, reverse osmosis (RO), microfiltration and 
ultrafiltration, electrodialysis, ion exchange, electrolysis, fluidization, centrifugal 
and membrane separation, oxidation and reduction, neutralization, and remineral-
ization (Westerhoff et al. 2009; Ali 2012). The major limitations of conventional 
methods are high energy input and generation of toxic chemicals, which are not 
recommended, and such methods are also time-consuming. Microfiltration systems 
are not efficient to remove sodium, fluorides, nitrates, metals, volatile organics, 
color, and viruses, which leads to a common issue of membrane fouling. The con-
ventional pathogen indicator systems such as the  detection of coliform bacteria 
areis very slow and time-consuming. Moreover, this method is inefficient to monitor 
the presence of some emerging pathogens such as bacteria (Legionella, Helicobacter), 
viruses (coxsackieviruses, adenoviruses, hepatitis A and Echoviruses, Norwalk 
viruses), and protozoans (Giardia, Cryptosporidium) (Theron et  al. 2010). The 
existing water treatment technologies are not 100% effective against notorious 
anthropogenic pollutants, which pose serious challenges from purifying contami-
nated water to supply potable water. Therefore, new and improved water purifica-
tion technologies are extremely in demand. Nanotechnology is one of the modern 
techniques that has been utilized for the last few years for water purification and 
wastewater treatment.

6.4.4  Nanotechnology in Water Purification

Nanotechnology can be used for economic purification and utilization of different 
water resources. Some of the distinctive features of nanomaterials like high aspect 
ratio, hydrophobic, hydrophilic and electrostatic interactions, reactivity, and tunable 
pore volume are helpful in sensors, adsorption, and catalysis (Qu et al. 2013). An 
nanostructured membrane formed by N-doped “nut-like” ZnO nanostructured mate-
rial was proved efficient in a research study for removal of water contaminants by 
increasing its photodegradation activity under irradiation of visible light due to its 
antibacterial activity (Bai et al. 2012). One of the commonly employed techniques 
for removal of organic and inorganic contaminants from wastewater is adsorption. 
In this regard, nano-adsorbents offer a significant role in the adsorption process due 
to their short intraparticle diffusion distance, high specific surface area, tunable pore 
size, and surface chemistry (Qu et al. 2013). CNTs belong to the carbon family, and 
based on the layering system of nanotubes, they are differentiated into single-walled 
and multi-walled CNTs (Sears et al. 2010). CNTs have drawn attention for water 
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treatment applications due to their high chemical stability (Okpalugo et al. 2005), 
high thermal stability (Kundu et al. 2008), and excellent mechanical and chemical 
properties (Esawi et  al. 2010). CNTs are used as adsorbents for the  removal of 
organic, inorganic, and biological pollutants from wastewater due to their layered 
structure (Pande et al. 2009), high specific adsorption surface area (Peigney et al. 
2001), and hollowness (Zhang and Zhu 2006). The abovementioned properties of 
CNTs make them a perfect adsorbent for various pollutants, which promise their 
scaffold functions in wastewater purification systems. The fabricated features of 
nano-adsorbents are high surface area, small size, a large number of active sites for 
interaction with contaminants, high catalytic potential, and ease of separation, and 
these properties make them an ideal adsorbent material for water purification and 
treatment (Ali 2012). The nanomaterials currently used in nano- adsorbent technolo-
gies are magnetic or nonmagnetic oxide composites, metal-based nano-adsorbents, 
carbon-based nano-adsorbents, zeolites, etc. (Rafiq et al. 2014; Gehrke et al. 2015). 
The functionalization of CNTs is done by noncovalent wrapping, endohedral filling, 
and treatment with covalent chemical agents (Spitalsky et al. 2010). CNTs are used 
for the adsorption of Cd, Pb, and 1,2-dichlorobenzene (DCB) through hydrophobic 
interactions, hydrogen bonding, covalent bonding, p-p electron coupling, mesopore 
filling, and electrostatic interactions. CNT bundles contain a significant number of 
micropores, which are inaccessible to pharmaceuticals and antibiotics. Organic 
compounds having –OH, –COOH, and –NH2 functional groups can form a hydro-
gen bond with graphitic CNT surface, and electrostatic interactions are involved in 
the adsorption of antibiotics to CNT surface at suitable pH (Ji et al. 2009). The lit-
erature reports have already proved the significant importance of CNTs for indus-
trial applications due to its regeneration capacity, and the metal recovery rate is 
approximately 90%, which reaches to 100% at pH <2 (Lu et al. 2006). Previously, 
multiple regeneration and reuse cycles have been detected with CNTs for Zn2+ using 
statistical analysis based on best-fit regression and found that the nano-adsorbent 
can be regenerated and reused several times along with maintaining its adsorption 
capacity (Lu et al. 2007). Metal oxide nanocrystals can be compressed into porous 
pellets, and they can be used industrially in different forms, that is, porous pellets 
and fine powders (Lucas et al. 2001). Metal-based nanomaterials have great poten-
tial to outcompete activated carbon for the removal of a variety of heavy metals 
including arsenic (As), mercury (Hg), lead (Pb), nickel (Ni), cadmium (Cd), copper 
(Cu), and chromium (Cr) (Sharma et al. 2009) due to their low cost, high adsorption 
capacity, and easy separation and regeneration, which make them more advanta-
geous over conventional adsorbents. Previously, metal hydroxide nanoparticles 
(MH NPs) were used in point-of-use (POU) applications for  the  simultaneous 
removal of As and co-contaminants by impregnating them into the skeleton of acti-
vated carbon or other porous materials (Hristovski et al. 2009). Nanocomposites are 
made up of ordered mesoporous carbons, and they have gained significant attention 
in water purification for the adsorption of many contaminants like heavy metal ions, 
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pesticides, and dyes due to their large surface area (Amin et al. 2014). The antifoul-
ing property of nanocomposites can be improved by incorporation of different pho-
toactive or antimicrobial nanomaterials (Rodrigues et  al. 2017). Some of the 
nanomaterials used in nanocomposite membranes are antimicrobial nanoparticles 
(nano-Ag, CNTs), (photo)catalytic nanomaterials (TiO2, bimetallic NPs), and 
hydrophilic metal oxide NPs (TiO2, Al2O3, zeolites) (Qu et al. 2013). The introduc-
tion of carboxyl-functionalized MWCNTs into TFN membranes has improved both 
chlorine resistance and antifouling property due to improved surface hydrophilicity 
and greater negative surface charge (Zhao et al. 2014). Significant removal of patho-
gens and contaminants has been achieved with ceramic and polymeric membranes 
containing TiO2 under UV irradiation, and these biomembranes are less vulnerable 
to organic and biological fouling (Berekaa 2016). Previously, researchers have con-
ducted some studies for developing efficient water purification systems by embed-
ment of nanocomposite membranes with different functional nanoparticles like 
photocatalytic, antimicrobial, and catalytic NPs (Maximino et  al. 2018; Guerra 
et al. 2018). Nanofiltration membranes are used in industrial water treatment, brack-
ish water treatment, and desalination as two-pass nanofiltration systems (Kanchi 
2014). Dendrimers also called dendritic polymers are symmetrical, highly branched, 
monodispersed, spherical macromolecules with controlled composition, and it 
includes random hyperbranched polymers, dendrigraft polymers, dendrons, and 
dendrimers. It consists of three components, that is, core, interior branch cells, and 
terminal branch cells (Frechet and Tomalia 2001). For the removal of metal ions like 
Cu2+, a dendrimer- ultrafiltration system was developed, and recovery and regenera-
tion of such system were achieved by decreasing the pH to 4.0 (Diallo et al. 2005). 
Nanofiber membranes are used for the removal of organic contaminants and heavy 
metals during filtration at a high rejection rate without fouling problems, and they 
have been reported to be used for pre-treatment before the reverse osmosis (RO) or 
ultrafiltration (Ramakrishna et al. 2006). Nanofibrous alumina filters are more effi-
cient for the removal of negatively charged contaminants like bacteria, viruses, and 
organic and inorganic colloids at a faster rate as compared to conventional filters 
(Kanchi 2014). The use of polyvinyl-N-carbazole-SWNT composites leads to high 
bacterial inactivation (>90%) (Ahmed et al. 2012), and the incorporation of photo-
catalytic NPs into membranes improved both physical separation function and reac-
tivity of catalyst toward degradation of contaminants (Choi et  al. 2006). TFN 
membranes and nanocomposites can improve energy efficiency of water treatment 
with low osmosis pressure, which are known to have good scalability due to their 
fabrication, which enhanced their use in industrial manufacturing processes 
(Elimelech and Phillip 2011). The higher permeability and better salt rejection 
(>99.4%) have been achieved by using TFN membranes doped with nano-zeolites 
(250 nm) at 0.2% wt compared to commercial RO membranes (Lind et al. 2010).
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6.4.5  Nanotechnology in Wastewater Treatment

Nanotechnology-based processes are highly modular, efficient, and multifunctional 
in nature with high-performance and wastewater treatment solutions, and hence this 
revolutionary technology has overcome major challenges of existing methods. The 
major benefits of wastewater treatment using nanofiltration are low energy require-
ment and operation cost, removal of color, tannins, turbidity, pesticides, volatile 
organic chemicals (VOCs), sulfates, nitrates and total dissolved solids (TDS), and 
softening of hard water (Patil 2015). Metal oxide nanoparticles (MOPs) have proved 
technologically and economically advantageous for wastewater technologies due to 
their low cost, short intraparticle diffusion distance, high specific surface area, more 
adsorption sites, easy to reuse, superparamagnetic, and environmentally friendly 
nature (Corsi et al. 2018). There are several previous studies that have been docu-
mented with MOPs for the removal of heavy metals (chromium (Cr), copper (Cu), 
lead (Pb), mercury (Hg), arsenic (Ar), and nickel (Ni)) from wastewater (Gunatilake 
2015). TiO2 NPs have been proven in the complete mineralization of organic con-
taminants by ozonation (Panahi et al. 2018), and they are shown to be extensively 
used as photocatalyst NPs in wastewater treatment due to their cost-effectiveness, 
high chemical stability, and photocatalytic generation of reactive oxygen species 
(ROS) (Qu et al. 2013). TiO2 NPs are also effective for the removal of a large number 
of viruses like hepatitis B virus (Zan et al. 2007), herpes simplex virus (Hajkova 
et al. 2007), poliovirus (Liga et al. 2011), and MS2 bacteriophages (Cho et al. 2011). 
The Ag NPs have proved to show biocidal effects against Escherichia coli, Klebsiella 
pneumonia, Pseudomonas aeruginosa, and Staphylococcus aureus (Jain and Pradeep 
2005). During in situ remediation experiments, Ag NPs immobilized on cellulose 
fibers have shown antibacterial activity against Escherichia coli and Enterococcus 
faecalis (Xu et al. 2009; Chitra and Annadurai 2014; Peiris et al. 2017). Nowadays, 
high porosity filters, built with sawdust and clay, have been used to improve the effi-
ciency of Ag NPs for the removal of E. coli and other pathogens from wastewater 
(Amin et al. 2014). Zinc nanoparticles (Zn NPs) are an alternative to iron nanopar-
ticles (Fe NPs), and Zn is a stronger reductant than Fe with a high negative reduction 
potential and high rate of contaminants degradation, and it has been used extensively 
in wastewater treatment (Fu et al. 2014). There are many previously reported studies 
on the  potent role of Zn NPs for wastewater treatment in conventional activated 
sludge (CAS) (Puay et  al. 2015; Zheng et  al. 2011). The efficient degradation of 
octachlorodibenzo-p-dioxin into substituent chlorinated congeners has been achieved 
by using Zn NPs under ambient conditions (Bokare et al. 2013). ZnO NPs are effi-
cient candidates for reducing biological nitrogen and pathogenic bacteria from 
wastewater due to their strong oxidation ability, wide bandgap in UV spectral region, 
and better photocatalytic properties (Zheng et al. 2011; Rana et al. 2018). The effec-
tiveness of ZnO NPs can be improved by doping and metal dopants, which have been 
used are cationic dopants, anionic dopants, codopants, and rare earth dopants (Lee 
et al. 2016; Badreddine et al. 2018). Zerovalent metal nanoparticles are elemental 
metallic iron with zero charge-bearing Fe atoms, and they are used for the remedia-
tion of contaminated sediments, soils, and wastewater bodies due to their distinctive 
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mechanical, electrical, optical, magnetic, and catalytic properties (Nam and Lead 
2016; Prasad et al. 2017). FeO NPs possess novel properties and functions such as 
ease of synthesis, modifications and coating, high surface volume, nanoscale size, 
low toxicity, chemical inertness, biocompatibility, and superparamagnetic, which 
result in their marvelous applications in amalgamation with biotechnology (Dinali 
et al. 2017). The applications of FeO NPs in the treatment of wastewater are based 
on photocatalytic technologies or adsorptive technologies. FeO NPs are used as 
semiconductor photocatalysts in photocatalytic technologies for converting contami-
nants into less toxic compounds and in adsorptive technologies. FeO NPs are used as 
immobilization carriers/nano sorbent for the efficient removal of pollutants (Saharan 
et al. 2014). In 2003, Fe NPs were proven to be effective for the transformation and 
detoxification of a large number of contaminants such as polychlorinated biphenyls 
(PCB), chlorinated organic solvents, and organochlorine pesticides from groundwa-
ter and contaminated soil (Doyle 2006). Zerovalent iron (ZVI) nanoparticles have 
shown positive results for developing on-site wastewater remediation technologies 
for detoxifying chlorinated organic compounds (COCs), hexachlorocyclohexane 
(lindane), trichloroethane, vinyl chloride, and carbon tetrachloride (Crane and Scott 
2012). ZVI NPs are very efficient for removing Ni and Pb from wastewater, and they 
are 25–30 times faster with higher sorption capacity compared with granular Fe (Liu 
et al. 2006). The other metals used for zerovalent metal nanoparticles are zinc and 
silver (Sharma et al. 2015). The limitations associated with the use of ZVI NPs are 
aggregation, oxidation, and separation difficulty from contaminant degradation sys-
tem (Guan et  al. 2015); therefore, new approaches (surface coating, doping, and 
emulsification with metal ions or conjugation with supports) have been utilized ini-
tially to improve the reactivity, efficiency, and dispersibility of ZVI NPs (Dutta et al. 
2015). QD NPs are used for target-based detection and removal of contaminants 
such as polycyclic aromatic hydrocarbons, organic and inorganic pollutants, and 
heavy metals from surface water and groundwater, and this detection is done by 
detecting changes in optical emission signals (Dutta et al. 2015; Zhang et al. 2017). 
Their functionality is better than dye-based sensors due to their longer emissions and 
compatibility with molecularly imprinted polymers (MIPs) (Foguel et  al. 2017). 
Previously, the  detection of 4-nitrophenol was done using Mn-doped ZnS QDs 
anchored on MIP, and MIP-QD nanospheres have fast adsorption and desorption 
kinetics with high recognition selectivity in aqueous media. MIPs are advantageous 
over other sorbents due to the selective extraction of molecules, and the electrospin-
ning method is commonly used to encapsulate MIP NPs in nanofibers for controlling 
water pollution (Kiparissides 2010). Elmizadeh et al. (2018) have developed a sensi-
tive nanosensor based on synthetic ligand-coated CdTe QDs for rapid detection of 
Cr(III) ions in wastewater samples. ZnO NPs having Pd nanocatalysts possess high 
photocatalytic activity for the removal of E. coli from wastewater (Khalil et al. 2011). 
The adsorption of As(V) in the form of arsenate salts has been done by paramagnetic 
ferrite- based nanoparticles (CuFe2O4) from contaminated groundwater (Tu et  al. 
2012). The halogenated organic compounds (HOCs) are biodegraded using Pd nano-
catalysts by initial conversion of HOCs into organic compounds using nano- sized Pd 
catalysts followed by their degradation in the treatment plant. The Pd catalysts are 
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easily recycled and reused due to their ferromagnetic property, which also indicates 
their further use for industrial applications (Zhang et al. 2012). Photocatalysis is one 
of the advanced environmentally friendly, low-cost oxidation process for the removal 
of microbial pathogens, trace contaminants, and hazardous and nonbiodegradable 
contaminants. The slow kinetics of photocatalysts due to their limited photocatalytic 
activity and light fluorescence are the major obstacles to industrial applications of 
this process. The other technical challenges associated with large-scale applications 
of this process in wastewater treatment are requirement of efficient photocatalytic 
reactor design, catalyst recovery/immobilization techniques, catalyst optimization to 
improve quantum yield, and better reaction selectivity. The efficiency of photocata-
lytic water treatment depends on the operation parameters and configuration of 
the photoreactor. Nanomaterials are used in different water treatment-related sur-
faces to prevent biofilm formation, microbial influenced corrosion, and control of 
pathogen contamination in distribution pipes and storage tanks. The monitoring of 
water quality is one of the major challenges for wastewater treatment due to extremely 
low concentrations of certain contaminants and the lack of a fast and efficient patho-
gen detection systems with high sensitivity and selectivity. The commonly used 
nanomaterials used in pathogen detection are QDs, MNPs, CNTs, and dye-doped 
NPs. CNTs and MNPs have been used extensively for sample concentration, and 
purification (Qu et al. 2013). QDs are semiconductor materials (e.g., CdSe), which 
have broad absorption spectra for multiplex detection, and the emission spectra of 
QDs are 10–20 times brighter than organic fluorophores (Yan et al. 2007). These are 
1000 times more stable than conventional dyes (Sukhanova et al. 2004; Zare et al. 
2015). Ag NPs doped with organic or inorganic luminescent dyes have been devel-
oped to construct ultrasensitive sensors, and their outstanding photostability makes 
them advantageous for the detection of biomolecules, which require a high intensity 
of prolonged excitations (Yan et al. 2007). It has been reported in a previous study 
that bisphenol A could be detected in water at a very low concentration (10 nm) 
within 5 s using a nanosensor based on CoTe QDs immobilized on a glassy carbon 
electrode surface (Yin et al. 2010). Multifunctional devices are another advancement 
of functional nanomaterials, which are used in water treatment devices for perform-
ing multiple tasks in one device to enhance overall performance, miniaturizing the 
footprint, and avoiding excessive redundancy. The small footprint, high performance, 
and modular design of nanotechnology-based devices also make their potential use 
for commercial applications (Qu et al. 2013).

6.5  Toxicity Facts and Safety Issues Associated 
with Nanomaterials

Nanotechnology is better than other techniques used in wastewater treatment; how-
ever, currently, the knowledge about the transport, environmental fate, and toxicity 
of nanomaterials is still in its infancy. There is a poor understanding of the fate and 
behavior of nanomaterials in the environment and human toxicity. Therefore, the 
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major concern related to nanotechnology is the hazardousness of nanoparticles due 
to their leakage, spillage, circulation and concentration, and risks associated with 
their exposure (Gardner and Dhai 2014). The NPs enter the bloodstream through 
inhalation, ingestion, and skin, from where they can travel to different body parts 
like the brain, nervous system, bone marrow, spleen, kidney, liver, and heart (Ali 
2012). Due to small the size of NPs, their chemical reactivity is very high, which 
leads to the generation of reactive oxygen species (ROS), which may cause inflam-
mation and oxidative stress resulting in damage to DNA and membrane proteins. 
Some NPs can alter the mechanism of enzymes and different proteins by absorbing 
through the  skin surface (Hubbs et al. 2011). Most of the previous toxicological 
studies have been conducted with mammalian cells and carried out in cell culture 
medium containing biological compounds. However, the toxicological results from 
mammalian studies cannot be directly correlated to environmental conditions. The 
toxicity effects of NPs in the environment are due to their agglomeration nature. The 
use of CNTs is not expected at an industrial scale in wastewater treatment plants due 
to their high production cost and coagulation phenomenon with some organic con-
taminants and because of several reports of health-related concerns of NPs (Ali 
2012; Volder et al. 2013). There are some players that are highly concerned regard-
ing the problems of toxicity and the  safety of nanotechnology for remediation. 
DuPont is the major pioneer, which the adopted use of ZVI NPs for site remediation 
until problems regarding their fate and transport, post-remediation persistence, and 
potential human exposure to NPs at these places have been thoroughly studied 
(Chaturvedi and Dave 2019). The opportunities and challenges for the role of nano-
materials in water purification and treatment of contaminated water are a matter of 
continuing concern. Hence, there are various challenges for large-scale industrial 
applications of nanotechnology in water purification and wastewater treatment, and 
the behavior of NPs inside the body is still a major question, which needs to be 
addressed before marketing nano-based products. Further, a thorough understand-
ing of the mobility, toxicity, bioavailability, and persistence of NPs is needed to 
assess their risks.

6.6  Regulatory Aspects of Nanomaterials

Nanotechnology is one of the most challenging technologies of the current century, 
and billions of dollars have been spent annually for research and marketing of these 
processes. Nanomaterials that have been used for water purification and wastewater 
treatment must be nontoxic and environmentally friendly. Approximately, 1.5 bil-
lion USD has been allocated to National Nanotechnology Initiative (Arlington, VA, 
USA) through the federal budget for nanotechnology-related activities in 20 depart-
ments and independent agencies (Nano.gov 2014). In 2020, European Union (EU) 
provided 110 billion USD for research and innovative projects and 92 million USD 
for water innovations (Horizon 2020). Several initiatives have been taken by apply-
ing laws and regulations at the international level to prevent environmental damage 
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including plants, human beings, and aquatic organisms by nanomaterials. The 
United States and EU deal with implementing novel regulations related to nanoma-
terials and their exposure in water bodies (Gehrke et al. 2015). Nanomaterials are 
regulated by the  Registration, Evaluation, Authorization and Restriction of 
Chemicals (REACH) in Europe, and this program regulates the production and use 
of chemical substances along with their impact on  the environment and human 
health. There are many non-government organizations that have claimed the inte-
gration of current regulations with EU definition of nanomaterials (EC 2011). A 
framework has been established by European Water Framework Directive for 
the  evaluation of priority substances by REACH and for protection of different 
water bodies, that is, groundwater, transitional water, coastal water, and inland sur-
face water. Any amendment of REACH related to nanomaterials is implemented 
automatically to the water directive (EPC 2000). In the United States, the use of 
nanomaterials in water medium has not been mentioned clearly. European Protection 
Agency (EPA) has allowed the manufacture and use of nanoscale chemical materi-
als under the Toxic Substances Control Act (EPA 1999, 2015). Although there are 
several regulatory guidelines that have been implemented by different countries for 
the safe use of nanomaterials, there are no strict regulations with reliable databases 
on an international scale. Therefore, their toxicity performance tests must be strictly 
included in standard operating procedures (SOPs) with proper documentation, 
before introducing nanomaterials to the industry.

6.7  Commercial Processes of Nano-Based Materials Related 
to Water Application

The first complete dendrimer family, which was synthesized, characterized, and 
commercialized in 1990, was PAMAM (poly(amidoamine)) dendrimer (Tomalia 
2004). A team of US researchers has developed a sponge that can absorb oil from 
water, which is made up of pure CNTs with a dash of boron. The oil can be retrieved 
or burned off, and the sponge can be reused, and the research team is also planning 
to weld the sheets for oil remediation (Hashim et al. 2012). CNT-based systems are 
used commercially for the mitigation of different contaminants from wastewater 
matrices (Qu et al. 2013) and desalination of brackish water and seawater (Das et al. 
2014a, b). Two cost-competitive dendrimer-based commercial systems for drinking 
water treatment systems available in the market are Arsennp and ADSORBSIA™ 
(Aragon et al. 2007; Qu et al. 2013). The commercially available TFN membrane is 
QuantumFlux, a seawater TFN RO membrane (http://www.nanoH2O.com). The 
commercial devices available in the market utilizing nano-Ag are MARATHON® 
and Aquapure® systems. In some developing countries, nano-Ag has been incorpo-
rated into ceramic microfilters to be used as a barrier against pathogens (Varbanets 
et al. 2009). NanoCeram (Argonide Corporation, Sanford, FL, USA) is a marketed 
nanofiber filter with a large surface area (300–600 m2/g) and small diameter, which 
is used in ultrafiltration for the removal of bacteria, viruses, and proteins through 
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Coulombic interactions (Karim et al. 2009). A firm named Purific Water (Holiday, 
FL, USA) has developed a filtration assembly by combining water pre-treatment 
process with photocatalysis and ceramic filtration membrane with a capacity of >4 
million cubic meters/day, and this system has been successfully used for degrada-
tion of 1,4-dioxane (http://www.purifics.com/; http://www.nanowerk.com/spot-
light/spotid=4662.php). Dynabead® is a commercial nanocomposite available in the 
market for developing pathogen detection kits (Qu et al. 2013). TFN membranes 
have been used commercially by LG NanoH2O Inc., and this technology has twice 
the flux of polyamide membranes with >99.7% salt rejection (Lau et al. 2015). The 
first commercial membrane with embedded aquaporins is Aquaporin Inside 
(Aquaporin A/S, Copenhagen, Denmark). This membrane is used in desalination 
applications, and it can withstand up to 10 bar and a water flux rate > 100 L/(hm2) 
(Gehrke et al. 2015).

6.8  Concluding Remarks and Future Outlook

Nanotechnology-based strategies are gaining momentum globally for water purifi-
cation and wastewater treatment solutions. This technology is more rapid, reliable, 
economic, and durable for  the removal of a  specific types of contaminants from 
wastewater. There are various reports on the  application of nanomaterials for 
the  removal of toxic pollutants like polycyclic aromatic hydrocarbons, volatile 
organic compounds, pharmaceutical, and personal care products, polychlorinated 
biphenyls, agrochemicals and pesticides, inorganic pollutants, polycyclic aromatic 
hydrocarbons, furans, phthalates, bacteria, and viruses. The convergence of existing 
water treatment technologies with nanotechnology provides great opportunities to 
revolutionize water purification and wastewater treatment. To provide sustainable 
water supplies, the nano-based applications have been utilized for water treatment, 
water filtration, and desalination and as sensors and catalysts. Based on the cost of 
nanomaterials involved, stages in research and development, and commercial avail-
ability, many nano-based systems for water purification and wastewater treatment 
are still in the research phase. However, it is expected that some of the strategies 
based on nano-photocatalysts, nano-adsorbents, and nano-membranes will become 
functional in the upcoming years. Zn NPs are not efficient for the degradation of 
halogenated and chlorinated organic compounds; therefore, studies should be con-
ducted for the  treatment of such compounds using other types of nanomaterials 
under ambient conditions to achieve maximum degradation of such kinds of pollut-
ants from wastewater. Pilot scale studies should also be carried out at polluted field 
sites to investigate real-time applications of NPs to achieve better results. In devel-
oping countries, pure and safe drinking water is provided to people by developing 
solar disinfection (SoDis) approach using nano-TiO2. The pilot scale applications of 
CNTs are very limited; hence, further improvement in existing characteristics like 
high water permeability, scalability, robustness, compatibility with industrial set-
tings, energy savings, antifouling, and desalination are highly encouraged. 
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MIP- QDs has been proven as an efficient system for the removal of contaminants 
from wastewater, and this technology can be used in  the future for revolutionary 
environment management. Although most of the nanosensors possess excellent sen-
sitivity and photostability, nonspecific binding is still one of the major challenges 
for wastewater treatment applications. Therefore, there is a dire need of developing 
strategies for reducing nonspecific binding and preventing undesired aggregation of 
nanoparticles. Further research is required to develop simple low-cost nanotechnol-
ogy methods and nano-based immobilizing systems with significantly enhanced 
performance. Many nano-based systems for water purification and water treatment 
applications are at the pilot or experimental phase due to various technical hurdles, 
cost-effectiveness, and potential environmental and human risks. Hence, research 
efforts addressing the treatment of wastewater under more realistic conditions are 
needed to assess the efficiency and applicability of nanomaterials and nanotech-
nologies in water and wastewater treatment. More collaborative efforts of govern-
ment, regulatory bodies, industries, research institutes, and other stakeholders are 
required to provide fast, economical, and robust technologies to resolve the global 
issue of water contamination.

 Questions and Answers: A Solution Manual

 Objective Questions

Q1. Which technique is used for characterization of nanoparticle interaction with 
microbial contaminants?

 (a) Scanning Probe Microscopy (SPM)
 (b) Transmission Electron Microscopy (TEM)
 (c) Both of the above
 (d) None of the above

Ans. (c).
Q2. The sewage wastewater treatment capacity of India is

 (a) 8080.8 MLD
 (b) 8008.2 MLD
 (c) 8642.0 MLD
 (d) 9080.9 MLD

Ans. (a).
Q3. Vesicles are used for

 (a) Calcination
 (b) Encapsulation
 (c) Crystallization
 (d) All of the above

Ans. (b).
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Q4. Nanoparticles of which of the following metals is used for efficient degradation 
of octachlorodibenzo-p-dioxin into substituent chlorinated congeners under 
ambient conditions

 (a) Ti
 (b) Ni
 (c) Mn
 (d) Zn

Ans. (d).
Q5. Which of the following groups of atoms, Quantum Dots are composed of?

 (a) I
 (b) II
 (c) Both of the above
 (d) None of the above

Ans. (b).

 Fill in the Blanks

 1. The process of nanotechnology was initiated by ________ in the year _______.

Answer: Richard Feynman, 1959

 2. Nanotechnology is used in forensic science in DNA fingerprinting for 
__________ and ____________.

Answer: Parental testing, Solving criminal cases

 3. The emerging pollutants in wastewater are nonbiodegradable materials due to 
their _______ in food web.

Answer: Bioaccumulation

 4. Dendrimers are used as nano-adsorbents for removal of heavy metals by tailor-
ing of external branches with ____ and _____ groups.

Answer: –NH2 and –OH

 5. Based on layering system of nanotubes, CNTs can be _____ and ______.

Answer: Single-walled, multiwalled

 Short Answer Questions

 1. Which techniques are commonly used for the synthesis of nanoparticles?

Answer: Top-down approach and Bottom-up approach.
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 2. What kind of nanomaterials are used for wastewater treatment in the current 
scenario?

Answer: Metal oxides, zeolites, dendrimers, carbon nanotubes (CNTs), fuller-
enes, graphene-based nanomaterials, nanosorbents, nanocatalysts, biomi-
metic membrane, molecularly imprinted polymers (MIP), and zerovalent iron 
particles.

 3. What are the applications of nanotechnology in environment sector?

Answer: Environmental nanotechnology is a revolutionary field of science 
and technology, which is gaining interest of scientific community from past 
few decades. Nanomaterials have been explored for generation of renewable 
energy in batteries, fuel cells, and supercapacitors. Nanoparticles are used for 
environmental remediation, water purification, and wastewater treatment.

 4. Which techniques are currently used for wastewater treatment?

Answer: Activated carbon adsorption, ozonation and advanced oxidation pro-
cesses, coagulation-flocculation, membrane processes, halogens (Cl, Br), 
sedimentation, boiling, distillation, reverse osmosis, solvent extraction, evap-
oration, ultraviolet light, low frequency ultrasonic radiations, ion exchange 
water softener, and neutralization and remineralization.

 5. Which properties of nanoparticles make them suitable for application in waste-
water purification and treatment?

Answer: High specific surface area, strong and wide-spectrum antimicrobial 
activity, high chemical stability, low cost, photocatalytic activity, ease of use, 
high conductivity, high mechanical strength, tunable surface chemistry, and 
superparamagnetism.

 6. What are the issues for not adopting the use of CNTs at industrial level?

Answer: The use of CNTs is not expected at industrial scale in wastewater 
treatment plants due to their high production cost, coagulation phenomenon 
with some organic contaminants, and because of several reports of health- 
related concerns of NPs.

 Long Answer Question

 1. What are the different action mechanisms of nanomaterials used for wastewater 
purification and treatment?

Answer: Nanomaterials are used worldwide for the degradation of many pol-
lutants like inorganic anions, phosphates, nitrates, phenols, chlorinated and 
halogenated organic compounds, radio elements, nitroaromatic compounds, 
and organic dyes by different mechanisms such as oxidation, reduction, pre-
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cipitation, and adsorption. Silver nanoparticles (Ag NPs) possess good anti-
microbial activity, and they have been used extensively for wastewater 
treatment against wide range of bacteria, viruses, and fungi. Ag NPs increase 
permeability of cell membrane by generation of free radicals, which finally 
resulting in cell apoptosis (Le et al. 2012). Some research groups have studied 
the action mechanism of Ag NPs and observed that these NPs can kill patho-
genic bacteria by inducing physical perturbation with oxidative stress through 
disruption of specific microbial process by oxidation or disturbing vital cel-
lular components or cell membrane structure. The antagonistic effect of TiO2 
and ZnO NPs is linked to synthesis of reactive oxygen species, ROS (H2O2 
and OH−) by ultraviolet (UV)-A irradiation through oxidative and reductive 
pathway. Different mechanisms associated with iron oxide (FeO) NPs under 
adsorption of contaminants from wastewater are magnetic selective adsorp-
tion, surface binding, electrostatic interactions, and ligand combinations. 
Most of the previously reported studies on wastewater treatment using Zn 
NPs, and Fe NPs are based on dehalogenation reaction. The oxidized CNTs 
possess major adsorption site for metal ions by chemical bonding and electro-
static interactions through surface functional groups like –OH and –
COOH.  CNTs have proved to be better adsorbents with high adsorption 
kinetics for heavy metals (Pb2+, Cd2+, Cu2+, and Zn2+) and short intraparticle 
diffusion distance, faster kinetics, and highly accessible adsorption sites. 
Alumina nanoadsorbents have high surface area with good thermal stability, 
and they can be prepared at low cost. These nanoadsorbents have been used 
in wastewater treatment for removal of Cd, Cr, Hg, and Pb metal ions. The 
graphene- based nanomaterials show their antimicrobial action by oxidative 
stress and microbial membrane damage. The sorption of heavy metals and 
organic compounds on dendrimers is achieved by hydrogen bonding, com-
plexation, hydrophobic effect, and electrostatic interactions. The photocatalyst- 
based (TiO2, CeO2, and CNTs) reaction pathways (radical mediated and 
nonradical mediated) for degradation of organic pollutants have also been 
suggested in literature.

 2. What are the available commercial systems of nanomaterials for wastewater 
treatment?

Answer: The first complete dendrimer family which was synthesized, charac-
terized, and commercialized in 1990 was PAMAM (poly (amidoamine)) den-
drimer. A team of US researchers have developed sponge that can absorb oil 
from water, which is made up of pure CNTs with a dash of boron. The oil can 
be retrieved or burned off, and sponge can be reused, and the research team is 
also planning to weld the sheets for oil remediation. CNT-based systems are 
used commercially for mitigation of different contaminants from wastewater 
matrices and desalination of brackish water and seawater. Two cost- 
competitive dendrimer-based commercial systems for drinking water treat-
ment systems available in the market are Arsennp and ADSORBSIA™. The 
commercially available TFN membrane is QuantumFlux, a seawater TFN RO 
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membrane. The commercial devices available in the market utilizing nano-Ag 
are MARATHON® and Aquapure® systems. In some developing countries, 
nano-Ag has been incorporated into ceramic microfilters to be used as barrier 
for pathogens. NanoCeram (Argonide Corporation, Sanford, FL, USA) is a 
marketed nanofiber filter with large surface area (300–600 m2/g) and small 
diameter, which is used in ultrafiltration for removal of bacteria, viruses, and 
proteins through Columbic interactions. Purific Water (Holiday, FL, USA) 
has developed a filtration assembly by combining water pretreatment process 
with photocatalysis and ceramic filtration membrane with capacity of >4 mil-
lion cubic meters/day, and this system has been successfully used for degra-
dation of 1,4-dioxane. Dynabead® is a commercial nanocomposite available 
in the market for developing pathogen detection kits. TFN membranes have 
been used commercially by LG NanoH2O Inc., and this technology has twice 
the flux of polyamide membrane with >99.7% salt rejection. The first com-
mercial membrane with embedded aquaporins is Aquaporin Inside (Aquaporin 
A/S, Copenhagen, Denmark). This membrane is used in desalination applica-
tions, and it can withstand up to 10 bar and water flux rate > 100 L/(hm2).
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Chapter 7
Nanoparticles in Dye Degradation: 
Achievement and Confronts

Rekha Dhull, Kavita Rathee, and Vikas Dhull

Abstract At present, the textile industries are growing very fast to meet the demand 
of exponentially growing population. They discharge effluent in an open environ-
ment, which is responsible for causing serious health concerns to the life forms and 
polluting the environment due to the presence of dye. So, it is necessary to degrade 
the harmful dyes from the effluent before their discharge in the surroundings. 
Several conventional methods are in use for dye removal such as activated carbon 
adsorption, ozonation, electrochemical oxidation, forward osmosis, biological deg-
radation, coagulation, and flocculation, but these methods are inefficient in success-
ful degradation of dye from the effluent and are also not environmentally friendly. 
Nowadays, nanomaterials have found a wide range of applications in different fields 
such as analytical, cosmetics, agriculture, electronics, and medical applications. 
This is due to their unique properties like small in size, large surface area, highly 
electrocatalytic, biocompatible, antimicrobial properties, and so on. These unique 
properties have attracted different researchers to use them for degradation of dyes 
from the effluent of various industries. This review highlights the toxicity caused by 
the dye-containing effluent and the mechanism of degradation of dye using nano-
materials. The chapter also emphasizes on the use of nanomaterials (nanoparticles, 
carbon nanotubes, nanorods, graphene sheets, and fullerene structure) for dye 
removal.
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7.1  Introduction

A dye is a colored compound that possesses affinity to bind at specific substrate and 
imparts color to that substrate. The dyes have been categorized into ionic and non-
ionic dyes. The ionic dyes consist of cationic and anionic dyes. These anionic dyes 
are further subcategorized into acidic, reactive, and direct dyes. On the other hand, 
nonionic dyes have been categorized into vat and disperse dyes, as shown in Fig. 7.1 
(Tan et al. 2015). Presently, dyes have found a wide range of applications in paper-
making, food, pharmaceuticals, cosmetics, paint, textile, and leather industries 
(Nautiyal et al. 2016). To fulfill the demand of dyes in various industries, around 1.6 
million tons of dyes have been produced every year. Around 10–15% of this total 
produced dyes are being discharged unused as effluent in an open environment 
(Hunger et al. 2003). These untreated and unused dyes present in effluent are com-
posed of harmful chemicals, resulting in environment contamination. The toxic 
dyes percolate to groundwater via soil finally leading to groundwater contamina-
tion. As a result of this, these toxic dyes enter into the food chain causing serious 
health concerns in humans as well as in animals. These dyes are responsible for 
causing mutagenic, carcinogenic, and teratogenic effects in living beings (Alves de 
Lima et al. 2007). So, it is necessary to treat the dyes from the effluent before their 
discharge into the environment.

Several methods have been reported to treat these harmful dyes such as adsorption 
using activated carbon (Ruhl et al. 2014), ozonation of dyes (Punzi et al. 2015), 
photocatalytic degradation of azo dyes hydrothermally (Saleh 2019), electrochemi-
cal oxidation (Gao et al. 2019), biological treatment of textile dyes (Paz et al. 2017), 
forward osmosis (Korenak et al. 2019), coagulation-flocculation-based treatment of 
dye (GilPavas et al. 2017) using nanofiltration membranes (Wang et al. 2018), and 

Fig. 7.1 Schematic diagram of classification of dyes
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many more. Among all methods reported above, the activated carbon has been 
extensively used for the successful removal of dyes from effluent (Carrott et  al. 
1991). But the drawback of using activated carbon for dye removal is that it is 
expensive as its production and reactivation require steam, which is maintained at 
high pressure, and it further increases the dye removal cost (Marsh and Rodríguez- 
Reinoso 2006). To make the process cost-effective, investigators have reported the 
use of adsorbents for dye removal, which include leaf-based adsorbents (Bulgariu 
et al. 2019), adsorption using palm oil (Hameed et al. 2009), calcium biochar adsor-
bent derived from crab shell (Dai et al. 2018), geopolymer paste adsorbent (Maleki 
et al. 2018), and palm oil-derived microcrystalline cellulose (Tan et al. 2018). The 
above adsorbents have been successfully used for dye removal from the effluent. As 
adsorption depends solely on the surface area, it is necessary to enhance surface 
area of the adsorbents.

This requirement can be easily fulfilled using nanomaterials, especially 
nanoparticles. Metallic nanoparticles being small in size range from 1 to 100 nm 
and offer high surface area. Nowadays, nanomaterials are considered as an important 
candidate for adsorption of dyes due to their high surface area, presence of short 
intraparticle distance with respect to diffusion, pore size tunability, possess large 
surface area, high mechanical strength, presence of active sites, and low mass 
(Sweet et al. 2012; Mallakpour and Rashidimoghadam 2019). This review focuses 
on dye removal using nanoparticles, carbon nanotubes, nanorods, graphene, and 
fullerene with the amount of adsorbent used and the efficiency of dye removal.

7.2  Toxic Effect of Dye

In the textile industry, synthetic dyes have been extensively used for developing 
colorfast and bright hues. But the toxic nature of these synthetic dyes resulted in 
carcinogenic effects on humans and animals and also affects the environment. The 
discharge from these industries comprises of dyes along with sulfur, soaps, dye fix-
ing agents, and other nonbiodegradable chemicals resulting in generation of toxic 
effluent. When this untreated effluent is discharged in open environment, it leads to 
clogging of soil pores, which results in decline of soil productivity, and also affects 
the quality of drinking water (Kant 2012).

Another source of toxic effluent is the paper and pulp industry, which contain 
dyes and lignocellulose material. Their discharge imparts dark color, increase in 
chemical oxygen demand, and imbalances pH of water (Pokhrel and Viraraghavan 
2004). This is mainly due to the presence of dyes and other organic ligands from 
wood and the tannins, lignin, etc. (Lacorte 2003). The untreated effluent is also 
responsible for the reduction in transparency of water affecting photosynthetic 
activity of aquatic plants and animals, resulting in death (Meriläinen and 
Oikari 2008).

Also, effluent from the cosmetic industry is nonbiodegradable due to the presence 
of organic dyes, which are polar in nature (Chen et  al. 2007). So, its untreated 
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discharge results in increase of chemical oxygen demand. Effluent-containing dyes 
from other industries such as paint and pigmentation also lead to serious health 
concerns to all life forms and the environment.

7.3  Mechanism of Dye Removal Using Nanomaterials

The dyes have been successfully removed using a variety of nanomaterials via 
photodegradation. The process of photodegradation takes place on surface of 
nanomaterial in the presence of ultraviolet light, which excites electrons from 
valence band to conduction band leaving behind holes. The potential at valence 
band (h+) is positive, which can easily produce hydroxyl radicals (OH) on the 
surface of the nanomaterial. On the other hand, potential at conduction band (e−) 
will be negative, which is helpful in reduction of oxygen. The oxidizing nature of 
OH radical will degrade dye present in the vicinity of nanomaterial surface as 
illustrated in Fig. 7.2 (Khataee and Kasiri 2010). Photocatalysis of dye was also 
reported with SnO2 nanotube. The mechanism is nearly the same as discussed above 
in the case of nanoparticle. When nanotubes are exposed to light, photon is absorbed, 
and an electron is ejected from valence band of the nanotube, which moves toward 
conduction band leaving behind a hole in valence band. During this, holes start 
migrating toward conduction band, and electrons start moving to valence band. This 
movement will increase charge transfer leading to oxidation and reduction of 
oxygen and hydroxyl molecule, respectively. When the surface of nanotube is 
exposed to light, oxygen at the surface yield superoxide radical (°O2

−). As a result 
of this, new energy levels in bandgaps are created, which helped in the degradation 
of dye molecule to carbon dioxide and water as illustrated in Fig. 7.3 (Sadeghzadeh-
Attar 2018). The photocatalytic mechanisms of dye removal using nanoparticles 
and nanotubes are discussed above, which showed light-dependent degradation of 

Fig. 7.2 General mechanism of photodegradation of dye using nanoparticle
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Fig. 7.3 General mechanism of photodegradation of dye using nanotube

dye. The degradation process involves excitation of electrons from valence band of 
nanomaterial leading to the formation of holes in valence band and their successful 
migration to conduction band. This helps in the enhancement of charge transfer 
process during the oxidation and reduction resulting in degradation of the dye 
molecule on nanomaterial surface.

7.4  Different Nanomaterials for Dye Removal

7.4.1  Nanoparticles

A variety of nanoparticles have been used as adsorbent for dye removal from 
industrial waste as summarized in Table  7.1. Being small in size, nanoparticles 
provide a large surface area, and they are highly pure with narrow size distribution 
and reproducible (Verma et  al. 2019). In one of the studies, zinc oxide (ZnO) 
nanoparticles (NPs) were used as adsorbent to remove azo dye such as methyl 
orange (MO) and amaranth (AM) (Zafar et al. 2018). In another study, ZnO-NPs 
were used to adsorb three dyes: malachite green (MG), acid fuchsin (AF), and 
Congo red (CR) (Zhang et al. 2016) and ZnO-NPs using alginate to adsorb methylene 
blue (MB) (Tamer et al. 2018). Acid Black 210 (AB 210) and Reactive Blue 19 (RB 
19) dyes were adsorbed on 0.2  g of ZnO-NPs with adsorption capacities of 
34.13 mg/g and 38.02 mg/g, respectively (Monsef Khoshhesab and Souhani 2018). 
Reactive Blue 21 (RB 21) dye was also degraded via photodegradation using 50 mg 
of green- synthesized ZnO-NPs. In this study, it was also observed that RB 21 was 
fully decolorized in 270 min time. This shows that ZnO NPs are used as broad range 
nanoparticles for removal of a variety of dyes through adsorption. Other NPs such 
as copper nanoparticles (Davar et al. 2015) (CuNPs) have been used for catalytic 

7 Nanoparticles in Dye Degradation: Achievement and Confronts



216

Table 7.1 Summarizes the nanoparticles used in dye removal

Nanoparticle
Dyes 
removed

Method of 
removal

Amount of 
nanoparticle 
used

Adsorption/
reduction 
capacity Reference

Zinc oxide 
nanoparticle

Methyl 
orange
Amaranth

Adsorption 0.3 g 40 ppm Zafar et al. 
(2018)

Malachite 
green
Acid 
Fuchsin
Congo red

Adsorption 0.05 g 2963 mg/g
3307 mg/g
1554 mg/g

Zhang et al. 
(2016)

Methylene 
blue

Adsorption 0.025–0.3 g 33.87–
45.38%

Tamer et al. 
(2018)

Acid black 
210
Reactive 
blue 19

Adsorption 0.2 g 34.13 mg/g
38.02 mg/g

Monsef 
Khoshhesab 
and Souhani 
(2018)

Reactive 
blue 21

Photodegradation 50 mg NR Davar et al. 
(2015)

Copper 
nanoparticles

Methylene 
blue
Methyl red
Congo red

Photocatalytic
Degradation

100 μM 91.53%
73.89%
84.89%

Fathima et al. 
(2018)

Gold 
nanoparticles

Rhodamine 
B
Methyl 
orange

Photocatalytic
Degradation

5 mg 87.64%
83.25%

Baruah et al. 
(2018)

Congo red
Methylene 
blue

Catalytic 
degradation

50 μg/ml 98%
88%

Nadaf and 
Kanase (2016)

Silica oxide 
nanoparticles

Methylene 
blue

Photocatalytic 
degradation

10 g/lt 85% Aly and 
Abd-Elhamid 
(2018)

Methylene 
blue

Adsorption 0.2 g 80.8 mg/g Dhmees et al. 
(2018)

Methylene 
blue

Adsorption 1000 mg/lt 679.9 mg/g Peres et al. 
(2018)

NR Not reported

degradation of MB, methyl red (MR), and CR. 100 μM of CuNPs were used for 
catalytic degradation of these three dyes (Fathima et al. 2018). The photocatalytic 
degradation of Rhodamine B (RB) and MO had been achieved using gold nanopar-
ticles (AuNPs). In this, 5  mg of each dye has been used for the process, which 
resulted in adsorption of 87.64% of RB and 83.25% of MO using AuNPs (Baruah 
et al. 2018). AuNPs were also biologically synthesized from Bacillus marisflavi and 
used for catalytic degradation of CR and MB.  Ninety-eight percent of CR was 
degraded in 20 min, and 88% of MB was catalytically degraded in 10 min using 
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AuNPs (Nadaf and Kanase 2016). The AuNPs are efficient in dye removal, but their 
synthesis is expensive, which finally adds to the cost of dye removal. Silica oxide 
nanoparticles (SiO2-NPs) were used to degrade dye via photodegradation. This is 
possibly due to the presence of silanols, which can interact with dyes and make 
them chemically stable that can successfully degrade dye on silica surface. In a 
study, 10 g/l of the adsorbent is used, which decolorized MB to 85% within 90 s 
(Aly and Abd-Elhamid 2018). Adsorption of MB was also reported using silica 
nanoparticles (SiNPs) obtained from blast furnace in which 0.2 g of SiNPs as adsor-
bent showed maximum sorption capacity of 80.8 mg/g (Dhmees et al. 2018). SiO2- 
NPs obtained from rice husk used for degradation of MB dye showed adsorption 
capacity of 679.9 mg/g with 80% dye removal using 1 g/l of the adsorbent (Peres 
et al. 2018). Among all reported nanoparticles, ZnO NPs are best for the purpose of 
dye removal as they are easy to synthesize and are less costly as compared to the 
other nanoparticles. They also possess the inherent capacity to remove a broad 
range of toxic dyes from effluent.

7.4.2  Carbon Nanotubes

Carbon nanotubes (CNT) are allotropes of carbon, which achieve cylindrical shape 
during synthesis and are used for a variety of purposes. They are used for applica-
tions in optics and electronics and are one of the most important nanomaterials, 
which can be used to adsorb dyes present in wastewater effluent from various indus-
tries as summarized in Table 7.2. Here, we discuss some reported methods, which 
successfully used CNTs for dye removal. One of the methods exploits amorphous 
CNT for removal of two textile dyes, MO and RB. For this, two dye degradation 
methods were used: one was adsorption based, and the other was UV-based cataly-
sis. In this method, concentration of dyes used was 4.79 mg/L and 3.27 mg/L for RB 
and MO, respectively. Though the concentration of adsorbent used was not reported, 
but it was stated that adsorbent took lesser time of 30 min to degrade MO as com-
pared to 45 min for the RB dye. For both dyes, adsorbent had 90% removal effi-
ciency (Dutta et al. 2018). In some reported studies, composites were also used for 
dye removal process. A composite mixture of modified CNT has been reported for 
removal of cationic dyes (MB, MG, RB) and anionic dye (MO). For achieving dye 
removal, multiwalled carbon nanotubes (MWCNT) were prepared and functional-
ized by acid treatment (ACNT), amine treatment (NH2CNT), and finally with the 
heat treatment (HCNT). It was clear from the study that cationic dyes were adsorbed 
with high efficiency using ACNT and MWCNT, whereas the anionic dyes were 
decolorized using NH2CNT.  So, a composite of ACNT/NH2CNT and MWCNT/
NH2CNT was finally used for dye removal (Dutta et al. 2017). A nanohybrid of 
microporous carbon xerogels and MWCNT (CX/MWCNT) was successfully used 
for removal of RB dye in which concentration of adsorbent varied from 1 to 4 g/L. It 
was documented that nanohybrid prepared possessed dye removal efficiency  
ranging from 154 to 256  mg/g (Shouman and Fathy 2018). MWCNTs were 
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Table 7.2 Use of carbon nanotubes in dye removal

Carbon 
nanotubes

Dyes 
removed

Method of 
removal

Amount of 
nanomaterial 
used

Adsorption/
reduction 
capacity Reference

Amorphous 
CNT

Methyl 
orange
Rhodamine 
B

Adsorption and 
UV-assisted 
catalysis

NR More than 
90%

Dutta et al. 
(2018)

ACNT/
NH2CNT
MWCNT/
NH2CNT

Methylene 
blue
Malachite 
green
Rhodamine 
B
Methyl 
orange

Adsorption 5 mg ACNT/
MWCNT
5 mg NH2CNT
Mixture

93%
91%

Dutta et al. 
(2017)

CX/
MWCNT

Rhodamine 
B

Adsorption 1 to 4 g/L 154–256 mg/g Shouman and 
Fathy (2018)

MWCNTs/
Gly/β-CD

Methylene 
blue
Acid blue 
113
Methyl 
orange
Disperse 
red 1

Adsorption 0.01 g 90.90 mg/g
172.41 mg/g
96.15 mg/g
500 mg/g

Mohammadi 
and Veisi 
(2018)

ZnO/
MWCNT

Congo red Adsorption 9 mg 99.8% Seyed Arabi 
et al. (2019)

NR Not reported

functionalized using β-cyclodextrin and glycine (Gly) for the adsorption of organic 
dyes such as MB, Acid Blue 113 (AB113), MO, and disperse red 1 (DR1). The 
0.01 g of adsorbent (MWCNT/Gly/β-CD) was used for the dye removal (Mohammadi 
and Veisi 2018). One work revealed that when ZnO-NPs were loaded on MWCNT, 
they successfully removed CR dye in the aqueous medium (Seyed Arabi et  al. 
2019). So, it is clear from the above reported methods that CNTs work better when 
they are used as composite mixtures for dye removal.

7.4.3  Nanorods

Nanorods are one of the morphological structures of nanomaterials with size ranging 
from 1 to 100 nm and standard aspect ratio of 3–5. They can be easily synthesized 
from metal oxides and other semiconducting material through chemical synthesis. 
They have found a wide range applications in analytical methods and also used for 
adsorption of unused dyes. Different earlier reported methods have been documented 
in Table 7.3 given below. Among one of these methods, manganite (γ-MnOOH) 
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Table 7.3 Nanorods used for dye degradation

Nanorods
Dyes 
removed Method of removal

Amount of 
nanorod 
used

Adsorption/
reduction 
capacity/% dye 
removal Reference

γ-MnOOH Methylene 
blue

Adsorption 8 mg/L 89% Varghese 
et al. (2017)

AgCl- 
NR- AC

Methylene 
blue

Adsorption 15 mg 96% Nekouei 
et al. (2016)

ZnCo2O4 Methylene 
blue

Adsorption 5 mg 2400 mg/g Lin et al. 
(2018)

ZnO- 
NR- AC

Bromocresol 
green
Eosin Y

Ultrasonic assisted 
adsorption

0.01 to 
0.03 g

57.80 mg/g
61.73 mg/g

Ansari et al. 
(2016)

SBP Methylene 
blue

Adsorption 0.05 g 1691.8 mg/g Zhang et al. 
(2015)

ZnS/
SnS/A-FA

Congo red Photocatalytic 
degradation

10 mg NR Kalpana and 
Selvaraj 
(2016)

WO3 Methylene 
blue

Adsorption 5.0 mg 57.6 mg/g Park and 
Nam (2017)

Cu-doped- 
ZnO

Methyl 
Orange

Solar-assisted 
photodegradation

0.3 g/L 99% Perillo and 
Atia (2018)

SnS 
nanorods

Tryphan blue Photocatalytic 
degradation

0.9 mg/ml More than 95% Das and 
Dutta (2015)

NR Not reported

nanorods were used as adsorbent for adsorption of MB dye. The concentration of 
adsorbent used was 8  mg/L, which successfully decolorized 89% of MB dye in 
aqueous solution (Varghese et al. 2017). In one other method, AgCl nanorods were 
modified on the activated carbon (AC) and AgCl-NR-AC composite when used in 
concentration of 15 mg successfully removed MB in aqueous solution and observed 
dye removal efficiency of about 96% in 16 min (Nekouei et  al. 2016). ZnCo2O4 
nanorods have also been used, which were synthesized through hydrothermal 
method and applied for dye removal. It was observed that 5 mg of nanorods when 
used as adsorbent removed MB dye with adsorption capacity of 2400 mg/g (Lin 
et al. 2018). An ultrasonic assisted adsorption of the Bromocresol Green (BCG) and 
Eosin Y (EY) dyes was also reported using ZnO nanorods and AC complex. The 
adsorption capacities recorded were 57.80 mg/g and 61.73 mg/g for BCG and EY, 
respectively, when 0.01–0.03 g of adsorbent was used (Ansari et al. 2016). In this, 
0.05 g of strontium phosphate and barium phosphate (SBP) composite of nanorod 
had been used for MB dye removal with adsorption capacity of 1691.8 mg/g (Zhang 
et al. 2015). Zinc sulfide (ZnS) in combination with tin sulfide (SnS) was used to 
synthesize ZnS/SnS/A-FA nanorods for removal of CR dye from wastewater.  
The nanorods were in concentration of 10 mg for removal of dye in the wastewater. 
The dye was completely photodegraded in 150 min (Kalpana and Selvaraj 2016). 
Other methods for dye removal using nanorods are also available using tungsten 
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trioxide (WO3) (Park and Nam 2017), copper (Cu)-doped-ZnO (Perillo and Atia 
2018), SnS nanorods (Das and Dutta 2015), etc. All the above-reported methods 
demonstrated that nanorods are more efficient in dye removal when they are used in 
combination with materials, which enhances their dye removal capacity.

7.4.4  Graphene

Graphene is an allotropic form of carbon in which carbon atoms are arranged in 
single-layer hexagonal lattice. Its basic structure reveals that there is a small overlap 
between valence band and conduction band, which makes it an important nanoma-
terial for dye removal. Many researchers have used graphene for dye removal as 
summarized in Table  7.4. A composite of 3D graphene and calcium carbonate 
(CaCO3) was synthesized in the presence of calcium carbonate and iron oxide 
nanoparticles. Further, this nanocomposite of graphene was used for the removal of 
Acid Red 88 (AR88) dye. The amount of adsorbent used was 87 mg to remove 
100% of AR88 in 18 min (Arsalani et al. 2018). Three-dimensional graphene was 
functionalized with magnetic citric acid to prepare a nanocomposite (MCF3DG) for 
removal of crystal violet (CV) in aqueous medium (Nasiri and Arsalani 2018). 
Reduced graphene oxide (rGO) coupled with bismuth vanadate (BiVO4) was used 
to remove MG and RB dye. It was reported that the adsorbent used possessed low 
catalytic and dye removal efficiency. MG was degraded to 99.5% in two hours, and 
RB was decolorized 99.84% in four hours (Zhang et al. 2018). Several other meth-
ods are also available, which include liquid laser-treated rGO (Russo et al. 2015), 
polyvinyl alcohol (PVA) hydrogel in combination with GO (Li et al. 2014), mag-
netic sulfonic and graphene nanocomposite G-SO3H/Fe3O4 (Wang et al. 2013), GO 
nanosheet functionalized using dithiocarbamate (GO-DTC) (Mahmoodi et  al. 
2017), GO and cellulose nanowhisker hydrogel nanocomposite removed MO and 
RB dye in 20 min (Soleimani et al. 2018), rGO and TiO2 nanocomposite (TiO2@
rGO) (Ali et  al. 2018), GO and chitosan aerogel composite (GOCA) (Lai et  al. 
2019), magnetite nanoparticles and GO nanocomposite (Fe3O4@GO) (Mishra 
2018), graphene-tannic acid hydrogel (GT hydrogel) (Tang et al. 2018), sulfonated 
GO (SGO) (Wei et  al. 2018), and GO and magnetic iron oxide NPs (GO-MNP) 
(Othman et al. 2018).

7.4.5  Fullerene

Fullerene is also an allotrope of carbon, which is hollow sphere in shape. They are 
also known as buckminsterfullerene or the bulkyball. Fullerene is also used for dye 
removal, and the reported methods are summarized in Table 7.5. Fullerene (C60) has 
been used as composite with TiO2 for removal of CV dye. The dye-removing capac-
ity of 82% was achieved when TiO2 and C60 fullerene nanocomposites were used in 
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Table 7.4 Graphene sheets used in dye removal

Graphene
Dyes 
removed Method of removal

Amount of 
graphene 
used

Adsorption/
reduction 
capacity/% dye 
removal Reference

3D graphene 
aerogel/CaCO3

Acid red 88 Adsorption 87 mg 100% Arsalani 
et al. (2018)

MCF3DG Crystal 
violet

Adsorption 28 mg 100% Nasiri and 
Arsalani 
(2018)

BiVO4-rGO Malachite 
green
Rhodamine 
B

Adsorption 
enhanced with 
visible light 
irradiation

50 mg 99.5%
99.84%

Zhang et al. 
(2018)

rGO Methylene 
blue

Adsorption 0.17 mg/ml 746 mg/g Russo et al. 
(2015)

PVA/GO 
hydrogels

Methylene 
blue

Adsorption 1 g NR Li et al. 
(2014)

G-SO3H/Fe3O4 Safranine T
Neutral red
Victoria 
blue

Adsorption 10 mg 199.3 mg/g
216.8 mg/g
200.6 mg/g

Wang et al. 
(2013)

GO-DTC Basic 
blue 41
Basic 
red 46

Adsorption 0.01–0.04 g 128.5 mg/g
111 mg/g

Mahmoodi 
et al. (2017)

GO-cellulose 
nanowhisker 
hydrogel

Methylene 
blue
Rhodamine 
B

Adsorption 0.025 g 100%
90%

Soleimani 
et al. (2018)

TiO2@rGO Rhodamine 
B

Photodegradation 0.1–0.5 g 97% Ali et al. 
(2018)

GOCA Metanil 
yellow

Adsorption 8 mg 430.99 mg/g Lai et al. 
(2019)

Fe3O4@GO Rhodamine 
6G

Adsorption 0.005–
0.02 g

68–89% Mishra 
(2018)

GT hydrogel Methylene 
blue

Adsorption NR 714 mg/g Tang et al. 
(2018)

SGO Methylene 
blue

Adsorption 1 mg/25 ml 2530 mg/g Wei et al. 
(2018)

GO-MNP Methylene 
blue

Adsorption 10–15 mg 98% Othman 
et al. (2018)

NR Not reported

10 mg concentration (Panahian et al. 2018). Fullerene-modified SiO2 material was 
used for efficient removal of MB dye. The percentage of dye removed via photodeg-
radation was 45% and 90% under VIS and UVC light, respectively (Rogozea et al. 
2015). One of the studies was also reported in which Fe2O3 was doped on C60 to 
achieve a composite of C60-Fe2O3. The composite was further used for 
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Table 7.5 Fullerene structures for dye removal

Fullerene
Dyes 
removed

Method of 
removal

Amount of 
fullerene 
used

Adsorption/
reduction 
capacity/% dye 
removal Reference

F-TiO2(B)/
fullerene

Crystal violet Photocatalysis 10 mg 82% Panahian 
et al. (2018)

Fullerene- 
modified 
silica

Methylene 
blue

Photodegradation 20 mg 45% via VIS
90% via UVC

Rogozea 
et al. (2015)

C60-Fe2O3 Methylene 
blue
Rhodamine B
Methyl 
orange

Photodegradation 50 mg/L 98.9% Zou et al. 
(2018)

NR Not reported

photocatalytic degradation of three dyes MB, RhB, and MO in the presence of 
hydrogen peroxide. 98.9% dye decolorization was achieved in 80 min (Zou et al. 
2018). The fullerene structures are less exploited as compared to other nanomaterials. 
This may be due to complexity in their structure,and they are not easy to synthesize.

7.5  Conclusion and Future Prospects

Untreated industrial discharge contains toxic dye, and they are being released in 
open environment, which is extensively harmful to living beings and environment. 
Variety of conventional methods is available for effluent treatment, but these meth-
ods suffer from limitations of less efficiency, costly, labor-intensive, and time- 
consuming. Therefore, the use of nanomaterials for dye degradation is considered 
as novel and eco-friendly approach. Many types of nanomaterials are being reported 
for dye removal such as nanoparticles, nanotubes, nanorods, graphene, and fuller-
ene. Nanomaterials possess unique properties like highly electroactive, small size, 
high surface area, easy to synthesize in laboratory, nontoxic nature, biodegradabil-
ity, and biocompatibility, which make them suitable for dye removal. Due to these 
properties, nanomaterials can be used with other composites as reported in this 
review. It is suggested that photocatalytic degradation of dyes is based on light irra-
diation, which helps in excitation of electrons and causes movement of electron to 
form electron hole pair, and formation of radicals takes place, which caused degra-
dation of dyes. Out of nanomaterials, which are discussed here, nanoparticles are 
more exploited. Although the researcher has used a variety of nanomaterials, but 
fullerene is less exploited. Fullerene should be used as nonabsorbent in combination 
with the other nanomaterials. Quantum dots are also to be explored for their ability 
to adsorb dye from the effluent. Besides this toxicity of nanomaterials used as 
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nanosorbents in dye removal must be examined. There are also some challenges in 
using nanomaterials for dye degradation such as photocatalyst loading, dye concen-
tration, pH of the medium, intensity of light, temperature, photocatalyst morphol-
ogy, wavelength of light used in photodegradation, effect of oxidizing species, and 
so on. These above parameters should be optimized carefully before using any 
nanomaterial for photodegradation of harmful dye.

Acknowledgments Author sincerely acknowledges University Institute of Engineering & 
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 Questions

 1. Write a note on classification of dyes.
 2. What are the toxic effects of dyes on the environment and living beings?
 3. Discuss in detail conventional methods used to remove dyes.
 4. Write down different types of nanomaterials along with their properties.
 5. How nanomaterials can be used for removal of dyes and what are their inherent 

properties, which make them an excellent candidate for dye removal?
 6. Discuss the mechanism dye removal via photodegradation.
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Chapter 8
Safe Appraisal of Carbon Nanoparticles 
in Pollutant Sensing

Manisha Kumari, G. R. Chaudhary, and Savita Chaudhary

Abstract The quantification of different ranges of pollutants and contaminants in 
the environment has earned enormous progress in the past few years owing to its 
extensive necessity in the domain of public health, clinical research, occupational 
hygiene, and mankind’s welfare. The release of carcinogenic pollutants from indus-
trial, agriculture, and various other sectors is one of the serious threats faced by 
human beings. For the safety of living beings, there is an urgent need for rapid, 
selective, and sensitive detection strategies for the screening of different types of 
pollutants. Out of numerous advanced functional nanoparticles, the fluorescent 
carbon- based nanoparticles have initiated a new approach for establishing easy, 
selective, and expeditious real-time analysis of pollutants. The purpose of this chap-
ter is to examine the unique properties of carbon dots, which make it useful in the 
area of sensing. The profiling of multifunctional luminescent CDsat nanometric 
range has unlocked new horizons of development in materials science and nanore-
mediation. In particular, we review the chemical and physical properties of carbon 
dots and their extensive potential in the fate of perilous pollutants detection for a 
better and cleaner environment.

Keywords Environment · Carbon dots · Sensing · Quantitation · Pollutants

8.1  Introduction

The “emerging pollutants” are the synthetic or naturally arising chemicals that are 
not usually existing in the environment but which have the capability to intrude into 
the environment (Geissen et al. 2015) and affect living beings. The term “emerging” 
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is used as a demonstration that the occurrence of pollutants in the ecological system. 
It has attracted significant attentiveness across scientific communities for the safety 
of human beings (Li and Migliaccio et al. 2010). Apart from their evolution in social 
economy, the different forms of environmental pollutants have emerged as a serious 
threat to mankind. A broad range of pollutants that include highly toxic substances 
gives rise to major ill effects on human health even if their small concentrations 
remain in the environment (Liua et al. 2019; Jiang et al. 2015; Arisido et al. 2015). 
For instance, phenols, dyestuffs, aromatic nitro compounds, heavy metals, polycy-
clic aromatic hydrocarbons (PACs), pesticides, perfluorinated compounds (PFCs), 
and antibiotics have adverse side effects on the ecosphere and health of living beings 
(Pérez-Estrada et  al. 2015; Ren et  al. 2018). Due to global industrialization, the 
continuous increase in ecological imbalance and environmental pollution has made 
the detection and separation of pollutants a vast topic of research hotspot. For exam-
ple, rhodamine B (RhB) is extensively used in the textile industry as an organic dye 
is a vital organic pollutant in the environment (Fig. 8.1) (Jiao et al. 2018). Phenol 
and its compounds have low biodegradation in water with high toxicity and stability. 

Sources of 
Pollutants  

Industrial

Heavy Metals 

Radionuclides

Dyes

Phenol

Explosives 
Agriculture

Fertilizers
CO2

Emission

Domestic
Plastic Waste 

Electronic 
Waste 

Household 
Hazardous Waste

Fig. 8.1 A diagrammatic representation of diverse sources of pollutants in the environment

M. Kumari et al.



231

It possesses hazardous effects on the health of human beings. Among several phe-
nolic compounds, the most potential peril has been posed by phenol because it is 
more vexatious to degrade as compared to chlorinated and nitro-substituted phenol 
(Darabdhara et al. 2016; Mohapatra et al. 2018; Du et al. 2006). Commonly used 
antibiotics such as tetracycline in human and animal medicine has been excreted 
quite largely into the ecosystem due to its poor absorbance in the digestive tract of 
animals (about 50–80%) (Gothwal and Shashidar et al. 2015). As a consequence, 
the dealing with phenol, rhodamine B, tetracycline, and various other pollutants in 
our environment has become an area of concern for the safety of human beings.

An extensive increase in the production of more fibers, grains, medicines, and 
erection of abounding buildings has been compelled due to huge increase in the 
population. Our environment has been under the burden of tremendous load due to 
the industrial revolution accompanied with information technology. The production 
of enough food to feed the current population has been surpassed by the demand. 
The high yield of food obtained from the huge utilization of pesticides, insecticides, 
herbicides, and other plant growth promoters and protecting agents have a deleteri-
ous effect on the healthy environment. Different kinds of processes such as indus-
trial, domestic, and agriculture processes arbitrarily enumerate toxic and 
carcinogenic pollutants to our environment, such as fertilizers, biocides, pesticides, 
chlorinated solvents, chlorinated phenol, heavy metals, polyaromatic hydrocarbon, 
dyes, and plastic (Damlas and Eleftherohorinos et al. 2011; Wan et al. 2019; Lew 
et al. 2013; Nicolopoulou-Stamati et al. 2016; Wasim et al. 2009). The origin of 
pollutants from different sources are broadly classified into the following categories 
(Fig. 8.1).

Heavy metal ions such as lead, mercury, cadmium, and arsenic can cause various 
carcinogenic effects on human health. Different kinds of diseases can be posed by 
these toxic heavy metals, when ingested or inhaled above the bio-recommended 
levels (Martin and Griswold et al. 2009). Mercury (Hg2+) can pervade respiratory, 
gastrointestinal, and skin tissues, which can further damage the deoxyribonucleic 
acid (DNA) and influence the central nervous system peremptory (Weng et  al. 
2011; Lu et al. 2012). Long exposure to toxic heavy metals can prove to be very 
lethal and malignant. In order to eliminate the noxious effects of these pollutants on 
mankind, animals, and other living beings due to their slow degradation and recal-
citrant nature, it needed to remove them from the environment (Kumar and 
Bharadvaja 2019). For this purpose, it is urgent to quantify and identify deleterious 
pollutants in our environmental media. Over the last decade, significant interest has 
been developed among researchers in nanoparticles, due to the invention in the 
changes of chemical properties of materials upon their conversion in nanoparticles 
form. The dimensions of nanoparticles ultimately determine the physicochemical 
properties of materials. The influence of size-dependent effect on optical properties 
of nanoparticles, prominently photoluminescence properties, has further been used 
for the sensing of harmful pollutants (Yang et al. 2013; Prashanth et al. 2015).

In the past years, semiconductor nanomaterials such as quantum dots (e.g., cad-
mium sulfide, lead selenide) have gained colossal attention due to their eminent 
photoluminescence properties. Unfortunately, these inorganic quantum dots incor-
porate toxic elements, which have carcinogenic and adverse effect on living things 
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in the environment. The excessive use of semiconductor quantum dots in several 
applications like sensors and in devices becomes limited due to the fact that their 
eventual discharge is known to be detrimental. Accordingly, it is the need of the 
hour to develop organic photoluminescent nanomaterials, which are biocompatible 
in nature and can be fabricated via effective, simple, green, cost-effective synthesis 
processes (Wang et al. 2013).

In this regard, carbon dots (CDs), a fascinating young material of nano-family, 
are a kind of fluorescent nanoparticles with extraordinary potential in pollutant 
sensing. CDs have exceptional and remarkable properties such as high specific sur-
face area, nontoxicity, good chemical stability, biocompatibility, aqueous dispers-
ibility, and high quantum yield. Historically, CDs were serendipitously invented 
during the separation and purification process of single-walled carbon nanotubes 
using arc-discharge method in 2004 (Xu et al. 2004).

8.2  Carbon Dots Structure

The quantum-sized carbon nanoparticles have excellent photoluminescence, high 
water solubility, and biocompatibility. The existence of numerous carboxylic and 
hydroxyl groups on the exterior facade has made them soluble in aqueous media. 
The existence of exceptionally well-coordinated structure has further contributed to 
the novel and peculiar properties of CDs (Lim et al. 2015; Baker and Baker et al. 
2010; Weng et al. 2011; Tao et al. 2016; Namdari et al. 2017). Usually, all nano- 
sized carbon materials are known as nanocarbons, if at least one dimension is less 
than 10 nm in size. However, in the case of CDs, all three dimensions are below 
10  nm. CDs have sp2∕sp3 spatial hybridization featuring luminescence as their 
innate characteristic property (Baker and Baker et al. 2010; Yan et al. 2010). Based 
on the synthesis process, CDs have exhibited distinct chemical structure and photo-
luminescence properties. The facade of CDs can comprise or modify diverse chemi-
cal groups, for instance, oxygen-containing group, nitrogen-containing groups, 
polymer chains, nitrogen-based amino-containing groups, etc. (Baker and Baker 
et al. 2010). The novel and tunable properties of CDs can be enhanced by employ-
ing surface passivation and chemical modification with various biological, poly-
meric, inorganic, and organic materials. Moreover, carbon is present in their basic 
skeleton; due to this, CDs have nontoxicity, good conductivity, and superior optical 
and electronic properties (Yang et al. 2013; Tetsuka et al. 2012).

8.3  Carbon Dots Synthesis

A diverse range of synthetic methods have been reported in the literature to produce 
CDs. Broadly, it can be classified into two main approaches: one is bottom-up, and 
another one is top-down approach (Fig. 8.2). Top-down method includes synthesis 
from larger carbon precursors such as graphite sheets, carbon nanotubes, etc. to 
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Fig. 8.2 A variety of precursors used for the synthesis of CDs

produce CDs. Bottom-up methods include formation of CDs from small carbon 
compounds, for instance, carbohydrates, ascorbic acid, ethylene diamine, etc. 
(Robertson and O’Reilly et al. 1987; Chen et al. 2016). Posttreatment methods can 
be utilized for further possible modification.

During the synthesis of CDs, three major concerns are involved: (1) centrifuga-
tion, dialysis, and electrophoresis are posttreatment techniques applied to control 
size and uniformity. (2) Pyrolysis and solvent chemotherapy are the electrochemical 
synthesis used for carbon capture during carbonization. (3) Preparation and post- 
preparation steps optimize the functional groups and surface properties (Cao et al. 
2007; Baker and Baker et al. 2010; Briscoe et al. 2015). The superior and intriguing 
properties of the CDs can be achieved by other methods, which involve hydrother-
mal carbonization in a microwave hydrothermal, plasma hydrothermal, and micro- 
reactor method (He et al. 2011; Zong et al. 2011; Tang et al. 2012). The properties 
of CDs can be influenced by the methods and techniques described above. In this 
section, the prominent methods are illustrated.

8.3.1  Hydrothermal/Solvothermal Synthesis Method

The hydrothermal method is a common, low-cost, eco-friendly, and nontoxic path-
way to synthesize carbon-based nanomaterials. In this method, a chemical reaction 
takes place in a solvent media inside a closed system between the precursors under 
high boiling point and high-pressure condition. CDs have been generated by several 
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precursors, which include banana juice, glucose, citric acid, chitosan, dopamine, 
diammonium hydrogen citrate, proteins, etc. (He et al. 2011; Qu et al. 2013). Two 
types of CDs known as hydrophobic and hydrophilic CDs have been synthesized by 
carbonization of carbohydrates within a size range of less than 10 nm (Bhunia et al. 
2013). For example, synthesis of hydrophilic CDs produced by applying a broad 
range of pH to the reaction media. On the other hand, preparation of hydrophobic 
CDs done via combining octadecylamine and octadecene with different amounts of 
carbohydrates for a time period of 30 minutes at a temperature range of 70 and 
300 °C (Bhunia et al. 2013).

8.3.2  Microwave Irradiation

Microwaves are electromagnetic waves with a wavelength ranging from 100 cm to 
1 mm and frequency range from 300 MHz to 300 GHz, which can distribute energy 
to break chemical bonds of the compounds. Microwave irradiation of carbon- 
containing material is an efficient and inexpensive pathway to synthesize uniform- 
sized CDs by breaking bonds of the substance. In this synthesis procedure, the 
possibility to modify the compound structure, morphology, and combination can be 
produced by using various temperatures ranges (Jaiswal et al. 2012). For example, 
green luminescent CDs were fabricated using diethylene glycol (DEG) as the car-
bon source by microwave irradiation process (Jaiswal et al. 2012). The produced 
diethylene glycol-CDs (DEG-CQDs) can be dispersed in water with a clear appear-
ance and eventually absorbed by glioma C6 cells and become ideal for bioimaging 
applications (Liu et al. 2014).

8.3.3  Carbonization

Recent reports have confirmed that carbonization of carbon-containing materials 
can be achieved by providing external heat and develop them into CDs. This path-
way of synthesizing CDs has provided significant eminence such as nonsolvent 
media, facile synthesis procedure, short reaction time, a wide range of carbon 
sources, and economic viable approach for large-scale production. As reported ear-
lier, pristine blue-emitting CDs were made by thermal decomposition of citric acid, 
which is an inexpensive and efficient bottom-up method to produce homogenous 
distribution in an aqueous media (Dong et  al. 2012). Thermal decomposition of 
citric acid was done by heating it for 30 minutes at 200 °C. On the other hand, by 
heating the citric acid for a long period of time, which is 120 minutes, we can obtain 
graphene oxide (GO) particles with controllable size and shape. In graphene oxide, 
the carbon content that is shown by elemental analysis is high as compared to CDs 
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and citric acid, and hence the process is called “carbonization” (Dong et al. 2012). 
Since then, a wide range of temperatures and time durations were examined for the 
fabrication of CDs (Dong et al. 2012; Wu et al. 2013; Amjadi et al. 2014; Bagheri 
et al. 2017). However, chemical thermal decomposition is not the only pathway to 
carbonize carbon-containing material. Another powerful technique to make CDs is 
known as “electrochemical carbonization” using a broad range of carbon- containing 
compounds as precursors. For instance, electrochemical carbonization can convert 
alcohol into CDs (Deng et al. 2014). It has been found that the enhancement in the 
applied potential has increased the size of CDs to a greater extent (Wan et  al. 
2019; Deng et al. 2014).

8.3.4  Chemical Ablation

Small-sized organic molecules can be carbonized by strong oxidizing acids into 
carbonic materials via controlled oxidation process, which can further be cut down 
into sheets (Baker and Baker et al. 2010; Dong et al. 2010; Qiao et al. 2010; Luo 
et al. 2013; Zhu et al. 2013). For instance, an easy and efficient method for fabricat-
ing fluorescent CDs is that the carbonic structure of carbohydrates, which is dehy-
drated in an aqueous medium with concentrated sulfuric acid, was disintegrated into 
CDs by using nitric acid (Peng and Travas-Sejdic 2009). The respective photolumi-
nescence properties can be enhanced by surface passivation of CDs in posttreatment 
of CDs by employing amine-terminated compounds. The respective emission prop-
erties of CDs have further been controlled by varying the amount of the precursors 
and reaction conditions.

8.4  Photoluminescence Mechanism in CDs

Photoluminescence (PL) is the phenomenon of the emission of light from any mat-
ter when an electromagnetic wave in the visible light wavelength range is absorbed 
by that particular material. Photo excitation initiates the process of photolumines-
cence (light emission). The time lag may alter up to minutes or hours ranging from 
short femtoseconds to retard emission under possible conditions. The origin of the 
detected optoelectronic properties of CDs has grabbed attention among researchers 
(Baker and Baker 2010). In the literature, various reasons such as surface states, 
distinct functional groups, defects, and quantum confinement effect, which include 
the association of electron hole pairs in small sp2 carbon clusters or an sp3 matrix, 
are responsible for the photoluminescence properties of CDs (Baker and Baker 
2010; Wang and Hu 2014).
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8.4.1  Quantum Confinement-Derived PL

The bandgap transition via conjugated π-domains is associated with a quantum 
confinement-based photoluminescence mechanism in carbon materials. For opto-
electronic materials, the expansion of the new π-conjugated molecules in CDs made 
it effective material in fabricating organic semiconducting, light-emitting, and pho-
tovoltaic materials in optoelectronic devices. Extensive delocalization of electrons 
is caused by the electronic structure of π-systems present in CDs. The conjugated 
π-domains have further attributed to the wide range of ultraviolet-infrared (UV-IR) 
absorption, and peaks were assigned to the n-π* transition in C=O bonds and π-π* 
transition in C-C bonds (Bailey et al. 2005). π-π * electronic levels in the sp2 posi-
tions are strongly localized. However, the photoluminescence of the CDs leads to 
the renewal of electron-hole pairs in carbon nanoparticles. Intense visible emission 
has further been attributed to the bandgap of the ε and ε* in sp3 and sp2 matrix 
(Robertson and O’Reilly 1987). In conclusion, the enhancement of chemical struc-
tures can adjust the highest occupied molecular orbital/lowest occupied molecular 
orbital (HOMO/LUMO) energies, as to be highest occupied and the lowest unoc-
cupied molecular orbitals, and their intermolecular interplays of π-conjugated mol-
ecules (Shen et  al. 2014). The optical absorption and fluorescence emission 
properties have further related to the π-plasmon and radiative recombination of the 
surface-limited electron and holes in the system rather than the bandgap, which is 
opposite from semiconductor metallic quantum dots (Hu et al. 2015). Size-tunable 
pathways for the synthesis of CDs are because of the unique size-related photolumi-
nescence properties of CDs, which are further affected by altering the reaction fac-
tors like temperature, reaction time period, and precursors proportion/ratio 
(Robertson and O’Reilly 1987). The photoexcited form of CDs has exhibited 
electron- accepting and electron-donating abilities due to the existence of radiative 
recombination and PL-quenching abilities of CDs (Wang et al. 2009). A productive 
technique to prepare tunable size CDs by altering the composition of the reactants 
has already been demonstrated by Zhang et al. in detail (Zhang et al. 2015). The 
surface states are mainly determined by the existence of different types of hybrid-
ized groups and energy traps in the backbone structure of CDs. The energy traps 
have further been affected by the electronic transitions in the CDs. Although, the 
size range of CDs has also affected the PL spectrum. However, the surface states are 
believed to play a dominant role in the PL properties of CDs. Therefore, by engi-
neering these trapping states, the luminescence properties of CDs can be controlled 
and optimized for better outcomes.

8.4.2  Surface State-Derived PL

CD facade forms energy traps due to the existence of surface state having various 
types of hybridized groups in the carbon backbone. It has been manifested that PL 
mechanism can be controlled by energy traps in CDs. PL center in CDs emerged 
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from the surface state in most of the cases. In addition, size can also affect the PL 
spectrum. Therefore, surface states played a prominent role in PL transitions in CDs 
(Hilderbrand et al. 2009). PL behavior can be restrained by organizing the trapping 
states in CDs (Wang et al. 2010; Zhu et al. 2015). Quantum yield is the measure of 
the efficiency of the photon emission of a quantum dot and is defined by the number 
of emitted photon to the number of photons absorbed. The chosen synthetic proce-
dure and surface functionality can remarkably increase the quantum yield of CDs 
(Shi et al. 2016). In the past, inadequate knowledge about the surface chemistry of 
CDs has mainly contributed to the low quantum yield of prepared CDs. The quan-
tum yield of CDs has further been reduced due to the formation of energy traps on 
the surface in a nonradiative way. Surface passivation can intensify the photolumi-
nescence of CDs by expediting the radiative recombination of electron-hole pairs 
(Sun et al. 2006). The stabilization can also be achieved by surface passivation of 
CDs. Various kinds of passivating agents such as polymers, natural proteins, and 
other organic molecules are efficient for modifying the surface properties of CDs. 
Therefore, it is not wrong to say that different pathways to synthesize CDs are a key 
factor to improve the PL mechanism in nano dots (Zheng et al. 2011). In addition, 
the quantum yield of formed CDs has further been modified by passivating the sur-
face of CDs with the heteroatoms as dopant. The most commonly used dopant 
atoms are oxygen, nitrogen, sulfur, and phosphorus (Zheng et al. 2011; Chandra 
et al. 2013). Co-doping is also possible to utilize the synergic effect of different 
atoms (Lim et al. 2015). For instance, synthesis of CDs by adopting amine molecule 
as a precursor can be termed as both nitrogen-doping agent (N-doping agent) and 
surface-modifying agent (Wang and Hu 2014). In conclusion, an enhancement in 
the physicochemical properties of CDs and their utilities in different bio- applications 
can be optimized by surface engineering and modification of CDs (Namdari 
et al. 2017).

8.5  Biocompatibility and Cytotoxicity

CDs have attracted considerable interest among researchers due to their unique and 
exceptionally high valued characteristic properties that proved to be playing a criti-
cal role in materials science, biomedicine, and biochemistry. They have also been 
utilized in various biological and medical applications. Biocompatibility and cyto-
toxicity analysis have also been employed for the safer use of CDs in the biomedical 
field. Biocompatibility is a term that generally refers to the ability of a material or 
to probe the compatibility of a material within a tissue, cells, and living organisms. 
The biocompatible substances do not produce any kind of noxious or immunologi-
cal reaction within the body system. On the other hand, cytotoxicity is attributed to 
the fatal effects generated to the cells. In the case of CDs, many studies have been 
observed to ensure the biocompatibility of these nano-materials. For instance, the 
polyethylene glycol (PEG)-functionalized CQDs have possessed no cytotoxic effect 
on living cells. Also, the presence of CDs has not produced any kind of toxic impact 
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on the mice after vaccinating with CDs. In conclusion, it was clear from this study 
that CDs were appropriate for in  vivo optical imaging in the biomedical field. 
Surface passivation was also studied on CDs via employing poly- 
propionylethylenimine- co-ethylenimine (PPEI-EI) agent. These surface-passivated 
CDs have not possessed any kind of cytotoxic impact on the living system (Cao 
et al. 2007). The bare CDs did not exhibit toxicity up to 0.4 mg/ml high dose con-
centration for cells. Furthermore, cytotoxicity was also evaluated in human kidney 
cells in the presence of CDs synthesized by using electrochemical method (Zhao 
et al. 2008). Another preparation of CDs is obtained through nitric acid oxidation. 
The toxic effect of N-doped CDs appraised by using MTT and trypan blue assay has 
shown higher cell survival rate in the presence of synthesized CDs and supported 
nontoxic nature of prepared particles. 0.1–1  mg/ml concentrations of CDs were 
employed on cells for 24 h. The amount of dose required was 100–1000 times more 
than the amount needed for bioimaging. The cell viability was around 90–100% for 
concentration less than 0.5 mg/ml, and there is a certain rise on the mortality rate of 
cells at higher concentrations. The results have indicated that bioimaging and bio-
medical applications can be utilized from these particles (Ray et al. 2009). Recent 
researches have shown that PEGylated CDs can be congenial at the higher concen-
tration for bioimaging applications without observing any cytotoxic effect. For 
instance, mice were injected with PEG1500N-passivated CDs for 28 days and have 
shown nontoxic effect on living cells (Yang et al. 2009).

8.6  Bioimaging

Imaging is a term that can be perceived in many ways. Most of the people under-
stood imaging as a sort of photography, but in a scientific way, the significance of 
imaging is far beyond this. Different techniques such as computed tomography 
(CT) imaging (Bar-Shalom et al. 2003), Raman spectroscopy, radio-imaging by rel-
evant nuclides (Love et al. 2003), near-infrared imaging (Giavalisco et al. 2004; Luo 
et al. 2014), positron emission tomography (Bailey et al. 2005), and even higher 
complex scanning methods such as laser ablation (Geohegan et al. 1998) have been 
used for imaging the in vivo samples. Out of all these methods, most of the imaging 
techniques are lethal and malignant or entailed magnified synthetic protocols for 
samples. Thus, it is clear that in living arrangements or intact tissues system, 
fluorescence- based imaging is highly recommended methodology. Recently, in bio-
medical sciences, fluorescence bioimaging is the most wide-ranging method for 
internal organ imaging and is considered better than magnetic resonance imaging 
(MRI) and conventional light microscopic methods (Wolfbeis et  al. 2015). For 
example, fluorescence does not entail an exclusive spectroscopic method, but it 
includes a vast diversity in its approach. Through the fluorescence technique, vari-
ous effects caused by quenching can be easily studied (Song et al. 2014). Resonance 
energy transfer (Stanisavljevic et  al. 2015), photo-induced electron transfer, and 
images can be attained by analyzing the decay time (Smith and Ghiggino et  al. 
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2015), intensity (Das et  al. 2014), and polarization (Camacho et  al. 2015). The 
higher selectivity and sensitivity, with acceptable spatial resolution, and absence of 
radioactivity risk have further enhanced the scope of fluorescence imaging (Zhao 
et al. 2015a, b). It has become an easy tool to verify the biological processes inside 
living cells. In the last decade, imaging resolution confined up to the range of nano-
meters has been growing tremendously due to the application of CDs. There are two 
diverse methods available for fluorescence imaging. The first technique incorpo-
rates inherently fluorescent chemicals and biochemical species, for instance, nico-
tinamide adenine dinucleotide (NADH) in tissues or chlorophyll in most kinds of 
plants (Sarder et al. 2015). The second technique involves an imaging procedure 
that utilizes chemical synthetic fluorescent probes, nanosensors, labels, or nanopar-
ticles to display fluorescence (Walker et al. 2015). Fluorescent CDs have several 
benefits, such as comparable optical properties and ample chemical and photochem-
ical stability (Lim et al. 2015), which help in making effective bioimaging agents. 
More significantly, CDs are mainly biocompatible, nontoxic, and eco-friendly 
(Namdari et  al. 2017). As earlier reported, CDs are distinguished from other 
fluorescent- labeling agents and probes on the basis of its tendency to reveal multi-
color emission. This authorizes researchers to select and control the excitation and 
emission wavelengths in CDs (Ding et  al. 2015). These characteristics constrain 
CDs as a substitute to heavy metal quantum dots to anticipate biological systems, 
operation, and mechanism for in vivo and in vitro bioimaging (Luo et al. 2013).

8.7  Biosensing

Fluorescence properties of CDs make them a useful applicant in biosensing. As 
mentioned earlier, this property of CDs resulted from three major factors, which 
involve surface states, quantum confinement effect, and molecular state. These 
physicochemical states determine theoretically that the resultant CDs are fluores-
cent or not. Fluorescence is a procedure in which external radiation, such as ultra-
violet (UV) radiation absorbed by substance, causes electron to excite, and 
ultimately, photon emission is produced. The interaction between electrons in func-
tional groups of CDs with surrounding molecules of analytes leads to two strategies 
for fluorescent CD-based sensors, that is: (1) strong fluorescence is attained when 
the analyte attaches robustly to the CDs, which is known as fluorescence quenching, 
and analyte concentration can be measured quantitatively; (2) if an intermediate 
substance is bind to the CDs, which is quenched already, and intermediate attaches 
to analyte due to its greater binding affinity toward it as compared to CDs. This 
binding to the intermediate results in the recovery of intrinsic fluorescence of CDs, 
which can easily detect the analytes. CD-based sensors can be beneficial, due to the 
presence of hydrophilic functional groups such as –OH and –COOH on the facade 
of CDs, which further enhance their water solubility and biocompatibility (Mazrad 
et al. 2018). For instance, CDs have been used to detect Cu2+ in a selective and sensi-
tive manner by employing luminescence properties of CDs. These fluorescent CDs 
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were successful for Cu2+ sensing and imaging due to their enormous biocompatibil-
ity and probing impact on the cells (Salinas-Castillo et al. 2013). In addition, sens-
ing of silver nanoparticles (Ag NPs) in cosmetics has also been achieved by using 
fluorescent CDs. Amine-derivatized CDs have exhibited an emission band at 
440 nm. The existence of Ag NPs has induced significant quenching in the fluores-
cence of CDs. The interaction takes place between Ag NPs and free amine groups 
on the facade of CDs, which causes decrease in the fluorescence emission due to the 
occurrence of redshift in the absorption wavelength of CDs. This technique pro-
vides high selectivity and sensitivity and inexpensive nature as compared to other 
sensing methods (Cayuela et al. 2015). Cholesterol is another molecule that is sig-
nificant for cancer detection. Cholesterol is a substance that is interconnected to 
several metabolites, which further behaves as a steroid precursor for biologically 
synthesized organic compound and essential structural component in the body. Its 
presence in high amounts leads to cardiovascular diseases, and low amount of it 
causes cancer and cerebral hemorrhage. The main techniques that are employed for 
sensing require a long duration of time and are expensive in nature with the utiliza-
tion of enzymes. But in recent times, scientists have opted to take low-cost, easily 
synthesize materials for detection of cholesterol such as fluorescent CDs. Cholesterol 
molecules were detected from the use of a carbon quantum dot (CQD)/hemoglobin 
complex. The decrease in fluorescence emission of CQD was determined due to the 
presence of noncovalent interactions between hemoglobin and CQD.  It is well 
known that cholesterol has the compatibility to associate with the hemoglobin. 
Therefore, the fluorescence of CQD restores back with the accession of cholesterol 
to the CQD/hemoglobin complex, and ultimately, cholesterol sensing is performed 
(Bui and Park et al. 2016). Li et al. have detected morin by using the CQD in aque-
ous media. Morin is an important compound that connects to enzymes, nucleic 
acids, and proteins (Li et al. 2017). In diabetes and some cancers, it is essential to 
detect glucose for diagnosis and medical purposes due to its involvement in these 
two diseases. The detection of glucose was achieved because of the reversible cova-
lent interactions of boronic acid in saccharides by binding strongly to cis-1,2 or 
1,3- diols. Saccharides especially glucose become effective for sensing by using 
CDs (Kang et  al. 2017). Recently, Fe3+ (iron) sensing in body samples was per-
formed by nitrogen and phosphorus co-doped CQDs. The high selectivity and sen-
sitivity of CQDs were attained in this method. This was mainly due to the existence 
of many ions in ethylenediaminetetraacetic acid (EDTA), and thus, CQDs can easily 
detect Fe3+ ion (Shangguan et al. 2017).

8.8  Drug Delivery

Drug delivery can be defined as a system that transports or carries therapeutic agents 
with more drug solubility and stability to the targeted parts of the body with fewer 
side effects. Different methods and materials have been used in the past for effective 
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drug delivery. A broad range of materials have been reported and studied as a pos-
sible carrier such as quantum dots, polymers, magnetic nanoparticles, and carbon- 
based nanoparticles in drug delivery system. Among these various materials, 
excellent properties of CDs like great biocompatibility, excellent PL, and high sur-
face-to-volume ratio make them as a perfect choice for drug delivery and monitor-
ing carrier simultaneously. In addition to the transport and carrying of drugs into 
cells, CDs can also be employed as a bioimaging agent because of its intrinsic fluo-
rescence properties, which have huge capability in the tracking of the drugs/genes. 
CDs can be implemented to release different agents, for instance, gene and neuro- 
disease drugs and chemotherapeutic drugs, and can liberate the cargo by internal or 
external stimuli.

Various studies of CQD-based drug/gene delivery experiments have further 
attributed to cancer treatment (Peng et al. 2017; Hassan et al. 2018). In the past, a 
facile and cost-effective method was utilized to synthesize CDs using glycerol as a 
precursor by the pyrolysis method. The synthesis of CDs was done in the existence 
of mesoporous silica nanoparticles (mSiO2). The encapsulation with PEG has fur-
ther induced the stabilization and biocompatibility in these CDs. After that, conju-
gate formation of CQDs with SiO2-PEG complex and doxorubicin (DOX), an 
anticancer drug, has further fabricated DOX@CQDs@mSiO2-PEG nanocomposite. 
This nanocomposite has further behaved as in situ marker for probing the potency 
of anticancer drug release by shifting the blue PL emission versus the red emission 
at the cytoplasm and the nucleus by DOX (Lai et al. 2012). Active therapeutic func-
tion can also be performed by using CDs. For instance, an inhibitory effect of the 
drug on cancer cells has also been achieved in the presence of CDs. A study on CDs 
produced from green tea has exhibited an inhibiting effect on cancer cells by apop-
tosis. Inhibition of cells such as MCF-7 and MDA-MB-231 performed precisely by 
CDs as compared to catechin. In addition to better inhibition, biocompatibility and 
safety have also been high in the presence of CDs. High qualities of CDs such as 
intrinsic PL, nontoxicity, and cancer prohibition properties make them useful for in 
situ tracking of CDs in mouse bodies and monitoring the cell secretion and inhibi-
tion in the growth of cancer cells (Hsu et al. 2013). The gene therapy was reported 
by Kim et al. by using fluorescent CDs. CDs combined with gold nanoparticles (Au 
NPs) have posed transfection of pDNA.  Firstly, a cationic polymer was formed 
when CDs and Au NPs were electrostatically dissolved in polyethylenimine (PEI). 
Afterward, non-labeled plasmid DNA was computed to the solution, and a nano- 
assembly of CQDs-PEI/Au-PEI/pDNA was attained as a delivery agent. High salt 
concentrations have further dissociate the nano-assembly complex. At the time of 
transfection at the post-endosomal step, when the distance between the carbon and 
Au NPs increased, the photoluminescence emission was revived, determined, and 
imaged at the intracellular level (Kim et al. 2013).
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8.9  Quantitative Multiassay Approach

8.9.1  Antibacterial Activity

The objective of the respective activity is to find out the minimal inhibitory concen-
tration (MIC) of particles applied for testing the antibacterial activity of bacterium 
by examining in suitable test conditions. MIC values can figure out the vulnerability 
of bacteria to investigated substance. This is an efficient and rapid method for ana-
lyzing the antibacterial activity of the CDs by avoiding the usage of any complex 
instrumentation technique. In this method, a sample solution of known concentra-
tion is explicitly encapsulated within agar system. After the solidification of agar 
solution in the disk, the bacterial inoculum made to spread on the facade of the agar 
and leave in the incubator for 24 h at 37 °C. Experiments can be again set to repli-
cate and can analyze a range of concentrations of the sample solution by bisecting 
the surface of the agar into wedges or squares on the same plate. Various kinds of 
bacterial species can also be encapsulated on the same plate to examine the sample. 
Through this technique, in a single experiment, only a number of bacteria can be 
screened down. Eventually, growth of bacteria involving the test sample is mea-
sured either as present/absent on the plate or percentage of control, like 0%, 25%, 
50%, 75%, and 100%. Yang et  al. synthesized CDs by using lauryl betaine and 
tested their antimicrobial activity against gram-positive bacteria (Fig. 8.3). The par-
ticles are found to be selective due to the existence of hydrophobic hydrocarbon 
chains and quaternary ammonium groups over the surface of CDs with a minimum 
inhibitory concentration of 8 μg/mL for Staphylococcus aureus (Yang et al. 2016).

8.9.2  Antioxidant Activity Analysis

Free radical method can determine the antioxidant activity of CDs by evaluating the 
reduction of diphenyl picrylhydrazyl (DPPH) in methanol solution (Zhao et  al. 
2015a, b). In the analyzing process, different concentrations of CDs were used and 
a specific amount of DPPH solution was mixed, then the system was diluted to 
1.00 ml. After that, the solution was added to quartz cuvette. The absorption at a 
particular value was recorded, and the ability of antioxidant activity toward DPPH 
was measured according to the following equation:

 
Inhibition % / %( ) = −( ) ×A A AC s c 100

 

where A refers to the absorbance of the DPPH, C refers to the absorbance in the 
absence of CDs, and S refers to absorbance in the presence of CDs.
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Fig. 8.3 (a) Diagrammatic illustration of synthesis of multicolor CDs-C12 and their selective 
gram-positive bacteria imaging. (b) Staphylococcus aureus colonies photographs. (c) Statistical 
histograms after conducting with control, CDs, BS-12, CDs-C12 at 10  μg/mL concentration. 
(Adapted figure from Yang et  al. with permission from copyright (2016), American Chemical 
Society (Washington, DC, USA))

8.9.3  Seed Germination Assay

Seed germination assay is another method to determine the phytotoxic behavior of 
the samples. Root length is the most affected region due to the fact that all kinds of 
nanoparticles have aptness to gather over the root surfaces. The toxicity level can be 
ascertained by evaluating the root length difference in the surface functionalized 
CDs at different concentrations. In this method, different types of seeds can be uti-
lized for the estimation of toxic level of CDs using the germination bioassay. The 
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seeds can be sterilized properly for excavating all infectious agent and other impuri-
ties from the exterior surface of the seed surface. After that, the seeds can be soaked 
in deionized water at 37 °C overnight. The solutions of different concentrations of 
CDs can be used for batches of seeds and placed in dark and warm conditions for 
germination. After the time period of 72 h, measurement of root length and number 
of rootlets is done. The experiment can also be executed in triplicates.

8.9.4  Allium cepa Chromosome Aberration Assay

The genotoxicity assay by using Allium cepa (A. cepa) can be employed to evaluate 
and review the effect of carbon-based nanoparticles on genetic level and to deter-
mine the mechanism of their reaction with cells. In this method, root primordial can 
be exposed after scraping 3–4 g weighing bulbs of A. cepa and placed in solution 
containing CDs for 96 h or until the root primordial evolve around 2–3 cm. A solu-
tion containing water in exposure media of onions can be used as the control. The 
above experiment can be replicated to explore the corresponding effects of different 
qualities of onions by electing different groups of A. cepa with the same concentra-
tion of as-prepared CDs. A properly sterilized scissors can be utilized to cut down 
the rootlets of around 1 cm. The following root tip can be cleaned with distilled 
water and pigmented with acetocarmine dye. This stained root tip can be prepared 
by placing it over a glass slide. In order to disperse the cells over the glass slide, 
coverslip can be gently positioned over the glass slide. Each slide underwent for 
microscopic investigation to obtain the data of the number of cells sustaining the 
mitotic stage in about 1000 cells in as processed root tips (Chaudhary et al. 2016).

8.10  Environment Pollutant Sensing by 
Carbon Nanoparticles

In the past years, the vast development in industrialization, agriculture, and global 
economy growth has also brought up a broad range of pollutants and contamination 
in our environment. In this regard, carbon-based nanoparticles have gained huge 
attention worldwide in the field of sensing due to their unique and tunable chemical 
and physical properties. The presence of great surface-to-volume ratio and out-
standing optical properties has made CDs as a potential candidate to test the ana-
lytes. The carbon nanoparticles were utilized in the field of sensing and applied for 
the detection of pollutants existed in our environment. The standard detection tech-
niques include atomic absorption spectroscopy, anodic stripping voltammetry, 
inductively coupled plasma-mass spectrometry, ultraviolet-visible spectroscopy, 
inductively coupled plasma atomic emission spectroscopy, and instrumental 
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neutron activation analysis (INAA) (Bings et al. 2010; Lorber et al. 1986; Kunkel 
and Manahan et al. 1973; López-Artíguez et al. 1993). These techniques are known 
to be very selective and peculiar for detection methods. However, these techniques 
also entail various drawbacks like high-cost apparatus, complex sample prepara-
tion, critical experimental conditions, and technically trained operators for equip-
ment handling and analysis. Therefore, these disadvantages restrain the feasibility 
for smooth field detection (Fen and Yunus 2013; Kim et al. 2001; Li et al. 2013a, b). 
Consequently, in order to serve this purpose, a simpler qualitative methodology is 
desired to be developed for authentic and sensitive sensing. Currently, various spec-
troscopy techniques have emerged as a useful and practical method for selective 
detection of toxic pollutants (Oehme and Wolfbeis et al. 1997). The fluorescence 
technique for CDs emerged as a great deal in the detection of pollutants due to sim-
plification of design and effectiveness of selectivity and specificity toward analytes. 
In this section, we will present carbon nanoparticle-based sensors to identify vari-
ous pollutants and contaminations exist in our environment.

8.10.1  Lead

Lead (Pb) exhibits highly noxious and carcinogenic adverse effects on human 
health. It has the capability to bind with bioligands containing nitrogen, oxygen, and 
sulfur group in the form of complexes. Various adverse effects are produced from 
these interactions such as it can damage activities of nucleic acids, break hydrogen 
bonds, deteriorate molecular structure of protein, or retard functions of enzymes in 
living beings (Gemma et al. 2011). Also, these kinds of heavy metal ions are con-
sidered to be included in the category of highest toxic pollutants. Lead is not biode-
gradable, and due to this, it can easily aggregate in the ecological system and food 
chain (Zhou et al. 2016). A series of neurological activities can be impaired by an 
excess amount of Pb2+ exposure to a human being. CDs have gained remarkable 
attention in past years as a fluorescent probe in sensing heavy metal ions. CDs are 
synthesized via an easy, low-cost, and eco-friendly method, that is, solvothermal 
method from bamboo leaves. The prepared CDs can work as nano-sensors by attain-
ing a low detection limit of 0.14 nM for Pb2+ ions. Hence, this proves that the syn-
thesized CDs work as the most selective and sensitive sensing system for the 
detection of Pb2+ ion.

8.10.2  Mercury

Mercury (Hg), one of the most toxic compounds on earth, ranked third in toxicity 
right after arsenic and lead by the Agency for Toxic Substances and Disease Registry. 
It can be accumulated by humans through three main pathways: pigments applied in 
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plastics and paints, advanced industrial procedures, and waste incinerated for medi-
cal purposes (Omichinski et  al. 2007). Various complicated diagnoses generated 
from exposure to mercury can end up in greater than 250 unique symptoms in living 
beings. CDs have been exceedingly studied and explored as fluorescent probes for 
sensing of mercury metal ions. Zhang and Chen have synthesized nitrogen-doped 
(N-doped) CQDs, which further show quenching in the presence of Hg2+. This is 
mainly assigned because Hg2+ induced change to the surface states of N-CQDs. The 
selectivity of as-prepared CQD for Hg2+ in the presence of other metal ions in high 
concentrations was evidenced with the data (Zhang and Chen 2014). Nitrogen and 
chloride co-doped CDs (N/Cl-CDs) were prepared by Gao et al. with high quantum 
yield and convenient one-step hydrothermal technique. These nitrogen and chloride 
co-doped CDs were utilized for the sensing of Hg2+ with a linear range of 0.2–40 μM 
and a detection limit of 0.05 μM (Gao et al. 2019). Mondal et al. synthesized amino- 
functionalized CDs from microwave method for visual sensing of Hg2+. In the ubiq-
uity of a very less amount of Hg2+, a color change has been examined from blue to 
green under a UV lamp. The sensitivity and selectivity of these CDs toward Hg2+ 
have been detected in the presence of other metal ions. Electronic band diagram 
backed by zeta potential has been interpreted by photoluminescence quenching 
mechanism (Mondal et al. 2018). Another sensing system exhibited by Lu et al. for 
the detection of Hg2+ was established based on the fluorescence quenching of car-
bon nanoparticles with a lower detection limit of 0.23 nM (Lu et  al. 2012). The 
photoemission spectra of these carbon nanoparticles along with the quenching that 
occurred in the presence of Hg2+ is given in Fig. 8.4.

Fig. 8.4 (a) (Curve a) Fluorescence emission spectra of carbon nanoparticles solution, (Curve b) 
carbon nanoparticles –Hg2+ solution where quenching occurred, (Curve c) carbon nanoparticles–
Hg2+-Cys mixture. (b) Luminescence spectra of carbon nanoparticles taking different concentra-
tions of Hg2+. (Adapted figure from (Lu et al.) with permission from copyright (2012), American 
Chemical Society (Washington, DC, USA))
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Fig. 8.5 (a) UV-vis absorption spectra and (b) photoluminescent absorption spectra of CDs in the 
presence of Cr (VI). (Adapted figure from (Athika et al.) with permission from copyright (2019), 
American Chemical Society (Washington, DC, USA))

8.10.3  Chromium

Chromium (Cr) is also one of those heavy metal ions that have been constantly 
released into the environment by industrial and other processes. Chromium ion has 
greater detrimental effects on human health due to its highly toxic and hazardous 
properties. The trivalent and hexavalent oxidation states of chromium are genotoxic 
and most dangerous to human and environment health. Therefore, detection of chro-
mium through highly sensitive and selective sensors is required. Zheng et al. synthe-
sized an on-off fluorescent CDs probe for detecting Cr (VI) by using the inner filter 
effect (IFE). The high sensitivity and selectivity have been achieved by using the 
CD-based nano-sensor for Cr (VI) ions (Zheng et al. 2013). Athika et al. applied a 
sustainable way to produce CDs from denatured milk via a simple and convenient 
hydrothermal technique. The excellent photophysical property of CDs has demon-
strated higher potential applicability in selective sensing of chromium ion (Cr6+) in 
control and environmental water samples with a low detection limit of 14  nM 
(Fig. 8.5) (Athika et al. 2019).

8.10.4  Cadmium

Cadmium (Cd) is highly poisonous and known as lethal to the human body and 
environment. It is chiefly applied in electroplating of steel, agriculture, field of met-
allurgy, and pigments for plastic industry. It can enter in food chain easily due to its 
nonbiodegradable nature, and hence, it can cause various health-related hazards to 
human beings. It can also accumulate in the human body through smoking and 
breathing in an area in which it is presented in excess amount. The high intake of 
cadmium can harm kidneys, bones, and liver and can cause diseases like cancer, 
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diabetes, etc. Gunnlaugsson et al. developed two fluorometric chemosensors (Cd-7 
and Cd-8) for selective detection of Cd2+ by using CDs, which include photoinduced 
electron transfer (PET) sensor mechanism. One or two iminodiacetates are applied 
as a receptor with methylene spacer linking anthracene as a fluorophore. The 
obtained results revealed both chemosensors have great selectivity and sensitivity 
for Cd2+ (Gunnlaugsson et al. 2003).

8.10.5  Nickel

Heavy metals are among the main pollutants that are mostly scrutinized due to the 
exceeding environmental pollution. Nickel (Ni), as being one of the heavy metals, 
is known as a contaminant in the ecosystem. Therefore, the qualitative and quantita-
tive detection of Ni is highly required for environmental remediation purpose. The 
presence of nickel element is expansive in the environment, and most of the detec-
tion techniques available still have various drawbacks like arid sample preparation, 
high-cost equipment, intricate operation plan, complex optical devices, and lower 
limit of detection. In this regard, a facile method to detect nickel ions (Ni2+) from 
imidazole-modified CDs was demonstrated by Gong et al. on the basis of fluores-
cence quenching technique. Spectroscopic analyses were studied by fluorescence 
and ultraviolet absorption spectrum. The as-synthesized CDs have displayed robust 
selectivity for Ni2+ among other metal ions with a detection limit of 0.93 mM. These 
results showed that imidazole-modified CDs can be solicited to detect Ni2+ (Gong 
and Liang 2019).

8.10.6  Pesticides

Organophosphorus pesticides broadly used in agriculture is the most common and 
crucial agrochemicals in controlling or eliminating insects and pests. As a result, it 
increases the production of vegetables and crops (Yan et al. 2015; Liu et al. 2012; 
Zhang et al. 2010). Consequently, due to its widespread use and improper disposal, 
the adverse effects on the ecosystem and food chain have brought up people’s great 
concerns. Pesticides have possessed a serious threat to the sensitive ecosystem 
cycle. Lia et  al. produced acetylcholinesterase (AChE)-controlled quenching of 
fluorescent CDs for sensitive sensing of organophosphorus pesticides (OPs) through 
fluorometric and colorimetric methods. The reaction of acetylthiocholine and ace-
tylcholinesterase (AChE) yields thiocholine, which decomposes the 5,5-dithiobis(2- 
nitrobenzoic acid) to fabricate yellow-colored 5-thio-2-nitrobenzoic acid (TNBA). 
TNBA being a strong absorber with a positive charge performs quenching in the 
fluorescence emission of CDs. The enzyme functioning of acetylcholinesterase 
(AChE) was hindered with the presence of organophosphorus pesticides resulting in 
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the recovery of fluorescence signal and declining the absorbance intensity with 
color change. This method imparts efficient sensitivity for fast detection of para-
oxon, which is an organophosphorus pesticide with a detection limit of 0.4 ng mL−1. 
Thus, it can be concluded that dual-readout method can be a practicable and highly 
performing candidate to detect organophosphorus pesticides by taking the benefit of 
attractive optical property of CDs and specificity of enzyme (Lia et al. 2018). Also, 
Wang et al. studied CDs synthesized through a one-step refluxing method, which is 
utilized to detect fenitrothion, a widely used organophosphorus pesticide, which is 
toxic in nature (Fig. 8.6) (Wang et al. 2017).
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Fig. 8.6 (a) Schematic representation of fenitrothion detection with inner filter effect (IFE) by 
using CDs. (b) UV-vis absorption spectrum of CDs. (c) Photoluminescence spectrum of CDs after 
addition of different concentration of fenitrothion. (Adapted figure from Wang et al. with permis-
sion from copyright (2017), American Chemical Society (Washington, DC, USA))
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8.10.7  Degradation of Organic Dyes by Using CDs

During the last few decades, dye manufacturing and textile industries have liberated 
a large scale of organic dyes into our water system. Dyes such as methyl orange 
(MO), methylene blue (MB), and rhodamine B (RhB) can be lethal and produced 
malignant effects on living beings. Different kinds of harmful effects can be gener-
ated on human health from organic dyes due to difficulty in their biodegradation. 
Over the years, various studies on the photocatalytic degradation of organic dyes by 
utilizing carbon nanoparticles have gained the attention of researchers. The modifi-
cation of CDs with semiconductor and appropriate metal materials usually enhanced 
the photocatalytic efficiency. The CDs with diverse functional groups on their sur-
face improve the migration rate of carriers (electron and hole) and promoted the 
photocatalytic redox rate and increase the photocatalytic activity of CDs. Various 
studies reveal that doping can also alter the surface functional groups and photo-
catalytic activity can be conclusively modulated and increased (Cheng et al. 2019). 
The photodegradation of dyes can be possible by three possible ways: photocataly-
sis, photolysis, and photosensitization (Liu et al. 2018). In photosensitization pro-
cess, excitation of dyes by light radiation has generated photoelectrons, which 
transmit to conduction band of photocatalyst, and formation of ·O2 occurs after 
reaction with oxygen. In the photolysis process, oxidative degradation of dye per-
suaded from the electron impel and the dye interact with oxygen to form singlet 
oxygen atom. Carbon nanomaterial-modified photocatalysts displayed increased 
photocatalytic activity upon the decay of organic dyes, which caused the introduc-
tion of π-system or the generation of heterojunctions (He et al. 2018). For instance, 
organic dye, C60-modified Bi2TiO4F2 microspheres, revealed great photocatalytic 
performance for the degradation of RhB dye. Nanocomposite of one-dimensional 
TiO2@ MWCNTs (multiwalled carbon nanotubes) displayed strong degradation 
effect on methylene blue (MB) and RhB (Zhang et al. 2017). Two-dimensional car-
bon nanomaterials such as graphene oxide and reduced graphene oxide showed 
better reaction with photocatalysts as compared to zero-dimensional and one- 
dimensional carbon nanomaterials. Degradation of RhB from reduced GO/bismuth 
tungstate (BiWO) composite that is synthesized with graphene oxide presented 
great photocatalytic activity (Gao et  al. 2011). Herein, various carbon-based 
nanoparticles utilized in sensing application are listed below in Table 8.1.

8.11  Summary

This chapter gives insight into carbon-based nanoparticles and their application in 
eradicating the pollutants from the environment. It also intended and focused on the 
important aspects of CDs such as their synthesis, structure, and their excellent 
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Table 8.1 Performance of diverse sensors based on carbon-based nanoparticles

Synthetic sources
Detection 
method Detector LOD Reference

Papaya powder Fluorescence Fe3+ 0.48 μmolL−1 Wang et al. 
(2016)

Citric acid and 
triethylamine

Fluorescence Hg2+ 2.8 nM Wang et al. 
(2019)

Water hyacinth waste Fluorescence Pretilachlor 
(herbicide)

2.9 μM Deka et al. 
(2019)

Chocolate Fluorescence Pb2+ 12.7 nM Liu et al. 
(2016)

Lotus root Fluorescence Hg2+ 18.7 nM Gu et al. 
(2016)

1,2 ethylenediamine, 
phthalic acid

Fluorescence Mn (VII) 48.3 nM Du et al. 
(2018)

Groundnut Fluorescence Cr (VI) 0.1 mg/L Roshni V 
et al. (2019)

Eleusine coracana Fluorescence Cu 2+ 10 nM Murugan 
et al. (2019)

Kelp Fluorescence Co2+ 0.39 μmol/L Zhao et al. 
(2019)

Glutathione Fluorescence Fe3+ and Zn2+ 0.8 μmol/L and 
1.2 μmol/L

Wang et al. 
(2019)

Burning ash of waste 
paper

Fluorescence Chlorpyrifos 
(pesticides)

3 ng/ml Lin et al. 
(2018)

Quinoline derivative Fluorescence Zn2+ 6.4 nM Zhang et al. 
(2014)

Commercial 
chlorophyll

Fluorescence Paraoxon 
(pesticides)

0.05 μg L−1 Wu et al. 
(2017)

Orthophenylene 
diamine

Fluorescence Atrazine 
(herbicide)

3 pM Sharma et al. 
(2019)

Mesophorus silica Fluorescence Cu2+ and 
L-cysteine

2.3 × 10−8 M and 
3.4 × 10−10 M

Zong et al. 
(2014)

applications in diverse fields so that students can acquire a brief overview of these 
fascinating nanoparticles. We also emphasize on sensing-based applications of CDs 
for detection of various carcinogenic pollutants. The sensing ability of CDs has 
been extensively explored since new sensing approaches have been proclaimed in 
an ever-expanding rate. Indeed, this information will be a beneficial aid for the 
researchers also. Succinct analysis on representative CD-based sensors is reviewed 
in this chapter, and for deep-seated studies, the reader is introduced to several pro-
found reviews cited in the entire section.
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 Appendix

 Multiple Choice Questions (MCQs)

Q-1. Which of the following properties determine the dimensions of 
nanoparticles?

 (i) Size distribution
 (ii) Solubility
 (iii) Physicochemical properties
 (iv) All of the above

Q-2. What are the dimensions of CDs?

 (i) 1–30 nm
 (ii) 30–70 nm
 (iii) 80–90 nm
 (iv) 1–10 nm

Q-3. Which of the following material utilized as a larger carbon precursor in 
top-down method for the synthesis of CDs?

 (i) Ascorbic acid
 (ii) Nitric acid
 (iii) Graphite sheets
 (iv) Ethylene diamine

Q-4. The characterization techniques for the determination of general struc-
ture and chemical composition of CDs include which of the following 
methods?

 (i) Fourier transform infrared (FTIR)
 (ii) High-resolution TEM (HRTEM)
 (iii) X-ray photoelectron spectroscopy
 (iv) All of the above

Q-5. Which method is not used to control the size and uniformity of CDs?

 (i) Pyrolysis
 (ii) Centrifugation
 (iii) Dialysis
 (iv) Electrophoresis

Q-6. Which one of the following compounds is a major contributor to pollution 
caused by organic dyes?

 (i) Indigo dye
 (ii) Methylene blue
 (iii) Madder
 (iv) Saffron yellow
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Q-7. From which of the following methods, toxicity of carbon-based nanopar-
ticles on the genetic level can be probed?

 (i) Allium cepa chromosome aberration assay
 (ii) Antioxidant activity
 (iii) Antibacterial assay
 (iv) Seed germination assay

Q-8. How to confirm the existence of carboxylic (-COOH) group on the facade 
of carbon-based nanoparticles?

 (i) Raman spectroscopy
 (ii) X-ray diffraction (XRD)
 (iii) Fourier transform infrared spectroscopy (FTIR)
 (iv) Nuclear magnetic resonance (NMR)

Q-9. Which of the following heavy metal ion can cause various carcinogenic 
effects on the ecosystem and human health?

 (i) Mercury
 (ii) Tetracycline
 (iii) Rhodamine B
 (iv) Nitrophenol

Q-10. What is the principal factor of fluorescence in carbon-based 
nanoparticles?

 (i) Emission
 (ii) Absorption
 (iii) Quantum yield
 (iv) All of the above

 Answers of Multiple Choice Questions (MCQs)

Q-1. Answer: All of the above
Q-2. Answer: 1–10 nm
Q-3. Answer: Graphite sheets
Q-4. Answer: All of the above
Q-5. Answer: Pyrolysis
Q-6. Answer: Methylene blue
Q-7. Answer: Allium cepa chromosome aberration assay
Q-8. Answer: Fourier transform infrared spectroscopy (FTIR)
Q-9. Answer: Mercury
Q-10. Answer: All of the above
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 Short Questions

Q-1. What is the meaning of “emerging pollutants?”
Q-2. Give a short definition of CDs?
Q-3. Describe the photoluminescence mechanism in CDs?
Q-4. Give the detailed information about “drug delivery” process by using the 

application of CDs?
Q-5. Can pesticides impose a serious threat to environment?

 Answers of Short Questions

Q-1. Answer: The term “emerging pollutants” is the synthetic or naturally arising 
chemicals that do not usually exist in the environment but that have the capability 
to intrude into the environment. A broad range of pollutants that include highly 
toxic substances gives rise to a major menace to human health even if their small 
concentrations remain in the environment.

Q-2. Answer: CDs, a fascinating young material of nano-family with extraordinary 
potentials, are a kind of fluorescent nanoparticles. CDs have exceptional and 
remarkable properties such as high specific surface area, nontoxicity, good 
chemical stability, high biocompatibility, aqueous dispersibility, high quantum 
yield, cost-effectiveness, etc.

Q-3. Answer: Photo excitation initiates the photoluminescence, and it is a form of 
luminescence (light emission). In the literature, various reasons are elaborated 
for photoluminescence in CDs like effect of the surface states, which is governed 
by distinct functional groups on their surface, defects, and quantum confinement 
effect, which include the association of electron hole pairs in small sp2 carbon 
clusters or sp3 matrix.

Q-4. Answer: Drug delivery can be defined as a system which transports or carries 
therapeutic agents with more drug solubility and stability to the targeted parts of 
the body with fewer side effects. Different methods and materials are there to 
perform drug delivery. A broad range of materials have been reported and studied 
as possible carriers, such as quantum dots, polymers, magnetic nanoparticles, 
carbon-based nanoparticles, etc., in drug delivery systems.

Q-5. Answer: Pesticides broadly used in agriculture are the most common and cru-
cial agrochemicals due to their outstanding potential in excluding, controlling, or 
eliminating insects and pests; as a result, it increases the production of vegetables 
and crops. Consequently, due to its widespread use and improper disposal, the 
adverse effects on ecosystem and food chain have brought up people’s great 
concerns, and also, they pose a serious threat to sensitive ecosystem cycle.
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Chapter 9
Advanced Nanomaterials in Biomedicine: 
Benefits and Challenges

Avtar Singh and Jaspreet Singh Dhau

Abstract Nanotechnology-based materials have unique physical, chemical, and 
biological properties for use in biomedicine. In medical research, researchers study 
human physiology and find ways to prevent and treat diseases for improvement in 
lives for people and animals. Nanotechnology in the biomedical field promises a 
solution to the challenges associated with this field. The last three decades have seen 
a significant interest in nanomaterial-based materials and techniques, which have 
been revolutionized the field of health and medicine. Biomedical nanotechnology 
holds great promise for a variety of applications, which include diagnostic tech-
niques, drug delivery, gene delivery, vaccine delivery, nanodrugs, and prostheses 
and implants. Numerous nanomaterial-based approaches are widely used at the 
commercial level, which are approved by FDA. In the last two decades, metallic 
gold nanoparticles (GNPs) have been studied extensively because of their wide 
applications in the biomedical field owing to their remarkable physicochemical 
properties. This chapter provides an overview of the benefits associated with gold 
nanoparticle-based materials for applications in drug delivery systems and in gene 
delivery systems. Major challenges associated with nanotechnology in biomedicine 
are also highlighted.
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Abbreviations

CBNs Carbon-based nanomaterials
CNTs Carbon nanotubes
DDS Drug delivery system
DG 2-Deoxyglucose
DOX Doxorubicin
FDA Food and Drug Administration
FT-IR Fourier transform infrared spectroscopy
GDS Gene delivery system
GLP Glucagon-like peptide
GN Graphene
GNPs Gold nanoparticles
GNS Gold nanostars
GO Graphene oxide
GSH Glutathione
HPLC High-performance liquid chromatography
LSPR Localized surface plasmon resonance
MBC Minimum bactericidal concentration
MBNs Metal-based nanomaterials
MIC Minimal inhibitory concentration
MTX Methotrexate
NGF Nerve growth factors
NM Nanomaterials
OBN Organic-based nanomaterials
PBMCs Peripheral blood mononuclear cells
PEG Polyethylene glycol
PGHNs Protein-gold hybrid nanocubes
TNF Tumor necrosis factor

9.1  Introduction

Over the past several decades, numerous opportunities have arisen for nanotechnology 
researchers to develop and apply nanomaterials in diverse fields of science (Bayda 
et  al. 2020; Alivisatos 2008; Sonkaria et  al. 2012; Yang et  al. 2011; Singh et  al. 
2022). Advancement of nanotechnology in biomedicine has revolutionized the field 
of health and medicine (Raliya et al. 2016; Leary et al. 2006; Fries et al. 2020; Shin 
et  al. 2020; Patil et  al. 2008; Shrivastava et  al. 2009). Nanotechnology-based 
materials can range from 10−7 to 10−9 m in size (1–100 nm) and have unique physi-
cal, chemical, and biological properties (Yang et al. 2011; Dhand et al. 2015; Ren 
et  al. 2020). In the biomedicine field, nanotechnology holds great promise for a 
variety of applications, including diagnostic techniques, drug delivery, gene 
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delivery, nanodrugs, and prostheses and implants (Laroui et al. 2013; Onoue et al. 
2014; Jahangirian et al. 2017; Gavaskar et al. 2018). These applications are revolu-
tionary in the biomedical field and result in new materials, techniques, and devices 
with more sensitivity, selectivity, and sophistication, which are required for this field.

For cancer treatment, researchers are continually devoting their efforts to develop 
a nanomaterial-based platform, which could provide better therapeutic systems 
from thebench scale to clinical applications. In cancer diagnosis, nanoparticles are 
being used to detect cancer biomarkers, such as cancer-associated proteins, circulat-
ing tumor DNA, circulating tumor cells, and exosomes that are secreted by tumors 
(Jia et al. 2017; Zhang et al. 2019). Nanotechnology-based approaches for cancer 
diagnosis are in different phases of clinical trials (Engelberth et al. 2014). Numerous 
nanoparticles are widely used at the commercial level, which are approved by the 
FDA. Gold nanoparticles are used as label or probe molecules for detection in lat-
eral flow immunoassay devices (Banerjee and Jaiswal 2018). Nanotechnology- 
based drug delivery and gene delivery systems are major applications and have been 
gaining a lot of interest from researchers and industries (Jahangirian et al. 2017; Shi 
et al. 2010; Farokhzad and Langer 2009).

Carbon nanotubes, dendrimers, and liposomes are important tissue engineering 
scaffold materials for drug delivery systems and have the ability to control the 
release of a drug or therapeutic compound to impaired tissues (Mody et al. 2014). 
The first generation of nanomaterial-based products included lipid systems like 
liposomes and micelles, which are now FDA-approved (Longo et al. 2018). These 
liposomes and micelles can contain inorganic nanoparticles like gold or magnetic 
nanoparticles in order to use as targeted drug delivery systems (Park et al. 2006). 
These applications have increased the interest of researchers for the use of inorganic 
nanoparticles.

In the last two decades, metallic gold nanoparticles (GNPs) have been studied 
extensively because of their attractive qualities in the biomedical field owing to their 
remarkable physical, chemical, and biological properties, like size, inertness, ease 
of synthesis, and biocompatibility (Tiwari et  al. 2011; Dykman and Khlebtsov 
2011). This chapter provides an overview of benefits associated with gold 
nanoparticle- based materials for applications in drug delivery systems and in gene 
delivery systems. Major challenges associated with biomedical nanotechnology are 
also highlighted.

9.2  Nanomaterials and Their Classification

During the annual meeting of the American Physical Society, Nobel laureate 
Richard P. Feynman was the first who presented the concept of nanotechnology at 
the California Institute in December 1959 (Feynman 1960). In 1974, Norio 
Taniguchi, a Professor at Tokyo University of Science, first defined the term nano-
technology as: “Nanotechnology mainly consists of the processing of, separation, 
deformation, and consolidation of material by one atom or by one molecule” 
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Synthesis of nanomaterials

Top-down approach Bottom-up approach

Milling process 
Chemical etching

Sputtering
Mechanical process

Thermal process
Explosive process

Chemical vapor deposition
Sol-gel process 
Spray pyrolysis

Atomic or molecular condensation
Bio reduction

Microemulsion

Fig. 9.1 Synthesis of nanomaterials

(Taniguchi et al. 1974). Since then, research in nanotechnology has been catching 
the interest of scientists for the development and advancement of science.

Two approaches have been developed for the synthesis of nanostructures: first is 
top-down, and second is bottom-up (Kumar and Kumbhat 2016). The top-down 
approach involves the breaking down of bulk material to get nano-sized material, 
which is achieved by sputtering, chemical etching, mechanical process, thermal 
process, and explosion process. The bottom-up approach refers to the buildup of 
nanostructures from the bottom means by assembling atoms or molecules together. 
This approach involves different processes like chemical vapor deposition, sol-gel 
process, spray pyrolysis, atomic or molecular condensation, bio-reduction, and 
microemulsion. Methods involved in top-down and bottom-up concepts are sum-
marized in Fig. 9.1.

Nanotechnology deals with synthesis, characterization, application, and resulting 
devices of nano-scaled (1–100 nm) materials. The unique properties of nano- scale 
materials have made them attractive for a number of innovative and sustainable 
processes in different fields of science (Grainger and Castner 2008; Bayda et al. 
2020). Nanomaterials can be classified into three major categories: (1) metal-based 
nanomaterials, (2) carbon-based nanomaterials, and (3) organic-based nanomateri-
als (Fig. 9.2).

9.2.1  Metal-Based Nanomaterials

Metal-based nanomaterials (MBNs) have a metal core composed of inorganic metal 
or metal oxide surrounded with organic, inorganic, or hybrid material. These mate-
rials have unique properties that differ from their bulk counterparts and are desirable 
for a large number of advanced functional applications (Sweet et al. 2012). MBNs 
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Types of nanomaterials

Metal-based nanomaterials Carbon-based nanomaterials Organic-based nanomaterials

metal, metal oxides fullerenes, carbon nanotubes, graphene oxide Liposomes, dendrimers, micelles, cyclodextrin 

Fig. 9.2 Classification of nanomaterials

such as silver, gold, copper, and metal oxides (zinc oxide, titanium dioxide, iron 
oxide, etc.) are applied for many uses in biomedical and other fields (Yaqoob et al. 
2020). Researchers are continually devoting their efforts to fabricate new metallic 
nanomaterials and investigate their properties with the ultimate goal of new applica-
tions of these materials. Biomedicine is one of the most attractive fields where the 
use of gold nanoparticles has been studied broadly. In the biomedical field, MBNs 
have numerous applications in diagnosis, therapeutic, bioimaging, drug carriers, 
gene carriers, and protein carriers (Raliya et al. 2016).

9.2.2  Carbon-Based Nanomaterials

Due to its unique allotropic characteristics, carbon forms compounds that have 
different properties depending on the arrangement of the adjacent carbon atoms. 
Based upon bonding relationships with the neighboring atoms, carbon can exist in 
three different hybridization sp., sp2, and sp3. Carbon-based nanomaterials (CBNs) 
mainly include fullerenes, carbon nanotubes (CNTs), graphene (GN), graphene 
oxide (GO), and its derivatives and quantum dots. In applied nanotechnology 
research, carbon-based nanomaterials have attracted wide attention due to special 
features of these materials such as large surface area, high mechanical strength, high 
conductivity, and electrical, thermal, optical, and chemical properties (Li et  al. 
2020; Mauter and Elimelech 2008; Singh et al. 2021). In the field of biomedical 
nanotechnology, CBNs have been widely considered as highly appealing 
biomaterials due to their inimitable features. CBNs have been widely exploited in 
diverse biomedical applications including biosensing, bioimaging, drug delivery, 
stem cell engineering, florescence labeling of cells, diagnosis, and cancer therapy 
(Maiti et al. 2019).

9.2.3  Organic-Based Nanomaterials

Organic-based nanomaterials (OBNs) are mostly based upon liposomes, micelles, 
lipids, and polymeric nanoparticles (Srinivasan et al. 2015). These nanomaterials 
have been widely investigated and are employed for imaging or drug and gene 
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delivery techniques. OBNs like micelles, liposomes, and polymers are composed of 
molecular units with weaker noncovalent intermolecular interactions and can 
change size and shape into desired structures. Organic nanomaterials like lipid sys-
tems, liposomes, and micelles are FDA-approved (Ventola 2017). These nanomate-
rials can load other molecules like inorganic nanoparticles or drug molecules either 
by conjugation on the surface or in the core, which makes them appealing delivery 
systems in biomedical applications.

9.3  Benefits of Nanomaterials in Biomedicine

Advanced nanomaterials have prompted rapid progress in biomedicine to prevent 
and treat diseases for improvement in the lives of people and animals. Nanomaterials 
of all dimensions (0D, 1D, 2D, and 3D) are used extensively in various applications 
due to unique physical, chemical, and biological properties. Considerable number 
of books, reviews, and research papers on gold nanoparticles (GNPs) and their bio-
medical applications are proof of growth in this field. In 1994, the first nanomaterial- 
based product, Doxils, was launched in the market for medical use (Longo et al. 
2020). Doxils is a nano-sized phospholipid liposome containing the chemotherapy 
drug doxorubicin that was developed for cancer therapy. The benefits of nanomate-
rials to the field of biomedicine are numerous and hold great promises for a variety 
of applications, which include diagnostic techniques, drug delivery, nanodrugs, and 
prostheses and implants. This section provides the benefits and contributions of 
advanced nanomaterials in two major branches of biomedicine: first is in drug deliv-
ery systems (DDS), and second is in gene delivery systems (GDS) (Fig. 9.3).

9.3.1  Gold Nanoparticles in Drug Delivery System

A drug delivery system refers to a device that permits the introduction of a drug or 
pharmaceutical compound to the targeted body site in the human body. Delivering 
drugs at a slow rate and sustained release in targeted sites of the human body are the 

Fig. 9.3 Application of advanced nanomaterials in biomedicine
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two important measures for efficient drug delivery systems (Tiwari et al. 2012). The 
use of nanomaterials in drug delivery systems has gained increasing attention in the 
last two decade, and numerous nanomaterials have been developed to use as effi-
cient and reliable drug delivery systems. Metallic nanoparticles are extensively used 
in biomedical nanotechnology because of their unique properties such as large sur-
face area, high stability, facile chemical modification, biocompatibility, and reten-
tion (Raliya et al. 2016). In biomedical nanotechnology, most commonly studied 
metal-based nanoparticles are of gold, silver, platinum nickel, iron oxides, zinc 
oxide, and titanium dioxide (Yaqoob et al. 2020). Among these, gold nanoparticles 
(AuNPs) are most commonly being used for various applications in biomedicine 
like drug delivery and diagnostic and imaging.

In a drug delivery study, Ding et al. (2015) developed novel protein–gold hybrid 
nanocubes (PGHNs), including gold nanoclusters, bovine serum albumin, and tryp-
tophan. They used eco- friendly and toxicity-free process for synthesis. In order to 
check the capability of PGHNs for use as drug delivery vehicle, they used Rhodamine 
6G dye, which is highly fluorescent. The results suggested that PGHNs are capable 
of delivering drugs into eukaryotic cells and unload them at the cytoplasm. The 
authors found that protein-metal hybrid nanocubes can be used for two purposes: 
first is a blue-emitting cell marker in bioimaging investigation, and second is a 
nanocarrier in drug delivery studies.

Paciotti et  al. (2004) developed colloidal gold nanoparticle vector for tumor- 
targeted drug delivery, in which they targeted the delivery of highly toxic anticancer 
protein biologic and tumor necrosis factor (TNF) to a solid tumor growing in mice. 
The PT-cAu-TNF drug vector consists of molecules of thiol-derivatized PEG (PT) 
and recombinant human TNF that are directly bound onto the surface of the gold 
nanoparticles. PT-cAu-TNF is administrated in C57/BL6 mice implanted with the 
colon carcinoma tumor cells, MC-38, and results showed little to no accumulation 
in the livers, spleens, or other healthy organs of the animals.

Hong and co-workers (2006) reported a monolayer-protected gold nanoparticle- 
based delivery system and release system by utilizing GSH-mediated release. GSH- 
mediated release is a nonenzymatic approach for the selective intracellular activation 
of prodrugs. Based upon the large difference in intracellular and extracellular GSH 
concentration, GSH acts as a reducing agent in biochemical processes and provid-
ing a mechanism for selective intracellular release. Using this strategy, Hong et al. 
(2006) demonstrated a release of payload from nanoparticle surfaces both in vitro 
and in cell cultures. They used 2 nm core gold nanoparticles (AuNP) with a mixed 
monolayer composed of a tetra(ethylene glycol)-lyated cationic ligand TTMA and 
a thiolated BODIPY dye, HSBDP.

Targeting biocompatible drug delivery systems, Monti and co-workers (2019) 
explored theoretical and experimental approaches to study nanoparticle carriers for 
in situ controlled antibiotic release. For the drug delivery system, they combined 
gold nanoparticles with chitosans. Chitosan is a natural biodegradable and biocom-
patible linear polysaccharide. They loaded chitosan-gold nanoparticles with genta-
micin antibiotic to investigate the physicochemical properties of drug delivery 
system. In the results, they found that conjugated nanoparticle system was very 
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efficient for drug delivery system in which antibiotic activity of gentamicin was 
preserved, and the drug release from the carrier could be tuned by changing the 
chitosan/gentamicin weight ratio and the deposition pattern of the adsorbed layers. 
In another study, Salouti et al. (2016) used conjugation of gold nanorods (GNRs) 
with gentamicin to use in the delivery of gentamicin to infection foci due to 
Staphylococcus aureus. FT-IR spectroscopy, high-performance liquid chromatogra-
phy (HPLC), and atomic absorption spectroscopy analyses were used to study inter-
actions and number of gentamicin molecules attached to each gold nanorod. The 
minimal inhibitory concentration (MIC) and minimum bactericidal concentration 
(MBC) results showed that gentamicin–GNR conjugate was able to facilitate genta-
micin delivery to Staphylococcal infection sites and also played role in the enhance-
ment of antibacterial effect of gentamicin.

Rastogi and co-workers (2012) studied gold nanoparticles capped with protein- 
bovine serum albumin for the effective delivery of amino-glycosidic antibiotics 
such as streptomycin sulfate, neomycin sulfate, gentamicin sulphate, and kanamy-
cin sulfate. Results showed that conjugated nanoparticles exhibited enhanced anti-
bacterial activity, compared to pure antibiotic.

In another different approach, Pérez-Ortiz et  al. (2017) conjugated gold 
nanoparticles with glucagon-like peptide-1 (GLP-1) for potential application as 
drug delivery system. They concluded that conjugation to AuNPs may provide an 
effective delivery system for GLP-1 and potential analogues.

Gold nanoparticles with properties of high surface area, high colloidal stability, 
small size, and high tissue permeability have gained attention for use in various 
biomedical uses. Gold nanoparticles are attractive drug delivery systems and have 
been used in the treatment of various tumors. In comparison to conventional antitu-
mor drug delivery systems, nanotechnology-based materials improve the bioavail-
ability and therapeutic efficiency of antitumor drugs. There are a number of drug 
delivery systems successfully approved and employed in the biomedical field, and 
several others are understudy in different clinical trial phases.

Methotrexate has been a widely used medication for treating certain types of 
cancer of the breast, skin, head, and neck. In order to obtain control release and 
improved therapeutic efficacy of MTX, researchers studied MTX with conjugation 
to different systems including protein, polymers, large macroparticles, and nanopar-
ticles. Chen et al. (2007) used new drug formulation by conjugation of MTX with 
13 nm gold nanoparticles for delivery of MTX to cancer cells. The spectroscopic 
characterization of MTX–AuNP complex showed direct bonding gold nanoparticle 
and carboxyl group of MTX. They studied the cytotoxic effect of MTX–AuNP on 
eight different cancer cell lines and antitumor effect of MTX–AuNP in the LL2 
ascites tumor model. The results showed faster and higher accumulation of MTX in 
MTX-AuNP-treated tumor cells than that treated with free MTX.

Doxorubicin is an anthracycline antibiotic, and effective anticancer drug has 
been widely used in chemotherapy for treatment of various cancers. Aryal et  al. 
(2009) used conjugation of thiol-stabilized gold nanoparticles and doxorubicin for 
drug release. They presented a new technique to covalently conjugate DOX through 
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pH-sensitive bonds onto stabilized Au NPs. The drug release behavior from the 
DOX-conjugated Au NPs is very stable at physiological conditions. Results found 
enhancement of the cytotoxicity of DOX. In the effective chemotherapy of cancer, 
multidrug resistance is a major impediment, which means resistance of cancer cells 
to different anticancer drugs. Biomedical nanotechnology holds great promise in 
order to reverse MDR.  Researchers have studied numerous nanomaterial-based 
approaches for this purpose. Wang and co-workers (2011) developed a drug deliv-
ery system through binding doxorubicin onto the surface of gold nanoparticles with 
a poly(ethylene glycol) as a spacer (DOX-Hyd@AuNPs). They used multidrug- 
resistant cancer cell line MCF-7/ADR for accumulation and retention of doxorubi-
cin and found better results with DOX-Hyd@AuNPs compared to free doxorubicin.

9.3.2  Gold Nanoparticles in Gene Delivery

Gene delivery is a unique process by which foreign genomic material is transferred 
to the host cell to prevent or recover any genetic as well as acquired diseases 
(Nayerossadat et al. 2012). Numerous research groups are working to develop suit-
able methods for use in gene therapy. Recent studies have suggested that in order to 
achieve successful gene therapy, development of proper gene delivery systems 
could be one of the most important factors (Sung and Kim 2019). Various gene 
delivery systems have been developed in recent years, which mainly include 
polymer- based system, lipid-based systems, and functionalized inorganic 
nanoparticle- based systems (Patra et  al. 2018). Gene delivery systems mainly 
include two categories: viral-based and nonviral-based systems (Nayerossadat et al. 
2012). Viral-based gene delivery systems utilize the ability of virus to inject their 
DNA inside host cells. Nonviral gene delivery systems are alternatives to viral gene 
delivery systems and are categorized based upon preparation and physical and 
chemical types. Gold nanoparticle-based materials have been widely studied for 
improving gene delivery due to special features of these materials, such as high 
specific surface area, small size, nontoxic, and localized surface plasmon resonance 
(LSPR) (Dreaden et al. 2012).

Kim et  al. used gold nanoparticles functionalized with covalently attached 
oligonucleotides as intracellular gene regulation agents  (Kim et  al. 2012). They 
showed that human peripheral blood mononuclear cells (PBMCs) exposed to gold 
nanoparticle–oligonucleotide complexes lead to widespread transcriptional 
activation of innate immune responses. For cancer gene therapy, researchers 
reported a localized gene delivery system, consisting of gold nanorods (Au NRs) 
loaded with hTERT siRNA attached to the surface of electrospun ZnGa2O4:Cr 
ZGOC nanofibers. Under the excitation of LED light, ZGOC nanofiber emission 
could be absorbed by gold nanorods (AuNRs), which induced a mild photothermal 
effect that significantly facilitates the escape of siRNA from endosomes and 
improves the siRNA transfection efficiency. They showed 40–65% enhancement in 
efficiency of gene silencing. Qin and coworkers anticipated that with this new 
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therapeutic approach, based on LED-amplified gene silencing, it will lead to a 
potential new generation of enhanced gene therapy treatments for a range of cancers.

For the first time, Rosi and co-workers demonstrated the relevance of gold 
nanoparticle-oligonucleotide complexes as intracellular gene regulation agents for 
the control of protein expression in cells in gene delivery (Rosi et al. 2006). These 
oligonucleotide-modified nanoparticles have affinity constants for complementary 
nucleic acids that are higher than their unmodified oligonucleotide counterparts, 
less susceptible to degradation by nuclease activity, less toxic, and higher cellular 
uptake. Cellular uptake of nucleotide-grafted AuNPs primarily occurs through 
endocytosis and is proportional to grafting density, which is controlled by varying 
the functionality (e.g., -SH) of nucleotide molecules.

Hongyan Zhu and co-workers prepared gold nanostar (GNS) complexes, namely, 
siCOX-2/AuNS, siCOX-2/9R-AuNS, siCOX-2/9R/DG- AuNS, and siCOX-2/9R/
DG-AuNS (hydrazone) (Zhu et al. 2017). Ligands 2-deoxyglucose (DG), polyeth-
ylene glycol (PEG), lipoic acid (LA), Lys-9-poly-D, and arginine (9R) (hydrazone) 
were designed to functionalize GNS and create the nanoparticles named as 9R/
DG-GNS (hydrazone). In this study, they used engineering of gold nanostars (GNS) 
to deliver small interfering siRNA to downregulate cyclooxygenase-2 (COX-2) 
expression, targeting the human hepatocellular carcinoma cells (HepG2) and 
SGC7901 cells. COX-2, a key enzyme used as catalyst in the conversion of arachi-
donic acid to prostaglandin, is involved in tumor invasiveness and angiogenesis. 
Increased COX-2 expression is one of the signs of early tumorigenesis. Results 
showed cyclooxygenase-2 siRNA/9-poly-D-arginine/2-deoxyglucose-gold 
nanostars (hydrazone) have good uptake by tumor cells through its targeting effect. 
The hydrazone bond was destroyed in the low endosomal pH microenvironment of 
tumor cells to release DG-PEG from the carrier and return it to the extracellular 
space through endocytosis, while the siCOX-2/9R-GNS remained in the intracellu-
lar space irreversibly. They anticipated that the GNS complex nanocarrier system 
can be used to deliver siCOX-2 into tumor cells efficiently.

Pancreatic cancer is a disease in which malignant (cancer) cells form in the 
tissues of the pancreas. Pancreatic tumors actively assist the growth of neurites and 
stimulate neurogenesis through nerve growth factors (NGFs). Targeting NGF gene 
is the most important to tackle pancreatic cancer. Lei et al. prepared gold nanocluster- 
siRNA having ability for the delivery of siRNA of NGF (GNC–siRNA), which 
allows efficient NGF gene silencing and pancreatic cancer treatment (Lei et al. 2017). 
Results suggested a promising therapeutic direction for pancreatic cancer. In one 
another study, researcher modified siRNA with polyethylene glycol (PEG) through 
disulfide bonding and then grafted onto amine-functionalized AuNPs. This study 
demonstrated the application of amine-functionalized gold nanoparticles for intra-
cellular delivery of siRNA.  Results showed that cellular uptake and target gene 
silencing efficacy of PEG-modified siRNA-complexed AuNPs (AuNPs/siRNA- 
PEG) were higher than regular AuNPs/siRNA complexes in human prostate carci-
noma cells as AuNPs/siRNA rapidly get aggregated.
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9.4  Challenges for Nanotechnology in Biomedicine

The use of advanced nanomaterials in biomedical field has been rapidly emerging 
as a field of research. Researchers are continually devoting their efforts to explore 
new ways and techniques with the ultimate goal of developing effective treatment 
and cures. Despite various applications and benefits associated with nanomaterials, 
these materials in biomedicine have lots of challenges before the transformation 
from the laboratory to the market for actual use (Feng et  al. 2019; Longo et  al. 
2020). As the material at nanoscale behaves differently than in their bulk form, the 
first challenge is to learn more about materials in details. There is a definite uncer-
tainty over their physicochemical effect on living life. Numerous studies have been 
published with the concern of toxicity of materials at nanoscale (Ganguly et  al. 
2018). Researchers across the world are rigorously studying and trying to solve this 
problem. However, the research community still learning about how quantum 
mechanics impact different materials at nano-level. Another major challenge is to 
analyze the effect of nanomaterials on the environment, and it depends upon the 
complex set of factors like type, size, surface properties, charge, etc. of nanomateri-
als (Ray et al. 2009). These physicochemical parameters decide the effect of these 
materials on our environment and living beings. All over the world, extensive 
research is being conducted on different nanomaterials to design, modify, and alter 
their behavior, but there is definite lack in understanding the toxicity and the effect 
on environment (Longo et al. 2020). There is a need to establish a general principle 
to evaluate all the materials under a common domain. All these challenges are 
as follow:

• Lack of standardized test assay
• Lack of uniform biological study in vivo
• Lack of uniformity of toxicity
• Lack of efficient analytical tools

Other major challenges that exist in scale-up of these advanced nanomaterials 
from laboratory to the market for actual use are the need for a well-trained work-
force and specific machinery for design, synthesis, characterization, and testing at 
the pharmaceutical level. All these factors will increase the production cost, which 
will restrict the accessibility to common people.

9.5  Conclusion

The use of nanotechnology has shown great potential in biomedicine owing to their 
unique physicochemical properties. Gold nanoparticles with properties of high sur-
face area, high colloidal stability, small size, and high tissue permeability have 
gained attention for use in various biomedical uses. In biomedicine, gold 
nanoparticle- based materials are an obvious choice over other nanomaterials due to 
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their amenability of synthesis and functionalization, less toxicity, and ease of detec-
tion. In the last two decades, there has been growing interest in gold nanoparticles, 
which can be used as delivery of drugs, genes, DNA, RNA, proteins, and peptides. 
The objective of this chapter is to provide researchers the knowledge of application 
of gold-based nanomaterials in the biomedicine field and biomedical nanotechnol-
ogy. The applications presented in this chapter strongly emphasized on the current 
research on advanced gold-based nanomaterials and their benefits in the biomedical 
field and are divided into two parts: (1) application of gold nanoparticles in drug 
delivery systems and (2) application of gold nanoparticles in gene delivery systems. 
In addition, challenges for nanotechnology in biomedicine are also discussed.

 Appendix

 Multiple Choice Questions

 1. Nanotechnology comprises the materials with the size

 (i) 1–10 nm
 (ii) 1–100 nm
 (iii) 1–1000 nm

 2. The color of gold in nanometric range

 (i) Red
 (ii) Yellow
 (iii) Orange

 3. The highest antimicrobial activity is of

 (i) Ag
 (ii) CNT
 (iii) Graphene

 4. Which of these nanomaterials amplify biorecognition signals and improve the 
analytical performance of biosensors?

 (i) Ag
 (ii) CNT
 (iii) Au

 5. SWCNTs have diameters in the range

 (i) 0.4 nm–2 nm
 (ii) 4 nm–20 nm
 (iii) 0.8 nm–2 nm
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 Answers

 1. (ii) 1–100 nm
 2. (i) Red
 3. (i) Ag
 4. (iii) Au
 5. (i) 0.4 nm–2 nm.

 Short Questions and Answers

 1. What are the main applications of gold nanoparticles?

Answer: AuNPs have attracted tremendous interest from different fields of 
science, because of their particular features: high X-ray coefficient of absorp-
tion, ease of synthetic manipulation, strong binding affinity, and unique opti-
cal and distinct electronic properties (Dykman and Khlebtsov 2011). Gold 
nanoparticles are especially utilized in genomics, biosensors, immune analy-
sis, clinical chemistry, detection, and photothermolysis of microorganisms 
and cancer cells; the targeted delivery of drugs, DNA and antigens; optical 
bio-imaging; and the monitoring of cells and tissues using modern registra-
tion systems.

 2. How Ag NPs are useful in wastewater treatment?

Answer: Silver nanoparticles possess antimicrobial properties that may be 
used to disinfect water. When Ag NPs come in contact with the bacteria, they 
interfere with the structure of the cell membrane, which causes death of the 
cell eventually. Another perspective that explains the mechanism of Ag NPs 
on their contact with bacteria is that the dissolution of Ag NPs will release 
antimicrobial Ag+ ions, which can interact with the thiol groups of many vital 
enzymes, inactivate them, and disrupt normal functions in the cell. Ag NPs 
have been used along with certain filter membranes due to their cost- 
effectiveness and high antimicrobial properties.

 3. Write a note on the application of ferrites nanocomposites?

Answer: Ferrites have magnetic properties that make them suitable for 
separation at the end of the process. For example, Congo red (CR) was 
removed using manganese ferrites, nickel ferrites, and zinc ferrites. They 
were synthesized using sol-gel method. After various characterization 
methods and adsorption tests, it was concluded that nickel ferrites showed the 
best adsorption properties, followed by cobalt ferrites.
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Chapter 10
New Perspective Application and Hazards 
of Nanomaterial in Aquatic Environment

Renuka Choudhary, Sunil Kumar, and Pooja Sethi

Abstract Nanomaterials (NMs) are known to have at least one dimension between 
about 1 and 100  nm. These nanomaterials can be categorized into nanoparticles 
(NPs), nanoplates, and nanofibers. In the last few decades, nanomaterial has got 
attention due to their wide applications in various sectors (such as environmental, 
pharmaceutical, personal care products, disease diagnosis, and treatment) based on 
their physicochemical properties. However, there are more concerns among envi-
ronmentalists and scientists about the release of nanoparticles into the environment 
through different sources, which can cause environmental problems, human health 
hazard, and ecotoxicological issues. Aquatic biota is predominantly affected by the 
pollution caused by NPs. The fate, transport, and toxicity of NPs in aquatic ecosys-
tem are affected by the transformation, which is dependent upon the initial NM 
properties, and its surrounding chemical and biological environment. Numerous 
research investigations have explored different types of NPs and their properties, 
applications, and hazards, but only a few have focused on the effect of NPs on 
aquatic ecosystem. In this chapter, ecotoxicological effects of NPs on aquatic eco-
system have been discussed based on the physiochemical properties by exploiting 
the latest research reports and future directions are highlighted.
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10.1  Introduction

Nanomaterials (NMs) are ubiquitously utilized in our day-to-day life in the form of 
professional, recreational, and daily-care items (Monteiro-Riviere et al. 2011). The 
most commonly used materials at the nanosized level are known as nanoparticles 
(NPs), which are retrieved from various sources and can be categorized into differ-
ent types, such as incidental, engineered, and naturally released NPs (Turan et al. 
2019). Over the last few decades, applications of nanomaterials in different sectors 
(industrial, consumer, and medical) have been increased ever than before. The 
diverse range of products and usage of nanoscale material include food packaging, 
water treatment, pharmaceutical, fuel cells, electronics, medical devices, and tex-
tiles (Aitken et al. 2006; Karnik et al. 2005). Aquatic ecosystem has become the 
major sufferer of environmental pollution due to the release of NPs (Keller et al. 
2013). The fate of NPs entering the aquatic system is dependent upon various physi-
cochemical properties like size, shape, charge, etc. and will be critical in bioavail-
ability controls (Gatoo et al. 2014). The concern about their hazards and toxicity has 
stimulated studies to predict environmental concentration for their ecotoxicological 
effects on aquatic biota. The ecotoxicity of NPs is categorized into two main streams 
based on their distribution pathways in the aquatic ecosystem. First one is primary 
ecotoxicity, which arises due to the direct release of NPs into the environment with-
out proper treatment. The second one is secondary ecotoxicity, which is an indirect 
discharge that occurs as a result of usage of NPs as safeguard method. In aquatic 
environment, NPs undergo transformation in different ways like physical, biologi-
cal, and chemical and affect the toxicity of NPs (Lowry et al. 2012).The majority of 
the effects of toxicity were on aquatic plants, phytoplankton, algae, microalgae, 
cyanobacteria, and other marine organisms. Till now, scanty information has been 
made available about the toxicity of nanomaterials in aquatic system due to their 
properties (Holden et al. 2014). In this chapter, focused information about the nano-
material sources, properties, applications, and hazards/toxicity in aquatic ecosystem 
have been elaborated.

10.2  Nanoparticles

The branch of science that produces material at the level of nano scale is known as 
nanotechnology. According to the International Organization for Standardization 
(Adams-Haduch et al. 2008), nanomaterial can be classified into three main groups: 
nanoparticles (all three dimensions between 1 and 100 nm), nanoplates (one dimen-
sion), and nanofibers (two dimensions). The particles produced by the technology 
are known as nanoparticles (NPs) and are defined as the wide class of materials that 
include particulate substances, which have at least one dimension less than 100 nm 
(Laurent et  al. 2010). NPs are composed of three layers including surface layer, 
shell layer, and the core (Shin et al. 2016). These particles can be of variable size 
and shapes, which can further influence the physicochemical properties of them. 
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Owing to exceptional properties, NPs have numerous applications in multidisci-
plinary fields, such as pharmaceutical industry for drug delivery (Lee et al. 2011), 
personal, and health care (cosmetics) and also in chemical, biological, and gas sens-
ing (Ullah et al. 2017).

10.3  Sources of NPs

In the environment, NPs get released from various sources, which can be catego-
rized into different types such as incidental, engineered, and naturally released NPs 
(Turan et al. 2019). Incidental release of nanoparticle can be due to dust storms and 
cosmic dust, which include carbide, oxide, nitride, silicate, carbon, and organic- 
based NMs (Jeevanandam et al. 2018); volcanic eruption, which releases about 106 
tons of NPs in the form of ash (Taylor 2002); forest fires, which contains micro- and 
nanosized particles (Sapkota et al. 2005); and evaporation of ocean and sea water, 
which leads to the formation of sea salt aerosols, which are considered as a type of 
NPs (Buseck and Posfai 1999). Automobile exhaust acts as a source of engineered 
NPs. Carbon NPs (20–130 nm and 20–60 nm size) get released from diesel and 
gasoline engines (Sioutas et al. 2005). In addition to this, cigarette smoke and build-
ing demolition also release engineered NPs. Smoke due to cigarette release about 
100,0000 NPs in the 10–700 nm range (Ning et al. 2006) and smaller than 10 μm 
size NPs are released into the atmosphere during building demolition (Stefani et al. 
2005). Numerous biomedical and healthcare products (antioxidants, antireflectants, 
and paints) are also responsible for acting as a source of nanoparticle release 
(Monteiro-Riviere et  al. 2011). NPs are also produced naturally from organisms 
known as nano-organisms, which cover nanobacteria, viruses, fungi, algae, yeast, 
and insects (Jeevanandam et  al. 2018). The scheme of different sources of NPs 
entering into the environment is shown in Fig. 10.1.

10.4  Classification of NPs

NPs are broadly classified into different types: size, morphology, physical and 
chemical properties, etc. Some of the well-known NPs are carbon-based, ceramic, 
metal, semiconductor, polymeric, and lipid-based nanoparticles (Khan et al. 2019).

10.4.1  Carbon-Based NPs

Carbon-based nanoparticles include carbon nanotubes (CNTs) and fullerenes. 
CNTs are graphene sheets rolled into a tube. These materials are used for the struc-
tural reinforcement because they are 100 times stronger than steel. CNTs are unique 
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Fig. 10.1 Different sources of NPs entering the environment. (Source: Donia and Carbone 2019)

as they are thermally conductive along the length and nonconductive across the 
tube. Fullerenes are the allotropes of carbon having a structure of hollow cage of 60 
or more carbon atoms. For instance, C-60 is called Buckminsterfullerene. These 
have commercial applications due to their electrical conductivity, structure, high 
strength, and electron affinity (Saeed and Khan 2014, 2016).

10.4.2  Ceramic NPs

They are inorganic solids made up of carbides, carbonates, oxides, and phosphates, 
having high heat resistance and chemical inertness. They are synthesized via heat 
and successive cooling. They have applications in photocatalysis, photodegradation 
of dyes, drug delivery, and imaging (Thomas et al. 2015). They perform as a good 
drug delivery agent by controlling some of the characteristics of ceramic NPs like 
size, surface area, porosity, surface-to-volume ratio, etc. These NPs have been used 
effectively as a drug delivery system for a number of diseases like bacterial infec-
tions, glaucoma, cancer, etc.
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10.4.3  Metal NPs

Metal-based NPs are synthesized from metal precursors, by chemical, electrochem-
ical, or photochemical methods. These NPs have environmental and bioanalytical 
applications. These can also be used for detection and imaging of biomolecules 
(Dreaden et al. 2012; Khan et al. 2019).

10.4.4  Semiconductor NPs

These have properties between metals and nonmetals and therefore have numerous 
applications. They are used in photocatalysis, electronics devices, photo-optics, and 
water splitting applications (Sun et al. 2000). Examples of semiconductor NPs are 
GaN, GaP, InP, InAs, ZnO, ZnS, CdS, CdSe, CdTe, and silicon and germanium.

10.4.5  Polymeric NPs

They are organic-based and have shape like nanocapsular or nanospheres depending 
upon the method of preparation (Mansha et al. 2017). A nanosphere has a matrix- 
like morphology, whereas the nanocapsular has core-shell structure. In the former, 
the active compounds and the polymer are uniformly dispersed, whereas in the lat-
ter, the active compounds are surrounded by a polymer shell (Rao and Geckeler 
2011). Applications of polymeric NPs include controlled release, ability to combine 
therapy and imaging, specific targeting, protection of drug molecules, and many 
more. They have applications in drug delivery and diagnostics. The drug deliveries 
with polymeric NPs are highly biodegradable and biocompatible (Abd Ellah and 
Abouelmagd 2017; Abouelmagd et al. 2016).

10.4.6  Lipid-Based NPs

These are generally spherical in shape with a diameter ranging from 10 to 100 nm. 
It consists of a solid core made of lipid and a matrix containing soluble lipophilic 
molecules. The external core of these NPs is stabilized by surfactants and emulsifi-
ers. These NPs have application in the biomedical field as a drug carrier and deliv-
ery (Puri et al. 2009) and RNA release in cancer therapy (Gujrati et al. 2014).
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10.5  Properties of NPs

The properties of NPs influencing their toxicity include their size, surface area, 
charge, shape or structure, solubility, and surface coating. NPs can be used in differ-
ent sectors like medicine, electronics, and energy production due to their unique 
physicochemical (magnetic, optical, thermal, mechanical, and electrical) properties. 
However, toxicity of NPs can be influenced by their properties.

10.5.1  Nanoparticle Size and Surface Area

Size affects the toxicity of NPs as it leads to change in surface area. As the size of 
the material decreases, the surface area increases exponentially, which enhances the 
reactivity of nanoparticle surface. It has been reported that various biological mech-
anisms like endocytosis are dependent upon the size of the material for the modifi-
cation of macromolecules structure and impacting the biological system. Lankvel 
et al. (2010) reported Ag NPs’ size-specific tissue distribution and toxicity. Another 
study reported that smallest Ag NPs have the lowest aggregation potential in liver 
and gills (Scown et al. 2010; Gatoo et al. 2014). Gatoo et al. reported that the smaller 
the size of NPs, the more it will be able to form reactive oxygen species (ROS), 
which can affect biological system through DNA damage and inflammatory 
responses. Oral toxicity also gets enhanced by the size of nanoparticle. For instance, 
with decrease in size, the oral toxicity increases in copper NPs (Chen et al. 2006). 
Some studies on rodents also showed the effect of surface area with size in display-
ing the toxic manifestations (Holgate 2010). With increase in the surface area of 
NPs as the size decreases, oxidation and DNA damaging abilities also increase in a 
dose-dependent manner and were found to be much higher in comparison to the 
same dose of larger particles (Risom et al. 2005; Donaldson and Stone 2003).

10.5.2  Nanoparticle Shape

Numerous NPs such as carbon nanotubes, silica, allotropies, nickel, gold, and tita-
nium have reported the shape-dependent toxicity, which can further influence the 
wrapping processes especially during phagocytosis and endocytosis (Petersen and 
Nelson 2010). The shape of the NPs such as spherical and nonspherical has been 
known to affect the toxicity (Hamilton et al. 2009). It was also reported that spheri-
cal NPs are relatively less toxic causing the biological consequences, in contrast to 
nonspherical shape NPs, which are disposed to flow through capillaries (Champion 
and Mitragotri 2006). Hsiao and Huang (Hsiao and Huang 2011) reported that TiO2 
spherical entities are less cytotoxic than fibers. Moreover, the uptake of gold spheri-
cal nanospheres was faster than nanorods (Chithrani et al. 2006). SWCNT spherical 
carbon fullerenes slowly block potassium (K+) ion channels compared to rod shaped, 
which is two to three times more efficient (Park et al. 2003). Additionally, it was also 
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reported that the length of fibers also influences the toxicity. In mice, TiO2 fibers 
with a length of 5 mm are less toxic compared to 15 mm fibers (Hamilton et al. 2009).

10.5.3  Aggregation

Aggregation of NPs also plays a crucial role in influencing the toxicity of the latter. 
In aquatic environment, discarded NPs enter as aggregates and influence the toxicity 
and behavior. Aggregation was found to be dependent upon numerous environmen-
tal factors like pH, temperature, and ionic strength (Walters et al. 2016). It has been 
reported that due to elevated temperature, smaller aggregates formed and shows 
higher toxicity (Walters et al. 2013). It has been observed that carbon nanotubes 
induce the cytotoxicity in liver, spleen, and lungs due to aggregation for longer time 
(Yang et al. 2008). It also enhances the pulmonary interstitial fibrosis.

10.5.4  Concentration

Nanoparticles’ concentrations inversely affect their toxicity. As concentrations of 
the NPs decrease, toxicity decreases or vice versa.

10.5.5  Surface Charge

The interaction of NPs with the biological system is dependent upon surface charge. 
It determines the particle dispersion and affects the ion and biomolecule adsorption 
(Powers et al. 2007). Studies reported that various biological activities like trans-
membrane permeability were altered by nanoparticle surface charge (Kohli and 
Alpar 2004). Goodman et al. reported that toxicity of gold NPs is dependent upon 
the charge present on it (Goodman et al. 2004). Anionic particles were found to be 
less toxic compared to cationic particles. Moreover, toxicity was caused to the sys-
tem, due to hemolysis and platelet aggregation. Badawy et  al. reported that the 
toxicity of silver NPs is dependent upon surface charge (El Badawy et al. 2011). 
Surface charge also affects the colloidal behavior of the NPs.

10.5.6  Composition

Toxicity of NPs varies with the diversity of NPs. It has been reported that nanosilver 
and nanocopper caused toxicity but TiO2 showed zero toxicity in different models 
like zebrafish, daphnids, and algal species. This indicates that composition of NPs 
influences the toxicity issues (Griffitt et al. 2008).
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Fig. 10.2 Schematic illustration of NP applications

10.6  Applications of NPs

NPs have wide applications in different sectors such as environment, drugs and 
medications, personal care products, disease diagnosis and treatment, food supple-
ments, clothing sector, manufacturing, electronics sector, for harvesting energy, and 
in mechanical industries. The scheme of various applications of NPs in different 
sectors is shown in Fig. 10.2.

10.6.1  NPs Act as an Environmental Cleaner

In environmental sector, NPs get released into the aquatic environment from indus-
trial and household applications. NPs play a crucial role in the water partitioning 
due to high surface-to-mass ratio. The contaminants can be absorbed to the surface 
of NPs and get trapped. This mechanism of interaction is dependent upon properties 
of NPs like size, morphology, and porosity. The majority of environmental applica-
tions of NPs fall into following categories: (A) environmentally benign and/or sus-
tainable products (green chemistry or pollution prevention), (B) remediation of 
materials contaminated with hazardous substances, and (C) sensors for environ-
mental agents (Tratnyek and Johnson 2006). In addition to the above, NPs can also 
be used for photodegradation due to high surface area and small size. NiO/ZnONPs 
are utilized for photodegradation as reported by Rogozea (Rogozea et al. 2017).

10.6.2  Medical Applications

NPs can be used in the development of various novel nanodevices. These nanode-
vices have various applications such as physical, biological, biomedical, and phar-
maceutical (Loureiro et al. 2016; Martis et al. 2012; Nikalje 2015). Usage of NPs 
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has increased the efficiency of drugs due to their ability to deliver drugs in optimum 
dosage range. The most commonly used NPs for biomedical applications are Fe3O4 
or Fe2O3 (Ali et al. 2016). As NPs have some optical properties, they can also be 
used in photothermal therapeutic applications as well as in biological and cell imag-
ing applications for achieving efficient contrast. Polyethylene oxide (PEO) and 
polylactic acid (PLA) NPs were found to be excellent systems as drug carriers 
(Calvo et  al. 1997). The in  vivo biomedical applications of NPs such as super- 
paramagnetic iron oxide include MRI contrast enhancement, tissue repair and 
immunoassay, detoxification of biological fluid hyperthermia, drug delivery, and 
cell separation (Laurent et al. 2010). NPs also have applications in cancer diagnosis 
and therapy especially the semiconductor and metallic ones. Au NPs can be used for 
laser photothermal therapy of cancer as they can convert the strong absorbed light 
into localized heat efficiently. Additionally, NPs can also be used to inhibit the 
tumor growth (Khan et al. 2019).

10.6.3  Application in Energy Generation and Storage

NPs have photocatalytic applications and are used to generate energy (Avasare et al. 
2015; Mueller and Nowack 2008). This energy is generated by photochemical and 
electrochemical water splitting, and electrochemical CO2 reduction to fuel precur-
sors, solar cells, and piezoelectric generators (Fang et  al. 2013; Lei et  al. 2015; 
Young et al. 2012). Besides energy generation, NPs can also be used to store energy 
at nanoscale level (Greeley and Markovic 2012; Liu et al. 2015).

10.6.4  Industrial Applications

NPs have applications in industries involving coating and lubricants due to their 
mechanical properties. Coating with NPs can improve the toughness and wear resis-
tance. Examples are alumina, titania, and carbon-based NPs (Kot et al. 2016; Shao 
et al. 2012). Lubrication effects can be increased with NPs as they offer good sliding 
and delamination properties (Guo et al. 2014). In addition to this, NPs also have 
applications in food processing and packaging industry.

10.6.5  Other Applications

NPs have certain other applications in medical, commercial, and ecological sectors 
due to their physicochemical characteristics that induce mechanical, optical, and 
electrical properties (Dong et  al. 2014). NPs also have crucial role in consumer 
products such as health fitness, electronics and computers, and in home and garden 
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category. Some categories of NPs such as noble metals also have application in 
chemical sensors and biosensors (Unser et al. 2015).

10.7  Aquatic System

Aqua or water is one of the most essential chemical compounds on earth. No life 
can be assumed without aqua. Life present in water (organisms and plants) is called 
aquatic life (Field et  al. 1998). Examples of aquatic ecosystems include lakes, 
ponds, bogs, rivers, estuaries, and the open ocean. There are mainly two types of 
aquatic ecosystems available: (1) marine ecosystems and (2) freshwater ecosystems 
(Alexander 1999). Ecosystems containing saltwater vary from coastal areas to the 
barren ocean bottom and cover almost 70% of the earth. In marine locale, the food 
chain instigates with plankton, microorganisms that require sunlight for energy and 
growth. In marine ecosystem, animal life ranges from microscopic zooplankton 
through fishes of all sizes to marine mammals, including seals, whales, and mana-
tees. The organisms living in oceans adapt to the dissolved salts and to the level of 
salt content. Freshwater ecosystem has little or no salt content and supports its own 
aquatic ecosystems. It covers nearly about 1% of the earth and is further divided into 
lotic, lentic, and wetlands (Vaccari 2005). This type of ecosystem includes lakes, 
ponds, rivers, streams, wetlands, and even groundwater. These habitats are affected 
by altitude, temperature, and humidity. Freshwater ecosystem includes animal life 
like insects, amphibians, and fish. In freshwater system, innumerable varieties of 
plants, mollusks, worms, bacteria, and algae live. Additionally, a massive number of 
animals and birds use freshwater as food supply. Though aquatic ecosystem plays a 
pivotal role in human health and survival, it gets affected by human activities. For 
example, both fresh and marine ecosystem provide food, transportation, and recre-
ation. Besides these, the ecosystems are threatened by pollution caused by urban 
runoff, agricultural wastes, the introduction (unintended or not) of exotic species to 
specific locale, overfishing, coastal development, global warming, and also by the 
release of NPs in the environment.

10.8  Nanoparticles in Aquatic Environment

The accumulation of NPs in aquatic environment begins once they are released into 
the water bodies (Iavicoli et  al. 2014). Aquatic pollution was mainly caused by 
urban discharge and agricultural runoff, which releases NPs into the environment 
in different forms. In addition to this, through atmospheric release and water infil-
tration to the soil, NPs especially engineered are able to enter the aquatic environ-
ment (Weinberg et al. 2011). NPs such as personal care products, wastewater, and 
paints enter intentionally into the aquatic environment and affect the ecosystem 
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(Fig. 10.3). Entered nanoparticle can impact the aquatic system through numerous 
routes as explained in Fig. 10.4.

Firstly, through transportation, contaminants including NPs were known to be 
transported via aquatic ecosystem. For example, filter-feeders may consume NPs 
attached to algae and transfer to further tropic levels. Secondly, it can be by forming 
nanoparticle aggregates in the aqueous phase and posing a threat to benthic organ-
isms as these aggregates further gets settled into sediment. These aggregates also 
reduce the direct uptake of NPs by organisms. Sediments and soil have large surface 
area, and NPs are generally associated with it (Klaine et al. 2008). Another route of 
entry into aquatic environment is through direct passage across the gill. It has been 

Fig. 10.3 Sources of intentional entry of NPs in aquatic environment

Fig. 10.4 Nanoparticles and aquatic environment
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reported that NPs taken via this process accumulate in the hepatopancreas (Lee 
2001). Environmental factors such as pH, temperature, and presence of organic mat-
ter also affect the release of NPs into the aquatic system. For instance, aggregation 
is affected by pH (due to change in surface charge) and temperature. At higher range 
of pH, aggregation and disaggregation with larger aggregate radius was reported 
(Gilbert et al. 2007). Studies reported that at higher temperature, smaller aggregates 
were formed indicating higher toxicity (Walters et al. 2013). Dissolution rates of 
AgNPs get affected by temperature (Liu and Hurt 2010).

10.9  Transformation

NPs undergo transformation once they reach the aquatic environment due to the 
environmental factors. Therefore, fate of nanomaterial is dependent not only upon 
their physical and chemical properties but also on environmental factors like tem-
perature, pH, organic matter concentration, and salinity. The NP’s persistence, bio-
availability, reactivity, and toxicity get influenced by transformation, which can be 
physical, chemical, and biological. The novel properties exhibited by NPs have 
raised the concern all around the world due to their uncertain effects. So, citizens 
have demanded the increase in research activities, which can correlate the nanopar-
ticle properties with living organisms and their behavior in the environment. Lack 
of information about the types and extent of transformation by the nanoparticle is 
there, due to which we are unable to understand the impact of it. For this, under-
standing of toxicological effects from acute and chronic NP exposure and their 
potential route is required.

In biological and environmental system, redox reactions, aggregation, dissolu-
tion, and reactions with biological macromolecules may occur as transformation, 
which can influence the transportation, fate, and toxicity of NPs (Lowry et al. 2012). 
Some transformations incline the potential of toxicity, while some decrease the tox-
icity effects (Fabrega et al. 2009). Studies also reported that some types of transfor-
mation have been shown to limit the nanoparticle persistence in the environment 
(Bian et al. 2011). The type of transformation with its rate and extent depends upon 
the properties of nanoparticle, its coating, and its surrounding environment (chemi-
cal or biological). The chemical, physical, and biological were the different forms 
of NP transformation occurring in natural systems.

Chemical transformation involves transfer of electrons using naturally occurring 
coupled processes (oxidation and reduction) to and from chemical moieties. Metal 
NPs such as silver and iron undergo oxidation and reduction by interacting in 
aquatic environment. Sulfidation (passivation process) of NPs, which includes Ag, 
ZnO, and CuO, frequently occurs under several environmental conditions, which 
leads to inert NP surfaces and makes them reactive and toxic to microorganisms 
(Kraas et al. 2017). For instance, sulfidation of Ag NPs forms the core–shell AgO–
Ag2S structures (Thalmann et  al. 2016). Another process known as dissolution 
occurs, which is affected by nanoparticle chemistry. The dissolution of 
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nanoparticles is dependent upon particle inherent factors and environmental param-
eters. Under aerobic conditions, oxide layer can be formed around the particle like 
in the case of AgNP, Ag2O layer formed, which further releases Ag+ ions (Elzey and 
Grassian 2010).

Physical transformation involves aggregation of NPs, which reduces the surface 
area to volume effects on nanomaterial reactivity. In aquatic environment, NPs after 
their release interact with numerous organic and inorganic compounds and affect 
their aggregation, which is known as colloidal stability (Sani-Kast et al. 2017). This 
aggregation can be of two types: homo-aggregation and hetero-aggregation. When 
the interaction between same NP occurs, it is known as homo-aggregation, whereas 
when the concentration of another particle in the environment increases and it inter-
acts with NPs, the aggregation occurred as hetero-aggregation. As the aggregation 
decreases the surface area, the reactivity of the particle also gets declined. This 
implies that the toxicity of the particle also gets decreased with decrease in reactiv-
ity, especially in the case of surface-mediated reaction (ROS generation and 
dissolution).

Biological transformation involves living tissues and environmental media 
(Lowry et al. 2012). This type of transformation changes the behavior of nanomate-
rials, which further affects the bioavailability, transport, and toxicity. Nanomaterial 
behavior includes its surface charge, aggregation state, and reactivity. The OH radi-
cals produced from horseradish peroxidase can lead to the oxidation and carboxyl-
ation of carbon nanotubes (Allen et al. 2008). The surface charge gets increased, 
and hydrophobicity decreases due to this oxidation of carbon nanotubes, which fur-
ther affected the toxicity of nanotubes (Kang et al. 2008).

Another category of transformation is interaction with macromolecules, which 
occur when proteins and natural organic matter interact with NPs. The different 
forms are explained in Fig. 10.5.

10.10  Toxicity of Nanomaterial in Aquatic Environment

The use of nanomaterial in different sectors has resulted in contamination in aquatic 
environment. The majority of toxicity of NPs was on aquatic plants, phytoplankton, 
algae, microalgae, cyanobacteria, and other marine organisms.

10.10.1  Effect on Aquatic Plants

Plants play a crucial role in fate and toxicity of NPs and are considered as one of the 
important components of aquatic ecosystem. Scanty information is available on the 
effect of NPs on aquatic plants in comparison to toxic effect on microorganisms and 
animals, which is well documented (Asharani et al. 2008; Kim et al. 2011; Turner 
et al. 2012). For toxicity testing, Lemnaceae aquatic plants are mostly used a model 
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Fig. 10.5 Nanoparticle transformations in aquatic environment in different forms: (a) chemical 
transformations of NPs and the potential impacts on their behavior and effects in the environment. 
(b) Physical transformations (aggregation and hetero aggregation) of NPs. (c) Biologically medi-
ated transformations of NPs and their coatings and the subsequent impact on fate, transport, and 
effects. (d) Interactions of NPs with macromolecules such as proteins and natural organic matter. 
(Source: Lowry et al. 2012)

due to their sensitivity to pollutants and rapid growth. It has been reported that Ag 
NPs inhibit the growth of Lemna minor and Lemna gibba due to the uptake of silver 
ions after the exposure of Ag NP with 10 mg/L concentration (Gubbins et al. 2011). 
The cell-permeable indicator revealed the high production of ROS (340% compared 
to the control) when plants are exposed to 10 mg/L of Ag NPs. Jiang et al. also 
reported the increase in oxidative stress in Spirodela polyrhiza plants when tested 
for the comparative activity of three different types of silver nanoparticles, indicat-
ing activation of enzymatic antioxidant system after the exposure of Ag NPs (Jiang 
et al. 2014). Jiang et al. observed decline in S. polyrhiza plant tissue contents due to 
exposure of AgNO3 (decreases chlorophyll a and phosphate) and Ag NPs (DW 
decreases) (Jiang et al. 2012). In addition to Ag NPs, titanium dioxide nanoparticles 
(TiO2-NPs) and nickel oxide nanoparticles (NiO-NPs) were also used for wide 
range of purposes worldwide. Movafeghi et al. studied the effect of TiO2-NPs on 
S. polyrhiza aquatic plant and reported the damage on plant defense system due to 
the ROS generation (Movafeghi et  al. 2018). It was also observed that growth 
parameters decreased as the concentration of TiO2-NPs increased and antioxidant 
enzyme activities change. Similarly, Oukarroum et al. reported the cellular oxida-
tive stress induction in aquatic plant L. gibba due to the strong increase in reactive 
oxygen species (ROS) formation by NiO-NPs at high concentration (1000 mg/L) 
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and alteration of the photosynthetic electron transport performance (Oukarroum 
et al. 2013). Some scientists have examined the toxicity of TiO2-NPs on algae and 
reported that retardation of algal growth due to oxidative enzyme production after 
72 h (Li et al. 2015). In addition to this, GO-NP toxicity to freshwater algae was also 
evaluated, and results indicated that GO-NPs lead to membrane damage and nutri-
ent depletion due to the induction of oxidative stress.

10.10.2  Effect on Phytoplankton

Phytoplankton acts as a key component of aquatic webs (oceans, seas, and freshwa-
ter ecosystem). These include single-celled biotic microscopic photosynthetic 
organisms, which create the organic compounds from carbon dioxide present in 
aquatic environment. About 25,000 species of phytoplankton were known, includ-
ing eubacterial and eukaryotic species belonging to eight phyla Maranon. These 
include crustaceans, mollusks, bacteria, algae, coelenterates, and protozoans. With 
the increase use of NPs, it is crucial to evaluate the effect of NPs on phytoplankton, 
which is the primary producer of aquatic food web. It has been reported that growth 
rate of phytoplankton gets suppressed by NPs. They also decline the equilibrium 
densities of phytoplankton as well as zooplankton, as the contact with them and 
phytoplankton increases. Studies revealed that Ag-NPs reduce the photosynthetic 
efficiency of phytoplankton at concentration higher than 500 mg/L (Baptista et al. 
2015). TiO2, which is one of the most commonly used nanomaterial, poses a notable 
threat to aquatic ecosystem as it may reach to maximum concentration at the surface 
of water. TiO2 can act as a photocatalyst by absorbing photons and can directly oxi-
dize the adsorbed species. With similar mechanism, TiO2 can get absorbed and dif-
fused on the surface of phytoplankton and leads to the oxidation of phytoplankton 
cell wall. It has been reported that with increase in concentration of TiO2-NPs, ROS 
in seawater also increases under low levels of ultraviolet radiations, which further 
inclines the overall oxidative stress and leads to decreased resiliency of marine eco-
systems. Additionally, interactions between TiO2 and plankton can also attack 
organic compounds (Miller et al. 2010).

10.10.3  Effect on Aquatic Microbes

Dominant toxicity was observed in aquatic microorganism especially due to engi-
neered nanomaterials such as TiO2-NPs and Ag-NPs (Jahan et al. 2017). For exam-
ple, one of the studies reported the Ag-NP toxicity to E. coli. The toxicity was due 
to the pH dependence dissolution of Ag+, which further binds with the cell cyto-
plasm and leads to cell death due to oxidative stress (Xiu et al. 2012; Levard et al. 
2012). Similarly, TiO2-NP toxicity to E. coli was studied in dark and cellular leak-
age of K+, and Mg2+ was reported in E. coli due to depolarization (Sohm et al. 2015). 
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Another study reported the fate and behavior of GO-NPs into the aquatic system. 
The toxicity of GO-NPs to aquatic organisms such as aquatic plants, vertebrates, 
and bacteria was influenced by the solution chemistry, presence of colloidal, and 
biocolloidal particles (Zhao et  al. 2014). The impact of ZnO-NPs to ammonia- 
oxidizing bacteria, Nitrosomonas europaea, was also evaluated, and it was found 
that ZnO-NPs exerted dose-dependent impairment to the bacterial cells. For exam-
ple, the cells were completely restored in a 12 h recovery incubation after the expo-
sure of 50 mg/L ZnO-NPs in terms of cell density, membrane integrity, and the 
nitrite production rate (Wu et al. 2017).

10.10.4  Effect on Cyanobacteria

In aquatic environments, cyanobacteria act as a crucial part due to their role as pri-
mary producers, biofilms, and mats (benthic cyanobacteria) formation. They are 
also important for ecotoxicological assessment. Higher concern of cyanobacteria 
was due to the toxins produced by it, which causes health risk (Domingo et  al. 
2019). Cyanobacteria blooms were found in terrestrial, freshwater, and marine habi-
tats. NPs affect their viability depending upon their concentration. Ag-NPs inhibited 
the growth of Cyanobacteria synechococcus species after 72 hour of exposure at 
0.5–5 μM concentration. As the concentration of NPs increased to 10 μM, complete 
inhibition of growth was observed for it (Burchardt et al. 2012). In another study 
done on Microcystis aeruginosa, damaged and shrunk cell walls were observed 
using scanning and transmission electron microscopy, as a result of toxicity of 
Ag-NPs. At high concentration (1 mg/L) of Ag-NPs, the efficiency of growth inhibi-
tion was 98.7% for it (Duong et al. 2016). In addition to this, comparison of Ag-NPs 
and ionic silver in Synechococcus leopoliensis revealed that only ionic silver showed 
negative effects on viability, thereby indicating its higher toxicity (Taylor et al. 2016).

10.10.5  Effect on Algae and Microalgae

Algae play a crucial role in functioning of water ecosystem due to its contribution 
in global biomass productivity. Approximately, there are 1500 genera and 17,400 
species of algae. They are also called as primary producers in aquatic system food 
chain. The biological activity of aquatic system is dependent upon it as they act as 
the source of carbon and energy (chemical) for other organisms. They are particu-
larly sensitive to a wide range of pollutants, which can cause alteration in their spe-
cies composition and densities and may break the balance of the whole ecosystem. 
Due to this reason, algae can be used as model organisms in ecotoxicological stud-
ies (USEPA UEPA 1996; OECD 1984). Studies on NPs evaluating their impact on 
protozoa, algae, and bacteria revealed that CuO-NP and ZnO-NPs have highest tox-
icity, and algae was found to be the most sensitive organism (Aruoja et al. 2015). It 
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has also been reported that different algal species showed varied levels of toxicity 
due to ZnO-NPs indicating that toxic effect of nanoparticle is species dependent. 
For instance, Phaeodactylum tricornutum (a less silicified marine diatom) was 
found to be less sensitive in contrast to Thalassiosira pseudonana (more silicified 
diatom) to ZnO-NPs (Peng et al. 2011). In addition to it, ZnO-NP toxicity is also 
dependent upon size, shape, and production of ROS, that is, physicochemical prop-
erties (Peng et al. 2011; Wong et al. 2010). Study on T. pseudonana revealed that 
dissolved zinc ions released from ZnO-NPs also have been demonstrated as the 
reason of toxicity in spite of NPs themselves. Miller et al. in their study on marine 
algae T. pseudonana, Skeletonema marinoi, Dunaliella tertiolecta, and Isochrysis 
galbana have demonstrated the effects of free zinc ions coupled with NPs (Miller 
et al. 2010). Studies on the effect of Ag-NPs and ionic silver on biofilms dominated 
by Diatomophyceae, Chlorophyceae, and Cyanophyceae revealed that these NPs 
modified the structure of biofilm with decline in biomass and chlorophyll concen-
tration. Dash and his co-workers also reported the decrease in chlorophyll content 
after the exposure of Ag-NPs in Pithophora oedogonia and Chara vulgaris (Das 
et al. 2012). Both Ag and AgNO3-NPs decrease the photosynthetic yield and alter 
the cell morphology in E. gracilis, a green algae without any cell wall (Li et al. 
2015). In addition to the effect on photosynthetic activity, Ag-NPs can also affect 
metabolic activity and photosynthetic gene expression levels (He et  al. 2012). 
Ag-NPs were found to affect diatom S. costatum because of ROS formation and 
photosynthesis inhibition (Huang et  al. 2016). These NPs (both Ag NPs and Ag 
ions) result into decrease of photochemical capacity.

10.10.6  Effect on Other Marine Organisms

NPs like ZnO-NPs and Ag-NPs can affect numerous other marine organisms, which 
include mollusks, crustaceans, and fish. Benthic invertebrates (filter feeders and 
suspension feeders) have a high risk of exposure to NPs, which aggregate and 
deposit on surface of seawater (Keller et al. 2010). Study on exposure of ZnO-NPs 
(1–10 mg L−1) for 4 days to a coastal marine mussel Mytilus galloprovincialis have 
reported the accumulation of zinc and pseudofeces containing zinc (biotransformed 
ZnO-NPs), which was further consumed by other marine benthic suspension feed-
ers (clams), deposit feeders (polychaete worms, amphipods), and grazers (sea 
urchins). In this way, biotransformed NPs could affect their fate and transport in the 
marine ecosystem (Montes et al. 2012).

Filter feeders, such as copepod, amphipods, and brine shrimp (small crusta-
ceans), were more susceptible to many pollutants compared with other pelagic 
marine animals. Depending upon the physicochemical nature of the NPs, such as 
size, dissolution, and aggregation, exposure of zooplanktons to NPs especially 
(ZnO-NPs) has been associated with numerous harmful effects. For instance, higher 
toxicity was observed with smaller primary particle size of ZnO-NPs than those 
with a large particle size in brine shrimp Artemia salina (Ates et al. 2013). Effects 
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of NPs on marine crustaceans are also species dependent. Brine shrimps seems to 
be less sensitive to ZnO-NPs than copepods and amphipods (Fabrega et al. 2012; 
Larner et al. 2012).

Through ingestion, gut epithelial cells, or via gill, are the major routes of NP 
uptake by the fish. Toxicity of NPs in freshwater fish was well documented in com-
parison to marine. In zebrafish adults, different adverse effects of ZnO-NPs toxicity 
have been observed such as hatching rate of embryos, malformation of larvae, and 
inhibition of antioxidant activity (Zhu et al. 2009; Xiong et al. 2011).

10.11  Future Recommendations

NPs have become an unavoidable part of our daily life, especially in the last few 
years. Due to its widespread applications, it can be found in all the sectors related to 
routine life such as cosmetic, pharma, clothing, food industry, and many more. In 
this chapter, ecotoxicological effect of NPs with respect to its physiochemical prop-
erties has been elaborated. It is recommended that properties of NPs such as com-
position, size, shape, charge, and aggregation should be taken in consideration in 
order to optimize the specific characteristic product for application. In addition to 
this, environmental factors affecting the properties of NPs should also be taken into 
account, which can enhance the toxicity of NPs in the aquatic system and in future 
can also affect human beings through food chain.

 Questions

 1. What type of nanoparticles are 100 times stronger than steel and can be used for 
the structural reinforcement?

 A. Carbon-based nanoparticles.
 B. Semiconductor nanoparticles.
 C. Ceramic nanoparticles.
 D. None of the above.

 2. How elevated temperature affects the aggregation property in relevance to toxic-
ity of nanoparticles?

 3. How does size and surface area affect the toxicity of nanoparticles?
 4. What are the different categories of environmental applications of nanoparticles?
 5. What are the different sources of nanoparticles release into the environment?
 6. What is transformation of nanoparticles? What are the different forms of 

nanoparticle transformation occurring in natural systems?
 7. What are the ecotoxicological effects of NPs on phytoplankton, which are the 

primary producers of aquatic food web.
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 Answers

 1. (A) Carbon-based nanoparticles
 2. With increase in temperature, smaller aggregates will be formed, which further 

increases toxicity of nanoparticles.
 3. Size affects the toxicity of NPs as it leads to change in surface area. As the size 

of the material decreases, the surface area increases exponentially, which 
enhances the reactivity of nanoparticle surface. For example, with decrease in 
size of copper nanoparticles, the oral toxicity also increases.

 4. Three categories:

 A. Environmentally benign and/or sustainable products (e.g., green chemistry 
or pollution prevention).

 B. Remediation of materials contaminated with hazardous substances.
 C. Sensors for environmental agents.

 5. There are three main sources, which include: incidental, engineered, and natu-
rally released nanoparticles.

 6. The process of converting the nanoparticles into different reactive forms has 
potential impacts on their behavior, and effects in the environment are called as 
transformation of nanoparticles. The chemical, physical, and biological were 
different forms of nanoparticle transformation occurring in natural systems.

 7. NPs affect the phytoplankton in numerous ways, such as the growth rate of phy-
toplankton gets suppressed by NPs. They also decline the equilibrium densities 
of phytoplankton as well as zooplankton, as the contact with NPs and phyto-
plankton increases. Photosynthetic efficiency of them was also reduced by the 
toxicity of NPs.
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Chapter 11
Risk Governance Policies for Sustainable 
Use of Nanomaterials

Pooja Chauhan, Priyanka Sharma, Savita Chaudhary, and Rajeev Kumar

Abstract The innovational research in the field of nanotechnology is aimed to 
support and transform every sphere of human lifestyle. However, the environmental 
impact of engineered nanomaterials remains the topic of debate among researchers. 
Nano-components, more specifically nanoparticles, may have produced adverse 
effects on flora and fauna if accidently or deliberately released into the environment. 
Till date, there are no specific regulatory policies for the safe use of nanomaterials 
as they are considered under the broad categories of hazardous chemicals and reac-
tive wastes. The regulations of nanomaterials cannot be similar to the bulk materials 
due to the huge gap in their properties. The rules should be based upon the scientific 
understanding of the nanomaterials. With the ongoing globalization of nanomateri-
als, international coordination, and harmonization, there is an urgent need for mak-
ing the sound regulatory approaches for the safer use of nanomaterials. This chapter 
reviews and outlines the risk associated with nanomaterials, current regulatory 
approaches, and efforts in developing the sustainable nanotechnology.

Keywords Nanomaterials · Nanotoxicity · Reusability of nanomaterials ·  
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11.1  Introduction

Structures or particles in the size range between 1 and 100 nanometers (nm) are 
referred as nanostructures or nanoparticles. The term is sometimes used for larger 
particles, that is, up to 500 nm (Adams and Barbante 2013). Based upon their origin, 
the nanostructures can be divided into three major groups: natural, incidental, and 
engineered. Natural nanomaterials are the results of various (bio)geochemical or 
mechanical processes occurring in the nature (Baker et al. 2017b). The incidental 
nanomaterials are nanomaterials produced unintentionally under direct or indirect 
influence of anthropogenic processes (Sharma et al. 2020). The engineered nanoma-
terials are nanostructures designed and produced by humans for their benefits in 
different areas. However, on the basis of their sale as regulated commercial prod-
ucts, the nanoscale materials have been classified into four main groups (Chaudhary 
et al. 2015). The first and biggest group of nanoscale material contains the applica-
tion of metal oxide (oxides of cerium, iron, zirconium, and zinc), semiconducting 
nanomaterials as a chemical polishing agent, sunscreens, and cosmetics agents 
(Zhang et al. 2018). Another group consists of nanoclays, which are naturally occur-
ring particles in the environment. Nanoclays are naturally occurring claylike parti-
cles, which have the tendency to augment the harness, strength, heat resistance, and 
flame-resistant properties to material (Esmaeili et al. 2020). The different types of 
nanomaterials have further been used for the manufacturing of paper cartons, plastic 
bottles, and tennis balls (Sharma et al. 2018). The third category of particles consists 
of nanotubes that are fundamentally used to reduce the static electricity level in hard 
disk handling trays and fuel lines (Jagusiak et al. 2021). They are mainly utilized in 
industrial sector especially in field emitter sources, flame reduction fillers, and car 
electrostatically paintable machineries. The last and fourth group has comprised 
quantum dots and has widely been applied in the medical therapeutic and diagnostic 
sector (Solaimani 2020).

Nano“risk”ology: Issues in Nanotechnology Including Environmental 
Health Safety
The potential usages and benefits offered by nanomaterials to humans in the area of 
medical diagnostics, pollution monitoring (Chaudhary et  al. 2016), remediation 
(Chaudhary et al. 2017), and energy solution cannot be replaced by any other tech-
nology. However, the toxicity imparted by the nanoparticles to the environment 
cannot be ignored by the researchers. Table 11.1 explains influential impact of dif-
ferent types of nanomaterials on environmental species.

Being the most integral part of our survival, the safety of environment is the top 
most priorities of researchers (Kumar et al. 2020a, b).

The above brief table is enough to sketch the risks related to nanotechnology, that 
is, nano-riskology. The need of risk governance is the only way of dealing with the 
toxic impact of nanoparticles. The main aim of the chapter is to understand the 
associated risks and to find the answer to “What we want from nanotechnology and 
what are we getting?”
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Table 11.1 Nanomaterials with their intended use and expected exposure to the environment

S. 
no. Nanomaterial

Intended 
application

Chances of exposure 
to the environment

Toxicity profile 
(toxic to) References

1. TiO2 Supercapacitor Through leaching 
from dumping yards 
after disposal

Algae, aquatic 
animals, plants

Wu et al. 
(2014)

2. ZnO Industrial level Through industrial 
waste effluent and 
water contamination

Environmental 
species

Buerki- 
Thurnherr 
et al. (2012)

3. CdSe Semiconductor Through water 
streams

Cells, tissue 
culture stem cells

Wang et al. 
(2008)

4. CuO Semiconductor Through metallurgy 
industries

Aquatic 
organisms

Rohilla et al. 
(2020)

5. CdS Mineral Through incineration 
of municipal waste

Bacterial species Hussain et al. 
(2013)

Goal Setting

Policy Development

Policy Adoption

Policy Implementation

Evaluation

Re
vi

si
on

Focuses on a problem or issue.

Policy makers in the legislature prepare a set of objectives and
actions to be taken.

A set of rules and legislation adopted by policy makers. 

Government implement the policies in writing guidance documents
and by providinggrant –in-aid to respective governing bodies.
Policy analysis through internal or external audits  to check the 
effectiveness or success of the policy. If required revisions may be 
carried out for furtherance.

Fig. 11.1 An overview of governance working on policy-making

Risk Governance
Risk governance here refers to the application of the governing approach to tackle 
the issues of risks associated with the excessive release of nanomaterials in the envi-
ronment. In particular, the governance works in portions, that is, firstly, the risk 
governance recognizes that decisions about issues of risks are not perspectives of 
the group of people rather those are scientifically evident facts (Stone et al. 2018). 
After the validation and assessment of the risks, the preventive or safety frameworks 
are designed (Fig. 11.1). The designing of the framework mainly involved the sci-
entific, aesthetic, and administrative factors. In addition, all the financial feasibility 
aspects need to be taken care for the proper management of environmental impact 
of hazardous materials. Despite of it, developing a framework for nanotechnology 
has many implications; for instance, the dealing governance must be anticipatory 
and flexible as risks are inconclusive, whereas the threats to the environment and the 
human health have also not been taken jokily.
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11.2  Key Requirements for Sustainable Use 
of Nanomaterials

“Sustainable development” refers to the production and consumption of goods and 
resources in a manner that the needs of the current generations can be satisfied with-
out compromising, limiting, or threatening the needs and environmental conditions 
of future generations (Bardos et al. 2016). For nanotechnology, a wealth of applica-
tions has been proposed. For instance, nanotechnology enables the manufacturing 
process with lesser energy consumption and waste generations, thus saving the 
expenditure on carbon trading (Chauhan et  al. 2020). Nanotechnology is not 
restricted to the production of nanoparticles but can also be a decisive step of com-
plex productions (Bhatio 2016). Such ways lead to the macro productions of prod-
ucts. For instance, the potential application of nano-based catalysts in the sector of 
energy production is well documented in literature. On a bigger approach, certain 
converging technologies involve the macro-production and result in “meta- 
technologies” such as computing and biochemical analytics (Fig. 11.2). The inter-
dependence of these technologies with each other has shown that attributing 
sustainability to any associated technology is very tricky due to the entangled net-
work of production protocols (Chakraborty et al. 2019).

• Synthesis of pure nanomaterials 
such as nanoparticles, C-dots, 
nanorods etc. 

Pure Nanotechnology

Macro Productions

Meta Productions

Societal Framework 

• Nanocatalysts in energy producion.
• Nano-chips in computers and electronics.

• Bio-chemical analyses.
• Advanced computing.

Fig. 11.2 Illustration of interdependence among production processes and societal network
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11.3  Nanotechnology: Policy Implications

David Rejeski (Woodrow Wilson International Center for Scholars) said that 
nanotechnology is considered as the safer approach for consumer products (Vance 
et  al. 2015). Before the development of nanotechnology in earlier era, various 
governmental regulatory frameworks were present to analyze the specific and 
unique properties of material. Rejeski mentions (Rejeski and Lekas 2008) that the 
population around the world does not always convict the laws and regulations 
implemented by government for the fortification of human health and environmental 
surrounding (Baun et al. 2010). Impacts and advantages of nanotechnology are not 
restricted to one area; it is related to various areas for risk prevention in genetically 
modified sectors. From the last few years, various nano-products have been entering 
into the market for commercialization (Lo et  al. 2012). He also proposed that 
development of nanotechnology depends upon four plausible scenarios, which 
would provide meaning to the nanotechnology in terms of liability and asset (Kuang 
et  al. 2020). The possible scenarios include: “tipping scales,” “nano Bhopal,” 
“Hollywood wins,” and “old Europe.”

According to “tipping scales” and “nano Bhopal,” the field of nanotechnology is 
considered as the search for novelty. If new properties and performances can be 
obtained from the already existing chemical substances, then we should be careful 
while using old knowledge for future emergence (Michelson 2008). While making 
policies, it is mandatory to understand that nanotechnology is not confined to the 
industries, and it is applicable at global level for conventional methodology (Soltani 
and Pouypouy 2019). In 1984, Bhopal chemical plant disaster happens in India to 
provide global press coverage and public backlash against nanotechnology (Peterson 
2009). Small companies had received large orders to fulfill the availability of differ-
ent products. During the relative processes, different mistakes and negative impacts 
would arise in terms of public perception. One way to protect respective methodol-
ogy is to encourage the utilization of nanotechnology at translational corporation 
level (Baker et al. 2017a). Rejeski said that public reviews of nanotechnology could 
be variable because they have not fully esteemed their coverage (Rejeski and 
Lekas 2008).

According to “Hollywood wins,” the policy implantation teams should understand 
the fact that society receives different messages and results from most common 
ways such as books, games, and films. Mad scientists have been considered as the 
major object of movie fiction, and nanotechnology helps in understanding science 
fictions in a better way. In Hollywood, many films (Agent Cody Banks and 
Spiderman II) and games (PlayStation 2) have been produced on the basis of nano-
technology. The produced things have suggested that the nanotechnology can bite 
back while integrated into our lives.

According to “old Europe,” Rejeski said European environmental NGOs and 
different activists have tried to utilize the new technological assessment better than 
American counterparts (Rejeski and Lekas 2008). He also stated that European 
Union has manufactured and tuned many preventive principles over the years. The 
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respective models have provided a message to the society to “learn and act.” 
Meanwhile, the United States follows the rule of “act and then learn” in terms of the 
usage of new technologies for the betterment of the nation. In European countries, 
Union and Commission have already established various kinds of technology 
assessment analytical system at different places. In 1995, US congress had eradi-
cated Office Technology Assessment (OTA) for checking the perceptive view of 
nanotechnology. According to Rejeski, OTA had played a significant characteristic 
while evaluating the risk factors associated with nanotechnology. Therefore, it 
should not be removed out from the system (Davies 2008). In the end, the developed 
policies should provide voluntary agreements for the development and usage of 
nanotechnology in a better way. It is very important to start this process today not 
two years from now, said Rejeski (Rejeski and Lekas 2008).

11.4  Risk Assessment

The “sustainable potential” of nanotechnology needs to be explored thoroughly for 
its future applications and implications (Falkner et al. 2012). In general, the applica-
tions and implications of safer use of nanomaterials are made on the basis of three 
principles of sustainability: that is, economy, society, and the environment or infor-
mally called profit, people, and planet (Hristozov et al. 2016). But the concept of 
“sustainability potential” about nanoparticles has found to be inadequate in current 
state through information about the effect of external conditions over the safer use 
of nanoparticles, which is not well document in literature. Therefore, such projec-
tions are usually beneficial in various ideological purposes and safer use of nanoma-
terials (Gajewick et al. 2012; Trybula and Newberry 2014).

Many scientific methods have been developed to estimate the sustainability of 
nanomaterials (Dixit et al. 2018). These methods mainly focus on understanding of 
the environmental and the societal and economic dimensions of chosen particles. 
The common risk assessment methods for safer use of nanomaterials have been 
discussed below:

11.4.1  Life Cycle Analysis (LCA)

Life cycle assessment or life cycle analysis is one of the most common methods to 
assess the overall environmental impacts associated with nanomaterials, from its 
formation to use and its effect after disposal (Senan-Salinas et al. 2020). This assess-
ment is also known as “cradle-to-grave” approach in risk management. LCA has 
mainly comprised of a set of ISO standards parameters. LCA, unlikely other meth-
ods, has offered the longer-term assessment and can be used for assessing existing 
and expected developments in nanotechnology (Visentin et al. 2021). According to 
literature, Lloyd et  al. examined the features of nanoscale particles of platinum- 
group metal in the field of automotive catalysts (Fleischer and Grunwald 2008). 
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Their results displayed the reduction in the metal loading capacity in automotive 
catalysts. The outcomes have supported the environmental eminence with the dis-
posal of harmful toxins. However, the energy consumptions and excessive usage of 
sustainable resources have been enhanced with the application of nanoparticles. 
Further, Osterwalder et al. utilized improved LCA approach for the comparison of 
energy production with the nanoparticles (Fleischer and Grunwald 2008).

The major limitation of LCA is the applicability of chosen methods to the 
selected technologies. It basically deals with the transformation of a prevailing tech-
nique into the advanced and innovative method through equivalent substitutions 
(Rashid and Liu 2020), which has further restricted its wide spread usage to all the 
methods. In addition, this method of analysis has only been applied to existing com-
mercial products (Atia et al. 2020). Up to now, only scientifically recognized and 
adapted products have been taken up for the environmental assessment under LCA 
analysis. It also permits conversion of sustainable requirements into technical rou-
tine feature for the “relative sustainable evaluation.” The respective substitution 
approach exists in the tradition of efficiency strategies as an analytical classic 
(Fleischer and Grunwald 2008). It is majorly employed for the research and devel-
opment field where existing techniques can be modified in terms of application 
framework to support the decrement of ecological technologies (Xiong et al. 2020). 
The LCA recognize the ecological blockage of prevailing items and provide evi-
dences with the objectives of technological innovation. The comprehensive LCAs 
for nanomaterials would be useless until the complete information about the envi-
ronmental impact has not been provided for all the existing materials in nanometric 
range (Hosseinzadeh-Bandbafah et al. 2020).

In addition, life cycle impact assessment (LCIA) is the most crucial step of LCA 
because it handles large database extracted from inventory analysis. Thus, the 
choice of an appropriate inventory is very important for getting through information 
about the LCA (Yao et al. 2020). LCIA’s main role is to estimate and understand the 
magnitude and significance of the environmental impact of the understudy product 
or services during the entire course of life cycle of advanced nanomaterials 
(Salehpour et al. 2020). The results are obtained into understandable impact indica-
tors such as climate change, ozone depletion, eutrophication, acidification, human 
toxicity (cancer and noncancer related), respiratory inorganics, ionizing radiation, 
ecotoxicity, photochemical ozone formation, land use, and resource depletion 
(Hossain et al. 2020). The emissions and resources are assigned to each of these 
impact categories, which are then converted into indicators using impact assessment 
models (Recipe, USEtox, Traci, Caltox, etc.).

11.4.2  Future Technology Analyses (FTA)

For the sustainable development of nanotechnology, it is not appropriate to collect 
information only about the capabilities, threats, and promises. In literature, eco- 
assessment method especially LCA has been reported in comprehensive way for the 
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certainty and accessibility of data for developing nanotechnology (Fleischer and 
Grunwald 2008). Various ideas have been recommended for safer utilization of 
nanotechnology. In order to simplify the respective entitlements about the safe use 
of nanomaterials, it becomes a rational way to calculate the intellectual and admin-
istrative process for permitting the different ranges of procedures and strategies for 
the betterment of nanotechnologies through sustainable valuation (Krajnik et  al. 
2016). The major task associated with these objectives is to provide much clean and 
transparent scheme to design biocompatible range of nanomaterials with minimum 
impact over environment (Kamali et  al. 2019). In order to discriminate among 
assumptions for sustainable effect of nanoworld, the possible solutions with benefi-
cial probability and emergence of possible future situations through organized fore-
sight methodologies with better control over the growth and expansion of advanced 
materials in real world have been discussed in detail (Lu and Ozcan 2015). From the 
future point of view, it is essential to understand the philosophy of knowledge for 
nanomaterials. According to this, properties and assumptions of the different poten-
tial and menace of nanoworld should be analyzed to validate the sustainable devel-
opment. The sustainable development of nanotechnology for the future projection 
necessitates two major facts such as evaluate the valid future estimations for sus-
tainable development and accomplish the aptitude and pressures of nanotechnology 
applications in terms of sustainability (Nazarko 2017). The philosophy of knowl-
edge for the sustainable development of nanotechnology depends upon three basic 
criteria action-guiding knowledge, explanatory knowledge, and orientation knowl-
edge. Therefore, formatting the patterns of nanotechnology in terms of sustainable 
development has further led the enhancement in the basic knowledge through 
decision- making in synthetic methodologies. Further, to provision the process of 
decision-making sustainable influential behavior for the usage, construction and 
removal effects of nanotechnology should be provided for safe use (Eyo et al. 2020).

11.4.3  Nanotechnology Assessment

11.4.3.1  Technology Assessment

The technology assessment (TA) has basically provided the information and 
alignment for the policy-making about the chosen technology and its employment 
for developing better civilization. It improves the society, political, and diffusion 
possibility for future technology (Buckley et al. 2017). It can be carried out via the 
combination of research with supplying evidences for decision-making about the 
safe use of technology and promoting social communication. It majorly involves 
shaping and finishing of technology in terms of social context such as funding of 
public methodologies, their diffusion, and regulatory matters (Millard et al. 2019). 
It has also been classified in the field of nanotechnology as it provides the  
information about the associated risk and their side effects on living beings. 
Secondly, it has provided the strategized procedure for the evaluation of benefits of 
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nano- technological outcomes. From the last few decades, TA has provided informa-
tion about the safe usage of different technologies (Oomen et al. 2018). Different 
trials have been performed for the fabrication of sustainable and innovative methods 
of nanotechnology under TA methods. The most recent and developed examples are 
constructive technology assessment (CTA) and real-time technology assessment 
(RTTA), which have been implemented throughout the European countries for sus-
tainable development of nanotechnology (Fleischer and Grunwald 2008; Sia 2017).

11.4.3.2  Technology Assessment for Sustainable Use of Nanotechnology: 
Task and Challenges

Different challenges are associated with nanotechnology during sustainable 
development such as application or progress of nanotechnology for the sustainable 
product, which can be organized or not has been assessed in a comparative manner 
under TA.  The formatting of procedural methods for the safer use of nano-
technological application for the development of sustainable nation has to be 
developed under TA. Why does the potential of formatting nanoworld in R & D 
according to technology evaluation has to be checked in proper manner? Before 
finding out the answers of the respective questions for future benefits, it is mandatory 
to understand the task and challenges associated with these goals of sustainable 
development (Ridsdale and Noble 2016; Sanchez et al. 2011).

11.4.3.3  Co-Evaluation of Technology, Society, and Their 
Inseparability Issue

It is mandatory to understand the sustainability of particles for assessing the 
production and usage of nanotechnology in effective manner. The development in 
nanofield is decided on the basis of societal benefits and their impact on environment 
(Helland and Kastenholz 2008). It has been observed that the nanotechnology will 
not be helpful in the social development. Their intention for the coevolution of tech-
nology for societal benefits is not thoroughly investigated till date. Further, there 
should be specific methodologies for better understanding of the mutual prompting 
factors for society in reference to nanomaterials. During sustainable development 
for nanotechnology, prolonged societal aspects need to be established for the safe 
usage (Purohit et al. 2017). The effect of sustainable assessment for the technologi-
cal purpose can be investigated through structures, technique, resources, and emis-
sive performance of chosen particles during their safe utilization in technological 
applications. The contribution of social development and nanoworld depends upon 
the technologies and societal mechanism (Corsi et al. 2018). The possible ability of 
nanotechnology with systematic approach leads to sustainable development along 
with modification in values, custom, and structures of chosen materials. In addition, 
the sustainable development of nanotechnology has mainly based upon two factors, 
that is, improving technology in terms of sustainability standards and social 
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personification of technology for maintaining relationship between environments 
(Ittipanuvat et al. 2014). The distribution and economics of nanotechnology depends 
upon the political background of state and social surroundings. Therefore, the major 
task is to recognize the contribution credited by nanotechnology in terms of new 
energies and facts and provided their comprehensive scenario for road mapping 
(Kamarulzaman et al. 2020).

11.4.3.4  Life Cycle Issue and Prediction Changes

The sustainable development in terms of exaggerating the nanotechnology should 
require a clear discrepancy among more or less sustainable technology. The preven-
tive methodology for nanoworld has needed a complete and transparent life cycle of 
technological system (Durante et al. 2015). The life cycle has included the detailed 
information about the progressive integration and balancing of all the sustainable 
possessions of chosen nanomaterials. During the contribution of LCA toward shap-
ing of nanotechnology, it should consider various parameters such as environmental 
consequences, new technologies, political and economic framework, development 
lifestyles, health benefits, market analysis, and sustainable assessment of particles 
for performing reliable life cycle (Bauer et al. 2008). The use of nano titanium diox-
ide in SPF sunscreens is considered as the primary example of nanotechnology 
around the world market to replace the toxic organic constituents. The accumulation 
of nanoparticles on food chain has to be investigated out for preserving human 
health and ecosystem. The measurement of the development probability parameters 
for the predictive knowledge of nanoparticles in atmosphere has been discussed in 
detail. The quantitative usage of sunscreen for human benefits is considered as the 
foremost part for discussing the safe use of nanomaterials (Ma et al. 2020). The 
augmented utilization of LCA is considered as the most important implemented 
factor for long usage of strategically employed processes (Oliveira et al. 2017). The 
prepared hybrid methodology has been further utilized for exploring various tech-
nologies under greener approach program for eco-potential and developed products 
in terms of nanotechnology (Stucki and Woerter 2019).

11.4.3.5  Integration Issue and Incommensurability Problem

The different aspects of sustainable usage of advanced nanomaterials should be 
measured and modified as per the reference of their environmental effect. The minor 
issue has arisen due to the heterogenous and scattered knowledge about the method-
ology involving the formation of single and unique sustainable program for devel-
oping the “master sustainability indicator” for nanotechnology. Till date, the 
insufficient and invariant knowledge has restricted their wide spread exploration in 
health, water sanitation, and environmental remediation applications (Younis et al. 
2018). The different programs and policies of sustainable development for  
nanotechnology have not yet organized into single analyses, which involve the 
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sustainability index. The formed program has caused many barriers in the quantita-
tive utilization of sustainable valuation (Subramanian et al. 2014). In that case, all 
the experimentation and results should be carried out in qualitative manner. One 
other issue arises due to heterogenous sustainability program and causes conflicting 
and inconsistent outcomes in the area of nanotechnology. The sustainable indicators 
have both positive and negative contribution in different fields on the feature of their 
application in terms of technology (Rossi et  al. 2014). For example, sustainable 
nanotechnology in the field of science especially in chemistry results into positive 
influence due to their ecological and green innovation and found very competitive 
as compared to other methodology (Nabipour and Hu 2020). During the green pro-
cedure, the complete replacement of tedious technologies involving the usage of 
hazardous chemical and solvents has been done for saving ecological factors. The 
less usage of hazardous and polluted solvents all over the country has further affect 
the market price of old products and protect the environment (Part et al. 2015). The 
developed means have suggested that the sustainable technology has provided a 
comprehensive way to understand their explicit and undesired results.

11.4.3.6  Reflexive Sustainability Assessment for Nanotechnology

The incomplete knowledge about the developed nanomaterials has possessed 
several challenges for providing sustainable valuation about nanotechnological 
providences. Out of different challenges, many methods are completely known for 
the future technical assessment. The complexity of developed schemes gets 
enhanced in the presence of TA.  The uncertain nature, insufficient evaluation, 
undiscovered challenges, and noncomprehensive ideas about nanoparticles have 
further possessed hindrance to understand their behavior to large extent. TA is 
considered as most basic assessment, and its different perspective should be 
augmented to meet the raised challenges (Bystrzejewska-Piotrowska et al. 2009). 
To maintain the future sustainable goals and discipline programs for assessing 
various points should be keep in mind for developing technologies. The manner of 
anticipation program in terms of nanotechnology for improving sustainable 
development according R & D performa has been thoroughly investigated for each 
type of nanomaterials. The roadmaps and line scheme for application purpose 
should be analyzed properly and optimized different indicator system for predictive 
sustainable assessment development of nano-programs. The life cycle assessment 
(LCA) program should be enhanced for increasing the prospective knowledge and 
substitute the past traditional methodologies in reference to the developed nano 
schemes along with exploring their side effects (Salieri et al. 2018). The development 
of different national and international programs for the safe usage of nanotechnology 
in industrial sector by incorporating greener approach at different sources resolves 
the associated conflicts (Khataee et  al. 2020). Further, it intricates the problem 
arising during sustainable assessment in terms of limits of availability and shaping 
their requirement under prescribed conditions. The nanotechnology development in 
terms of sustainable development would be purposeful only when all the ambiguities, 
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rawness, and knowledge hitched would be tackled carefully. Therefore, careful 
measurement and analysis should be performed to measure the implemented 
program for normative, empirical, theoretical, and political monitoring of 
nanotechnology (Oke et al. 2017).

11.4.4  International and National Scenario

The nanotechnology safety programs have emerged out as a special assessment 
program during the last many years for the sustainable usage of particles. The 
amendments in these programs in reference to systematic and appropriate analysis 
of contributing factors need to be explored more for the betterment of society 
(Hansen and Baun 2012). Various drawbacks such as different qualms, reservations, 
and knowledge gap results from nanotechnology for environmental surroundings 
and human health need to be explored in an excessive manner. In the United States, 
multiagency governance has been appointed at different levels such as nanoscale 
science engineering, technology subcommittee, and practices for overcoming the 
knowledge gaps. The Nanotechnology Research and Development Act (2003) has 
been introduced for the safe usage of nanoparticles. It works at different level such 
as food, drugs, health, and R & D sectors. In the United Kingdom, Nanotechnology 
Issue Dialogue Group works for coordinating society, environment, health hazards, 
rural and urban affairs, food safety, and minerals (Karjalainen et al. 2017). It deals 
with the safe handling of nanomaterials. In Japan, no particular committees and 
technical policies are present for chemical screening and law regulations. In China, 
National Steering Committee for Nanoscience and Nanotechnology works for edu-
cation and science programs.

Indian Scenario
Nanotechnology is considered as the most rapidly growing technology in India. In 
2007, government of India had established a project on Nano Science and 
Technology. It is considered as the most promising and enhanced project of Nano 
Science and Technology Initiative (NSTI). These sectors have identified the nano 
success mission in different sectors. The Union Cabinet has also encouraged the 
role of nano mission in Phase II (12th plan period) with allotment of Rs. 650 crores. 
The Department of Science and Technology, India, is considered as the most appro-
priate platform for applying projects under nano mission scheme for getting highest 
rate of public funding (Kumar et al. 2020a, b). While keeping the data for the entire 
risk assessment governance program, India has come a developing nation in the 
field of nanotechnology. From the 1980s, the policies of science and technology 
have started their main focus on the application part of research work in higher 
fields. Various programs such as five-year plans (1980–1985) and intensification of 
Research in High Priority Areas (IRHPA) program were established to qualify and 
demonstrate the scientific research and their ability for technological expansion. 
The success in respective program was obtained through the development of 
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scientific proficiency, technical programs, and interdisciplinary programs (Nawale 
et al. 2021).

11.5  Risk Treatment

In general, nanoparticles should be prepared with high biocompatibility and are 
nontoxic for the environmental surrounding. Simultaneously, particles can be recov-
ered easily and could be utilized again at a greater extent. Further, advanced techno-
logical systems should be used, which can deduct the usage of nanoparticles, 
increase productivity of materials, and release less waste by-products. In industrial 
sectors, various effluents have been released in the atmosphere, which is highly 
toxic to the aquatic flora and fauna species (Iavicoli et al. 2017). Those effluents 
should be treated before releasing in the system by including environmentally via-
ble manner without affecting the operating behavior of atmosphere. Additionally, 
during photocatalysis activity, the catalyst and nanomaterials are released at a higher 
risk after the completion of reaction. The contaminated sites should be tackled care-
fully to avoid the toxic impact of advanced nanomaterials (Jayanthi et al. 2012).

11.5.1  Involvement of Social, Economic, 
and Biophysical Factors

It is mandatory to evaluate the social, economic, and biophysical impact of developed 
nanotechnology for the sustainable development. At social level, it is essential to 
investigate whether the imposing nanotechnology would not go to harm any 
environmental species (human, plants, and aquatic animal). Secondly, in the 
developed nation, it is urgent to calculate the economic cost of the nanomaterial 
(Hegde et al. 2016). Finally, biophysical factor should be inspected out whether the 
developed system is biologically or physically affecting the ecosystem or not. The 
amalgamation of development and environmental goals must be followed by “a 
triple bottom- line” approach (TBL). It includes splitting of sustainable remediation 
(SR) into components in accordance to the government and industrial strategies and 
their different practice tools.

11.5.2  Guidance on How to Use and Deal

The amendment of different trademark is very important in the primary phase of 
remediation process. In terms of future use and remedial solution to endorse sus-
tainability, it is primary important to develop the methodologies for producing safer 
particles (Chaudhary et al. 2018). A clear approach for addressing the trademarks 
and tradeoffs along with their explicit examination would be required. It will provide 
the outline and steps involve during the procedure of nanomaterial development and 
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their utilization for sustainable nature. The term “risk treatment” can be cured 
majorly during the respective step. If the message of less utilization of nanomaterials, 
their side effects, and effluent property gets introduced during the usage, then the 
society will use the material in safer way (Musee 2011).

11.5.3  Consider Future Cycle for the Remediation

The remediation events basically reduced the impact of different kinds of toxins and 
re-established the ecological functions for meeting community needs (Nowack 
2017). All the resources, experimentation, and activities should be performed via 
keeping in mind that they should preserve the quality and quantity of future cycles 
or products for the future generation in terms of sustainable remediation. The reme-
dial design should be known to answer the questions such as how the lands will be 
utilized after meeting continuous industrial effluents and after post remediation 
planning (Chaudhary et al. 2019). It is our foremost duty to preserve all the resources 
for future cycle so that they can also enjoy the natural environmental processes in 
similar way as we are enjoying.

11.5.4  Participation and Contribution to the Assurance

For preserving the natural resources and cycles for future, it is highly mandatory to 
participate and contribute toward the different safety data sheets issued by the gov-
ernment. It would provide meaningful information about the risk treatment, resource 
conservation, and side effects of nanotechnology. The active involvement and col-
laboration of society in designing and decision-making for different activities takes 
place for sustainable remediation (Kanagaraj et al. 2015). It is considered as the 
meaningful engagement to evaluate and substantiate the potential benefits for better 
land management decisions. The good amount of participation would provide new 
effects to the remediation projects. Additionally, it gives a new and innovation ideas 
for the remediation options, new sense of ownership, and commitment along with 
new end strategies.

11.6  Preparation of Nanomaterial Safety Data Sheets

Safety Data Sheets (SDS) have been considered as the important platform for 
analyzing the safer use of various types of chemical components. It provides the 
knowledge of hazardous substances and different guidelines for their safe use in 
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supply chain in trained manner. It basically deals with the ecoliability (both plants 
and animals) and toxicity evaluation of material. It is highly beneficial for the 
workers, employers, professionals, vendors, companies, and producers (Karim 
2020). So, it is very much necessary to develop high standards. SDS analog for the 
safer, ecolabeling, and responsible usage of nanomaterials all around the world is 
one of the prime measures to deal the associated risk of new technologies. In nano 
world, SDS will provide accurate, reliable, current, and toxicity profiling information 
about nanomaterials to fulfil the gaps arise during the development. It should follow 
“TOP Procedure Principle,” where T, O, and P stands for technical, organizational, 
and personal protective measures.

11.6.1  Perilous Evaluation of SDS for Nanomaterials

In Australia, a national policy body known as Safe Work Australia (SWA) was 
established in 2010 for investigating out the major points of SDS for nano range 
materials such as silicates, carbon dots, paints, pigments, and metal oxides 
(Vishwakarma and Samal 2010). SWA has evaluated that the information provided 
by SDS was not sufficient to explore the different risk assessment approaches such 
as information about bulk material, toxicity, and exposure condition along with their 
safety measures. Further, in 2013, Lee et al. reported different SDS for variety of 
nanoparticles (Schulte et al. 2014), which belongs to the Organization for Economic 
Co-operation and Development (OECD), which includes the following:

• Deficiency of evidences for the toxicological profiling, exposure condition, and 
physicochemical properties (size distribution, solubility, stability, redox capac-
ity, and potential ability)

• Utilization of ambiguous information such as use of same CAS number for 
different forms of carbon

• Removal of various information regarding the risk factor of material

Further, National Institute for Occupational Safety and Health (NIOSH) has 
analyzed that SDS has formatted during the year of 2007 to 2011 and explored their 
disadvantages (Lu et al. 2016). In similar manner, Lee et al. also studied the same 
and found insufficient information for various nanomaterials (Song et al. 2010).

11.6.2  Guidelines for the Preparation of SDS

In 2010, Swiss State Secretariat for Economic affairs (SECO) has established 
various guidelines for formatting the available SDS (Germann et al. 2016). In 2012, 
they have been updated for the better utilization of nanotechnology by including the 
following:
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Table 11.2 Representation of different priorities for the maintenance of SDS for nanomaterial

S. 
no. SDS information

Significances for the development of 
nanomaterials

1. Identification of substance Necessary
2. Hazardous information Necessary
3. Physical and chemical properties Necessary and precautionary
4. Report of firefighting and first aid 

information
Important

5. Toxicological and ecological information Preferable
6. Transport and regulatory data Preferable

• Important and obligatory information about the documentation, threat, and 
composition of substance

• Essential precautions for treatment, storage, exposure, protection, risk, safety, 
and disposal of substance

• Major awareness against the accidental and first aid measures, stability, ecological 
evidences, transportation, and regulatory information

Further, various guidelines were introduced to amend the SDS of nanomaterials 
(data and source). In 2010, SECO has provided the application of SDS guidelines 
for two nanomaterials such as NANO-BLOGGO (surface finisher) and SECOKAT 
(photocatalyst). The international organization for standardization includes safety 
data sheets for the synthesis of nanoparticles, utilization, and their practical analysis 
(Hossain and Mukherjee 2013; Lee et al. 2011). Following are the key points that 
are included for the formatting of SDS:

• The marking of SDS data should be very fast, due to enlargement in data 
availability.

• Transparent and strong information should be provided for the nanoparticles 
when CAS number of bulk materials is used.

• Statement and assertion should be provided when toxicological evidence is not 
accessible.

• Declaration of statement provided for the exposure limits and application of bulk 
and nanomaterials (Table 11.2).

11.7  Enhancement of Reusability and Recovery 
of Nanomaterials After Application

Due to high potential value of nanotechnology, they have been receiving large 
amount of interest around the manufacturers and users due to their recovery and 
reusage during the nanoproduct cycle. The recycling of nanomaterials and nano-
technology has been divided into three categories such as health benefits at occupa-
tional level in terms of recycling, environmental influences of various deposits 
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produced during the synthesis and introduction, and utilization of recovered nano-
materials during product manufacturing (Boldrin and Hansen 2014; Rahman et al. 
2020). The advantage and efficiency of recovered products are mainly dependent 
upon the technology of nano-products, precursor of nanomaterial, type of suspen-
sion, and matrices used during fabrication of advanced materials. In past era, sepa-
ration, centrifugation, and solvent evaporation were used as a conventional method 
for the recycling of nano waste materials. But in recent years, the recovery of nano-
materials has mainly included pH, magnetic field, biological analysis, nanostruc-
tured colloidal solvent, and molecular antisolvent methods. The respective 
methodologies are cost-effective in nature and require very less time and energy 
(Ramchandran and Gernand 2020). Further, chemical, mechanical, physical, and 
thermal properties of nanomaterials have required the efficient separation and recy-
cled processing of material. In literature, cloud point extraction (CPE) technique 
has been reported for the separation of various aqueous nanomaterials (Ag, Cu, Zn, 
Au, and CuO) and utilized at a greater extent. The separation phenomena are found 
very difficult in case of emulsion where two layers are present together. For this 
reason, nanomaterials have been heated at higher temperature and allowed to centri-
fuge for complete separation. The reusability and recyclability of nanomaterials 
have further overcome the release of the hazardous nanomaterials in the environ-
ment. The process of recycling nanomaterials should pay major attention during the 
manufacturing step such as simple chemical substances, which can individually 
separate, and no aggregation takes place in recycling analysis. The toxic nature of 
material can be controlled from the physicochemical properties of parent material. 
Only those nanomaterials should be used, which can be recycled again and again 
and have the ability for the environmental remediation application. The nature of 
nanomaterials should be biocompatible and nontoxic for the sustainable develop-
ment around the society (Li et al. 2008; Dutta et al. 2018).

11.8  Future Prospects

Nanotechnology is considered as the most influential and applied methodology 
all around the world. The development of urgent risk governance system is 
required for monitoring the advantages and disadvantages of nanomaterials in 
technological world. The governance of nanotechnology has required special 
company and agency to overlook the research network, infrastructure, human 
resources, hazards nature, and imparted toxicity. The facets of nanomaterials 
would directly influence the sustainable development and various species present 
around atmospheric environment. It is the high time to applicate standard operat-
ing parameters for the development and utilization of nanomaterials. 
Nanotechnology could replace various materials significantly without utilizing 
much energy resources. By creating a governance scheme, the potential utiliza-
tion of nanomaterials can be made a success step. The polices should be based 
upon the scientific understanding of nanomaterials. With the ongoing globalization 
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of nanomaterials, international coordination, and harmonization, there is an 
urgent need for making the sound regulatory approaches for the safer use of 
nanomaterials. This chapter reviews and outlines the risk associated with the 
nanomaterials, current regulatory approaches, and the efforts in developing the 
sustainable nanotechnology.

 Multiple Choice Questions

Question 1. The issues of risks associated with the excessive release of nanomaterials 
in the environment are recognized through

 (a) Risk governance
 (b) Standard operating parameters
 (c) Sustainable development
 (d) Risk treatment

Question 2. Sustainable development of nanomaterials related to the

 (a) Risk treatment
 (b) Computing and biochemical analytics
 (c) Consumption of the goods and resources
 (d) Risk governance

Question 3. According to “tipping scales” and “nano Bhopal,” the field of 
nanotechnology is considered as the search for

 (a) Stagnation
 (b) Novelty
 (c) Utilization of resources
 (d) Risk governance

Question 4. The common risk assessment methods for safer use of nanomaterials 
depend upon

 (a) LCA
 (b) FTA
 (c) Nanotechnology assessment
 (d) All of above

Question 5. Safety Data Sheets (SDS) have been considered as the important 
platform for analyzing the

 (a) Safer use of chemical components
 (b) Utilization of nanotoxicity
 (c) Knowledge of hazardous substances
 (d) All of above
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Question 6. In 2010, SECO has provided the application of SDS guidelines for 
nanomaterials such as

 (a) SECOKAT (photocatalyst)
 (b) NANO-BLOGGO (surface finisher)
 (c) a & b (both)
 (d) None of above

Question 7. In Australia, a national policy body known as Safe Work Australia 
(SWA) was established for investigating out the major points of SDS for nano 
range materials in the year

 (a) 2012
 (b) 2018
 (c) 2010
 (d) None of above

Question 8. To qualify and demonstrate the scientific research and their ability for 
technological expansion, which proposal was established

 (a) Five-year plans (1980–1985)
 (b) IRHPA
 (c) All of above
 (d) None of above

Question 9. National Institute for Occupational Safety and Health (NIOSH) has 
analyzed that SDS has formatted during the year of

 (a) 2008–2018
 (b) 2007–2011
 (c) 2015–2017
 (d) None of above

Question 10. The toxic nature of material can be controlled from the

 (a) Sustainability use
 (b) Precursor
 (c) Physicochemical properties of parent material
 (d) All of above

 Short Questions

Question 1. Explain the concept of risk governance in terms of sustainability.
Question 2. Explain sustainable development in the field of nanotechnology and 

upon what factor it depends upon.
Question 3. Explain different factors upon which risk assessment of nanomaterial 

sustainability depends.
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Question 4. Explain different parameters that are related to risk treatment in 
nanotechnology.

Question 5. What are the key points for the development of nanomaterials according 
to safety data sheets?

 Multiple Choice Question Answers

Answer 1. (a)
Answer 2. (c)
Answer 3. (b)
Answer 4. (d)
Answer 5. (d)
Answer 6. (c)
Answer 7. (c)
Answer 8. (c)
Answer 9. (b)
Answer 10. (d)

 Short Question Answers

Answer 1. Risk governance here refers to the application of the governing approach 
to tackle the issues of risks associated with the excessive release of nanomateri-
als in the environment. In particular, the governance works in portions, that is, 
firstly, the risk governance recognizes that decisions about issues of risks are not 
perspectives of the group of people rather those are scientifically evident facts. 
After the validation and assessment of risks, the preventive or safety frameworks 
are designed. The designing of the framework mainly involved the scientific, 
aesthetic, and administrative factors. In addition, all the financial feasibility 
aspects need to be taken care for the proper management of environmental 
impact of hazardous materials.

Answer 2. “Sustainable development” refers to the production and consumption of 
goods and resources in a manner that the needs of the current generations can be 
satisfied without compromising, limiting, or threatening the needs and environ-
mental conditions of future generations. For nanotechnology, a wealth of appli-
cations has been proposed. For instance, nanotechnology enables the 
manufacturing process with lesser energy consumption and waste generations, 
thus saving the expenditure on carbon trading. Nanotechnology is not restricted 
to the production of nanoparticles but can also be a decisive step of complex 
productions. Such ways lead to the macro productions of products. For instance, 
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the potential application of nano-based catalysts in the sector of energy produc-
tion. On a bigger approach, certain converging technologies involve various 
macro-production and result in “meta-technologies” such as computing and bio-
chemical analytics. The interdependence of these technologies with each other 
has shown that attributing sustainability to any technology is very tricky due to 
the intertwined network of production protocols.

Answer 3. Many scientific methods have been developed to estimate the 
sustainability of the nanomaterials. These methods mainly focus on the 
understanding of environmental and the societal and economic dimensions of 
chosen particles. The common risk assessment methods for safer use of 
nanomaterials have been discussed below:

 (a) Life cycle assessment
 (b) Future technology analyses
 (c) Nanotechnology assessment

Answer 4. The concept of risk treatment for the sustainable development of 
nanotechnology majorly depends upon four factors such as:

 (a) Involvement of social, economic, and biophysical factors
 (b) Guidance on how to use and deal
 (c) Consider future cycle for the remediation
 (d) Participation and contribution to the assurance

Answer 5. The international organization for standardization includes safety data 
sheets (SDS) for the synthesis of nanoparticles, utilization, and their practical 
analysis. Following are the key points that are included for the formatting of SDS:

• The marking of SDS data should be very fast, due to enlargement in data 
availability.

• Transparent and strong information should be provided for the nanoparticles 
when CAS number of bulk materials is used.

• Statement and assertion should be provided when toxicological evidence is 
not accessible.

• Declaration of statement provided for the exposure limits and application of 
bulk and nanomaterials.
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Chapter 12
Misconceptions in Nanotoxicity 
Measurements: Exploring Facts 
to Strengthen Eco-Safe Environmental 
Remediation

Chitven Sharma, Deepika Bansal, and Sanjeev Gautam

Abstract Nanotechnology has quickly increased its employment in various fields, 
be it sensors, paints, cosmetics, food packaging, drug delivery, or wastewater treat-
ment. The nanotechlogical advances are due to its nanosize and surface area proper-
ties, but at the same time, another problem named “nanotoxicity” comes into the 
discussions. Properties that prove to help treat certain diseases may possess toxicity 
simultaneously. Although some nanomaterials are toxic, some misunderstandings 
are related to toxicity in general. These misconceptions mainly arise due to a lack of 
accurate data about the toxicities. This chapter deals with the properties of nanoma-
terials that make them toxic and how these properties can be altered to produce a 
less negative impact. Also, the commonly used nanomaterials and their myths have 
been discussed. Some nanoparticles may prove toxic due to their synthesis tech-
niques; hence, green synthesis can be used as an alternative method. Also, the toxic 
NPs should be disposed of carefully using various methods, as explained. The future 
of nanotoxicity involves the better learning of nano-bio interactions.
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12.1  Introduction

Nanotechnology has emerged as a revolutionary field for the modern era research 
areas of science and technology, leading to the fastest growing sector worldwide. 
Nanomaterials (NMs) have gained popularity in diverse applications ranging from 
biochemistry to electrochemistry. Their unique properties, such as the nanometer 
size of particles and greater surface area, are some of those aspects that have poten-
tially resolved various present-day concerns. These concerns include drug delivery, 
multidrug-resistant bacteria, wastewater treatment, energy storage, industrial cata-
lysts, biodegradable materials, UV protection, etc. However, at times, the same 
attributes that prove beneficial might give appalling results of nanomaterials, which 
is termed nanotoxicity.

12.1.1  What Is Nanotoxicity?

Ever since NMs have come into existence, the researchers have always been 
astonished by the unexpected results they exhibit. With the rising application of 
nanotechnology in various fields, the concerns related to the toxic effects of these 
materials are also rising as it is directly linked with the safety of the consumers. 
Toxic here generally means the materials recommended as poisonous or hazardous 
for any living cell, and nanotoxicology is the study that deals with the toxicity of the 
NMs. The study provides information about the interactions of nanomaterials with 
living systems, where main stress is laid upon the interactivity of physical (e.g., 
size, shape, etc.) and chemical properties (e.g., surface chemistry, composition, etc.) 
of nanostructures with toxic responses of the biological system (Fischer and Chan 
2007). Factors such as the chemistry of nanoparticles, morphological traits, particle 
aggregation, and biological aspects such as genetics and existing diseases also 
greatly determine the harmful effects NMs might pose on human health. These 
materials can also cause contamination of water, air, and soil resources after their 
disposal. Since these things surround us, hence it is likely that we might get exposed 
to them either through inhaling them, ingesting via the food we consume (Armstead 
and Li 2016) or through the dermal route (skin absorption) (Gaiser et  al. 2009). 
Studies have revealed that the removal of NMs if inhaled is much more complicated 
than particles of greater size, leading to chronic health problems (Buzea et al. 2007).

Nevertheless, in some instances, these toxic properties may prove valuable to 
fight against diseases at the cellular level. The most common includes the medical 
treatment of cancer wherein NMs such as magnetic, polymeric, and lipids are used 
for the targeted drug delivery against cancer-causing cells. They are also used as 
unique cancer-detecting sensors and tumor-imaging agents (Amiri et  al. 2019; 
Fernandez-Fernandez et al. 2011; Minelli et al. 2010). Apart from this, they have 
shown promising effects in food technology as antibacterial agents (Kumar et al. 
2020) (Fig. 12.1).

C. Sharma et al.



335

Fig. 12.1 Possible external and internal routes for the entry of NPs and the risks associated 
with them

The surface area plays a vital role in determining the toxic effects of nanoparticles, 
as it is the first line of interaction with the biological system (Fard et al. 2015). Since 
NMs are known for their greater surface-to-volume ratio, this property is one of the 
primary reasons for increased chemical reactivity at the nanoscale, which easily 
triggers the production of reactive oxygen species (ROS). These species may cause 
oxidative stress, inflammation in cell tissues, and damage the cell components 
(Fischer and Chan 2007). Also, NMs, due to their physical attributes, possess 
remarkable magnetic, optical, and electrical properties. So, there is a possibility that 
such nanostructures’ breakdown might result in toxic effects. Apart from this, heavy 
metals, carbon-based materials, and Al-based nanostructures are already known for 
their toxicity. The breakdown of composites containing these materials might risk 
living organisms. The reason nanoparticles are thought to be more prone to toxicity 
is their size, which is much smaller than the size of cell and cell organelles. As a 
result, these particles easily pave their way inside these biological structures, caus-
ing disruption in the regular activity, thereby leading to serious health issues (Buzea 
et al. 2007). However, many researchers have regarded this as a common miscon-
ception, discussed in Sect. 12.2 of the chapter.
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Although many theories have been put forward related to the toxicity of 
nanoparticles, the ground reality lies in the fact that the understanding of risks and 
measures for preventing them usually stands at a lower priority in the world of 
technology development (Maynard et al. 2006). Due to this, misconceptions related 
to the NMs have risen recently. People might lose confidence in this technology due 
to its natural and perceived fears, which can cause a major setback to this industry. 
Applying these particles with incomplete knowledge can prove even more hazardous 
for people who are producing and using them. Therefore, a proper insight into the 
risk factors, the strategies, and the targeted research to combat the present-day 
problems due to the NMs is the need of the hour.

12.1.2  Alteration in Properties from Macro to Nano Scale

The transition from bulk to nanoscale range causes many modifications from 
morphological characteristics to properties of particles. The leading factors that 
provoke NMs to act differently from macro-size materials include the surface and 
quantum effects (Buzea et al. 2007). As the particle size is reduced to 100 nm, the 
surface area vastly increases, as discussed earlier. Hence, the surface effects become 
more prominent at this stage, significantly affecting chemical and physical properties 
(Julien et al. 2011). In addition to it, the quantum effects also influence the behav-
iour, actions, reactivity, etc. of nanoparticles (Takei et al. 2011). The free electrons 
in the crystal lattice get confined as the size is reduced to the nanometer range, lead-
ing to remarkable changes in the properties of particles. For example, opaque sub-
stances become transparent (copper), insulators become conductors (silicon), solids 
turn to liquids at room temperature (gold), etc. Also, for instance, the NM, which 
seems to be nontoxic, might turn to give harmful results or vice versa owing to its 
characteristic reactivity (Naseer et al. 2018). Therefore, such vast types of altera-
tions are sometimes unpredictable, and this is probably why no proper theory related 
to the toxicity of NMs has been put forth.

12.2  Misconceptions About Nanotoxicity

Several misconceptions are prevailing in society regarding the toxicity of 
nanoparticles that need to be addressed at the earliest. The main reason is the lack 
of proper knowledge of handling these particles, which eventually gives people 
common assumptions. Some of them have been discussed below:

 (a) The first and most frequently discussed belief is that their small size permits 
them to penetrate the tissues, cell organelles, and other biological structures due 
to their similarity in physical dimensions with biological molecules such as 
proteins, antibodies, etc. This leads to the damage of vital biological systems 
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(Fischer and Chan 2007). However, some studies have reported that they cannot 
just enter freely inside the biological systems despite their usual small size. 
Instead, it is the functional group attached to the surface of these particles that 
determines their activity. For example, a study was carried out using citrate- 
based gold nanoparticles where it was observed that NMs could make their way 
inside the mammalian cell but could not get into the cytoplasm or nucleus 
(Chithrani et al. 2006). Thus, by modifying their surface chemistry, the  reactivity 
of NMs and their access to specific cells or cell organelles can be controlled 
(Chen and Gerion 2004).

 (b) NMs are always more toxic than their bulk counterparts with similar 
compositions. However, this is a common myth that does not have proper 
evidence. Since properties change drastically from bulk to nanoscale, there’s no 
linearity in their behavior, and this has probably forced us to consider 
nanoparticles to be toxic. For example, CNTs are consistently recognized as 
harmful; however, this is not the case in all conditions. Their morphological 
characteristics and synthesis techniques play a vital role (Allegri et al. 2016). 
Apart from this, the amount of dose used also dramatically determines the 
consequences in general (Naseer et al. 2018).

 (c) Surface area and size are the critical factors influencing their toxicity. 
Nevertheless, these two factors alone cannot be held responsible; chemical 
properties also play their role. As one can always engineer NMs according to 
the requirement, their physical aspects can still be controlled. To reduce the 
toxic effects of these particles, they can be further doped with biocompatible 
materials such as chitosan (Naskar et al. 2019), starch (Famá et al. 2012), etc. 
to make nanocomposite (Fig. 12.2).

Fig. 12.2 The typical factors affecting toxicity of nanoparticles in general
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In general, the toxic effects of nanoparticles are unpredictable. They are complex 
to understand as they involve various factors, including particle-cellular interac-
tions, physicochemical attributes, routes and degrees of exposure, and several oth-
ers. Hence, it is difficult to analyze the aftermaths of nanoparticle application in 
various fields. However, many researchers are working toward an effective solution 
to overcome this problem. Many methods have been proposed to check the toxic 
effects of these particles, including in vivo, in vitro, in silico, etc., which is elabo-
rated in the next section. Studies have shown that the nanocomposite of these par-
ticles with biodegradable and biocompatible materials is an effective solution. The 
implementation of green synthesis over the conventionally used chemical synthesis 
route has also demonstrated remarkable effects to lessen the toxic effects. Thus, a 
proper study and integrated approach together can surely solve the existing prob-
lems, which eventually help in eradicating the common myths prevailing in society.

12.3  Nanotoxicity Measurements

12.3.1  In Vitro Studies

Just as in cellular biology, experiments are conducted outside the living organism; 
likewise, in vitro is carried out. The investigation includes cell cultures performed 
in a test tube and on petri dishes. These cultures serve as models for various animal 
and human tissues exposed to the NMs whose cytotoxicity must be checked. The 
cells selected for the tests are determined by the potential route through which NPs 
may enter the body. For example, tumor cell lines were used to check the toxic 
effects in cancer chemotherapy, whereas intestinal epithelium cells were used for 
estimating the toxicity of ingested NPs (Sukhanova et al. 2018). The nanoparticles 
must be supplied as aerosols instead of suspensions. In the latter case, the culture 
cells denied the nutrients from the apical pole because it faces the air, whereas the 
basal side gets exposure to nutrients. Thus, before the exposure to NPs, the cells 
must be cultured similarly from each side.

The advantage of this method is that it requires no concerns related to cross- 
species correlation, economic restrictions, and ethical considerations (Fröhlich and 
Salar-Behzadi 2014). They reduce the use of living organisms such as mice to a 
large extent for conducting the study, and due to this, it can be done several times at 
a large scale as cultures can be prepared easily. In addition, one does not have to 
master laboratory experience in animal handling. However, the major drawback of 
this technique is its failure to replace the actual cellular conditions existing in the 
living organisms. It may show results that do not relate to the circumstances occur-
ring in the human body. Moreover, this cellular model cannot incorporate transport 
mechanisms such as blood, lymph, and bile present in the living system. Due to 
these concerns, the toxicity analysis was earlier carried out in vivo.

C. Sharma et al.



339

12.3.2  In Vivo Studies

Unlike in vitro studies, in vivo studies are performed directly on the whole living 
body or cells, especially on laboratory animals such as mice or humans and plants 
(Deng et al. 2007). These studies mainly include animal testing and clinical trials 
for carrying out the experiments. The two major routes through which nanoparticles 
are exposed to the organism are dermal or oral (direct respiration) routes. Since the 
study is carried out for NPs to be employed in biomedical applications, the main 
focus is on the toxic effects of any of these materials on the living body. The major 
limitation of this study is that it includes rodent species for conducting toxicity tests 
known to be obligatory nose breathers. This does not represent the model for human 
inhalation exposure as they breathe via both nose and oral (mouth) routes. Moreover, 
it is a comparatively expensive and time-consuming approach linked with ethical 
and regulatory issues. Nevertheless, above all these disadvantages, the plus point of 
this study is that it provides an actual living body condition, is clinically relevant, 
and can be tested for checking the chronic effects of NPs, which in vitro study oth-
erwise fails to predict.

There are mainly three common pathways of inhalation exposure for the testing 
species: whole-body exposure, nose/head-only exposure, or lung-only exposure.

12.3.2.1  Whole-Body Exposure

This type of exposure aerosol is generated by compressing the filtered air, then 
heated, and added to dry filtered room air. A charge neutralizer is placed inside the 
exposure chamber to limit the electrostatic interaction with the chamber, and the 
aerosol is then directed inside it. The critical thing to be kept in mind while carrying 
out this procedure is that the aerosol concentration should be steady for the entire 
exposure time and free from contaminants and particle aggregation. However, this 
can be a significant challenge for NM-containing aerosols as they tend to agglomer-
ate and make it difficult to break down easily. Animals receive a highly variable 
amount of doses in this method, mainly attributed to exposure via other routes such 
as mouth, eyes, etc. But animals might avoid getting exposed by gathering together 
or covering their nose in others fur or the corners of cages.

12.3.2.2  Nose/Head-Only Exposure

The chamber that holds the animal species is very small in this exposure method. A 
tube is generally attached to the section where aerosols are generated. The tube is 
directed toward the animal’s nose, extending the chamber. A restraint is provided at 
the back end of the tube to prevent the animal from running away and seal the end-
ing completely, which helps prevent the leakage of air around the testing system. 
However, due to the chamber’s size constraints, the animal movement gets restricted 
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and might result in causing discomfort. Some may even try to escape from testing 
conditions due to the suffocation, which can cause hindrance in carrying out further 
study. So to avoid ventilation issues, the minimum flow through the chamber should 
be 2.5 times that of the animal’s minute volume.

12.3.2.3  Lung-Only Exposure

The method is also known as intratracheal instillation. It is carried out by injecting 
a delivery device into the animal’s trachea and projecting its tip close to the bifurca-
tion of the trachea. As soon as the animal takes in the material, it gets distributed to 
the lungs. For example, the method was used to distribute polystyrene NPs and 
beryllium oxide particles throughout the lungs (Rao et  al. 2003). This approach 
might be risky as it may cause organ damage by dehydrating the trachea.

12.3.3  In Silico Studies

In silico study is a relatively new approach to toxicity testing (Shityakov et  al. 
2017). Its implementation can probably resolve the present-day limitations of 
in vitro and in vivo techniques. The experiment is entirely carried out on a computer 
or via computer simulation, particularly in biological experiments. Two models 
come under the deposition model, namely, empirical and mechanistic models. The 
practical model deals with mathematical equations that fit with experimental data, 
taking the pathways in the respiratory tract as identical, that is, having linear 
dimensions.

On the other hand, mechanical models calculate the deposition rate in the 
respiratory tract based on a realistic description of lung structure and physiology 
while considering the different breathing scenarios and parameters. The empirical 
model is generally used to calculate the deposition in the whole lung. In contrast, 
the mechanical models can deposit either across the entire lung or in a specific organ 
region. Both models are based on idealized descriptions of lung morphology and 
physiology and computational fluid dynamics (CFD) or estimation of inhaled aero-
sol flow by taking into account the fate of a large number of particles or an indi-
vidual particle as per the Eulerian-Lagrangian models, respectively (Table 12.1).

According to the Marshall Protocol, there are varieties of in silico techniques

 (a) Bacterial Sequencing Techniques: It has been developed as an alternative to 
in vitro methods for identifying bacteria through DNA and RNA sequence anal-
ysis. The technique uses polymerase chain reaction (PCR), which takes a single 
or few copies of a piece of DNA and replicates it to several orders of magnitude, 
leading to the generation of millions or more copies of a particular DNA 
sequence. This technique has allowed for the detection of bacteria that are 
responsible for a variety of conditions.
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Table 12.1 Comparison between in vitro and in vivo methods based on general criteria

Measurement 
techniques In vitro In vivo

Testing species Dead organisms or incubated 
cell cultures are used

A whole living organism is used, such 
as mice, rabbits, apes, etc.

Experiment 
conditions

Conducted under controlled 
laboratory conditions

Conducted under physiological 
conditions

Cost efficiency It is a comparatively less 
expensive method

It is a comparatively more costly 
method

Time consumption It is a fast process It is comparatively time-consuming
Experimental 
results

Less precise results More precise results

Limitations In vitro methods have fewer 
restrictions

In vivo method have more restrictions

 (b) Molecular Modeling: This design helps demonstrate how drugs and other 
substances interact with the nuclear receptors of cells. For example, computer- 
based results were reported for 25-D, a vitamin D metabolite, and capnine, a 
substance produced by bacteria that turns the vitamin D receptor off. The con-
clusions drawn are clinically approved. Another study was conducted to under-
stand the interactions between single-walled CNT and the ATP entry point of 
the human mitochondrial voltage-dependent anion-selective channel where 
molecular docking and molecular dynamics simulations were performed 
(González-Durruthy et al. 2020).

 (c) Whole-Cell Simulation: Researchers have devised a computer model of the 
crowded interior of a bacterial cell that accurately simulates the behavior of liv-
ing cells in response to sugar in its environment.

These studies can even be carried out simultaneously to understand better the 
biological responses to various nanomaterials (Bai et  al. 2018), as shown in 
Fig. 12.3. The sequence of performing these techniques can always be customized 
according to specific conditions.

12.4  Commonly Used Nanomaterials

12.4.1  Carbon Nanotubes

Carbon nanotubes, both single-walled and multiwalled, are cylindrical structures 
made up of graphene sheets. CNTs are highly tensile and about a hundred times 
stronger than steel. Also, CNTs can bend easily due to their elastic nature. However, 
several methods can be used to prepare CNTs; these are generally produced using 
chemical vapor deposition (CVD) method. CNTs show their use in several areas 
like energy storage, air and water purification, fabrics and fibers, etc. (Wilson et al. 
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Fig. 12.3 Simultaneous in silico, in vivo, and in vitro experimental procedures for better results

2002). Also, CNTs are widely used in the field of medicine and pharmacy. These 
NPs can be used in cancer therapy, infection therapy, tissue generation, neurodegen-
erative diseases, and gene therapy in drug delivery. The usage of CNTs has been 
experiencing an ever-increasing rise, but its toxicity has been identified as a major 
barrier in its use. This is generally due to their tiny nanoparticle size. CNTs can be 
cancer-causing or carcinogenic due to their size or fiber length. These NPs may 
cause health issues similar to those caused by asbestos (Francis and Devasena 
2018). The most crucial toxic issue caused by CNTs is pulmonary toxicity. It targets 
the lungs and the respiratory tract. The poisonous effects of CNTs can be classified 
into pulmonary toxicity, cardiovascular outcomes, and reproductive and develop-
mental toxicity. Talking in detail about pulmonary toxicity, the respiratory tract is 
the entry point for NPs. These nanoparticles displace the air particles in the tract. 
Although the track possesses various reaction mechanisms that keep such foreign 
particles away, however, due to their nanosize, they easily travel to other organs. 
Once these NPs get deposited in the tract, they can travel to other parts like the ner-
vous or cardiac system. The deposition of CNTs on the inner walls of the body may 
cause inflammation (Kayat et  al. 2011). As per research, SWCNTs proved to be 
more toxic than MWCNTs. This is because SWCNTs have a smaller surface area, 
and due to this, they cause more apoptosis, which is a form of programmed cell 
death that occurs in multicellular organisms. Apart from this, carbon nanotubes can 
also cause damage to the central nervous system. When CNTs interact with the 
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Fig. 12.4 Effects of carbon nanotubes on liver cells resulting in various damages (Mohanta 
et al. 2019)

brain cells, certain chemicals are released to cause inflammation or apoptosis. When 
CNTs contact cardiac cells, there may be some damage to the heart, which causes 
cell proliferation, muscle damage, hindrance in the blood flow, and vascular athero-
sclerosis (Mohanta et al. 2019). Only MWCNTs cause some toxicity that may result 
in mild irritation for the eyes.

On the other hand, SWCNTs do not prove toxic to the eyes. In addition to these 
body parts, CNTs may cause adverse effects on the spleen, kidneys, and liver. Due 
to all these reasons, CNTs are not being used for medical and other purposes on a 
large scale, even when they are excellent candidates in various fields. Particular 
methods like changing their size or modifying them into nanocomposites may help 
reduce their toxicity (Fig. 12.4).

12.4.2  Zinc Oxide

Zinc oxide (ZnO) nanoparticles serve as excellent materials for biomedical use. 
They show antibacterial and antimicrobial properties. These NPs are highly used in 
sunscreens because of their superb ultraviolet (UV)-absorbing properties and trans-
parency for visible light. Most of the uses of ZnO come into play due to its ability 
to generate reactive oxygen species (ROS). For example, the mechanism of ZnO 
that helps it show excellent antibacterial, antimicrobial, and antifungal properties is 
the production of ROS, which results in cell death or apoptosis (Mishra et al. 2017). 
However, during in vivo and in vitro studies, it was found out that zinc oxide NPs 
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can cause obstructions in development and egg hatching in zebrafish. When ZnO 
particles enter the lungs, they can cause severe inflammation and related responses. 
However, as most NPs contact the skin, the related skin reactions have not been 
reported. Apart from this, ZnO NPs can reach various body organs like the heart, 
spleen, liver, lung, and kidney. Zinc oxide NPs can prove toxic to the neurological 
system as they can cause apoptosis. When experimented on rats, these particles 
showed interference in spatial learning and memory by altering synaptic plasticity. 
They may generally hinder many biological processes in the body, including enzy-
matic actions. Usually, when proteins are deposited at the surface of the ZnO NPs, 
a layer called corona is formed, which may then seem like foreign particles to the 
immune system, thereby causing reactions (Sruthi et al. 2018).

There are specific methods in which their toxicity can be of great use too. One of 
such methods is to destroy the cancer cells. But this can destroy both good and bad 
cells. However, ZnO can be doped with certain materials or associated with another 
material to create a nanocomposite. As ZnO causes high oxidative stress in general, 
it can be coated with SiO2 to decrease oxidative stress and cell toxicity. When ZnO 
NPs were doped with magnetic materials, their toxicity gets reduced. However, 
much research has not been performed on it as of now. Also, its stability increases 
on doping it with manganese. Hence, such methods can reduce toxicity and prove 
beneficial in different areas (Xue et al. 2011).

12.4.3  Titanium Dioxide

Titanium dioxide NPs show excellent optical properties, along with electrical 
properties (Nyamukamba et al. 2018). In areas of wastewater treatment, TiO2 can be 
used to degrade organic and inorganic waste from wastewater. TiO2 nanotubes help 
in the field of photocatalysis too. It finds uses in cosmetics, toothpaste, paints, 
enamels, paper industries, etc. Various chemical methods like sol-gel, chemical 
vapor deposition, physical vapor deposition, or hydrothermal methods are used to 
synthesize these NPs. Alternatively, green synthesis can also be used to prepare 
TiO2 in an environment-friendly way. The entire process for green synthesis using 
Echinacea purpurea herba extract has been explained in Fig. 12.5 (Dobrucka 2017). 
Using this method, the average size of the obtained nanoparticles was observed to 
be around 120 nm, measured using SEM-EDS.

Considering the toxic effects of titanium dioxide, these NPs usually prove to be 
carcinogenic and cause genotoxicity and oxidative stress. These NPs generally enter 
through the respiratory tract. They then travel into the blood, but according to a few 
studies, they could also enter through skin tissues and get carried away to the other 
parts of the body (Shakeel et al. 2016). TiO2 NPs can cause damage to microorgan-
isms, plants, and humans. Their most common mechanism of damage includes rup-
turing the cell membrane. However, they prove to be highly useful, but research 
about their toxic effects is still being done on a priority basis (Grande and 
Tucci 2016).
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Take 10g herba and boil it with 50mL of double distilled water
at 90ºC for 20 min

Filter the extract through a medium filter

Stir 1 mM TiO2 solution for 2h at 25°C

Add 10mL of aqueous extract of E. purpurea to 20mL of 1
mM TiO2 at 25°C, under stirring conditions for 4h

After 4h the color of the extract with TiO2 nanoparticles will
change to green

Characterization was done using UV-visible spectroscopy,
SEM, EDS, FTIR

Fig. 12.5 Green synthesis of titanium dioxide NPs using Echinacea purpurea herba extract

12.4.4  Copper Oxide

CuO nanoparticles exhibit their use in various materials, including storage media, 
sensors, catalysts in rocket propellants, etc. (Ren et al. 2009). CuO NPs have excel-
lent optical properties as well as antimicrobial properties. Usually, the sol-gel 
method is used to synthesize CuO as it is relatively faster and easier than the other 
methods available. NPs with sizes around 10–40 nm are obtained using this method. 
These NPs are highly toxic; the reason for this might be their extremely small size. 
Smaller CuO NPs are more harmful than larger ones. A positive charge indicates 
enhanced toxicity and dependence on pH and temperature. The toxicity of CuO may 
also include the mechanism of ROS generation, and these NPs may decrease levels 
of reduced glutathione (GSH). In various culture tests, high toxic behavior was 
observed for human lung cultured cells and human skin organ cultures. In an experi-
ment, Chibber et al. treated neurons with CuO NPs that resulted in the disintegration 
of the membrane of the neurons. Once NPs overcome the resistance of the cell 
membrane, they enter the cell and generate ROS, which eventually causes cell 
death, as shown in Fig. 12.6 (Grigore et al. 2016).

12.4.5  Other Commonly Used Nanomaterials

The nanomaterials above are the most used ones in various industrial spheres. Apart 
from these, NPs like gold, silver, etc. also prove toxic at times.
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Fig. 12.6 Mechanism of ROS generation by copper oxide NPs resulting in damage to cells

Silver NPs possess antimicrobial properties that help produce bandages and 
medical devices to control bacterial growth. Due to their optical properties, Ag NPs 
can also harvest light. Various chemical methods can synthesize Ag NPs, but the 
green synthesis method is an eco-friendly option. Talking about its toxicity, Ag NPs 
may somehow get accumulated in the food chain, thus causing toxic effects to many 
organisms. When Ag NPs enter the cell by any means, reactive oxygen species are 
usually released, and dysfunctioning of mitochondria occurs. This can further dam-
age the cell. The toxicity of Ag NPs sized less than 10 nm is the highest. Out of 
many tests performed to determine the toxicity of silver NPs, in vitro methods are 
more rapid, whereas in vivo methods take a longer time; however, in vivo display 
better results. As an alternative to both, in silico methods are rapid and produce 
accurate results. Also, they help achieve another motive of toxicity studies: preven-
tion of animal sacrificing (Vazquez-Muñoz et al. 2017; Budama-Kilinc et al. 2018).

Gold NPs find their significant use in sensors, catalysis, electronics, diagnosis, 
etc. In food technology, Au NPS can be used in sensors that display whether some 
food is suitable for consumption or not. These are also used to diagnose heart dis-
ease infectious agents and are commonly used in pregnancy testing kits. Au NPs are 
being considered for use in fuel-cell application areas (Aldrich 2015). However, Au 
particles possess some toxic properties as well. In vivo and in vitro tests were per-
formed on gold NPs to test their toxic behavior. As per the results of the in vitro 
tests, it was concluded that gold NPs induce ROS production, which may increase 
oxidative stress on living cells and cause cell damage due to apoptosis and necrosis. 
In in vivo methods, the intravenous method was the most commonly used. Hence, 
some research pertaining to inhalation, absorption through the skin, and oral absorp-
tion is still required to understand the toxicity of gold NPs better. According to a 
specific study, it was concluded that cationic gold nanoparticles could cause damage 
to the cell membrane when they come into contact with the negatively charged cel-
lular membrane. Au NPs with a size around 1.4 nm can cause high oxidative stress 
on cells and damage them as a result. In contrast, those NPs with a length of about 
15 nm did not damage the cell wall. In conclusion, many suggest that gold nanopar-
ticles’ toxicity may depend on their size (Alkilany and Murphy 2010; Jia et al. 2017).
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Another common nanomaterial is silicon dioxide. Silicon dioxide NPs are highly 
stable and used in drug delivery systems. These NPs find their use in drug delivery 
systems, DNA detection, protein adsorption, humidity sensors, etc. (Rao et  al. 
2005). As the use of silica/silicon dioxide has been increasing rapidly, more and 
more humans are being exposed to this nanomaterial. SiO2 possesses some toxic 
properties that may be fatal to live organisms (Murugadoss et al. 2017). Toxicity in 
SiO2 is both size- and dose-dependent. These NPs generally attack the spleen and 
liver area. They may cause damage to the cell membrane due to ROS generation. 
Hence, SiO2 may be useful generally but may prove fatal in high doses (Table 12.2).

Table 12.2 Typically determining toxic effects of commonly used nanomaterials on living systems

Commonly used 
nanomaterials Toxic effects on living systems References

Carbon nanotubes Damages DNA Simate et al. (2012) and Tejral 
et al. (2009)Carcinogenic

Skin irritation
Lung toxicity
Diminishing cellular activities

Zinc oxide Cytotoxicity Vandebriel and De Jong 
(2012) and Sahu et al. (2013)Oxidative stress

Mitochondrial dysfunction
Toxicity in human lung cells

Titanium dioxide Disturb glucose and lipid homeostasis in 
mice and rats

Baranowska-Wójcik et al. 
(2020)

Oxidative stress
Apoptosis or chromosomal instability
Oxidative damage
Impairment of antioxidative capacity

Silica Lung cancer Merget et al. (2002)
Silicosis
Chronic obstructive pulmonary disease 
(COPD)
Kidney disease

Iron oxide Acute cytotoxicity Yarjanli et al. (2017)
Oxidative stress
Protein aggregation in the neural cells
Iron accumulation

Gold nanoparticles Hepatotoxicity (liver) Alkilany and Murphy (2010)
Nephrotoxicity (kidney)
Immunogenicity
Hematological toxicity (blood)
Inflammatory and oxidative responses

Silver nanoparticles Histopathologic abnormalities Korani et al. (2015)
Toxicity in the muscle
Genotoxicity and carcinogenicity
Immune system toxicity
Reproductive and developmental toxicity

(continued)
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Table 12.2 (continued)

Commonly used 
nanomaterials Toxic effects on living systems References

Quantum dots Bioaccumulation in organs and tissues Hardman (2006) and Wu and 
Tang (2014)Cytotoxicity

Genetic material damage
Disturbed cell viability
Disordered immune cell

Aluminum-based 
nanoparticles

Disturb the cell viability Bahadar et al. (2016)
Alter mitochondrial function
Increase oxidative stress
Alter tight junction protein expression of 
the blood-brain barrier (BBB)

Copper oxide Liver damage De Jong et al. (2019)
Histopathological alterations
Ulceration and degeneration
Morphological alterations in various 
organs

12.5  Nano-Bio Interface

This is an era of engineered nanomaterials. There has been an increase in the liking 
of NPs in almost all fields, including medicines, biosensors, drug delivery, wastewa-
ter treatment, energy storage, etc. But as the use of engineered nanomaterials 
increases, their toxicity becomes more noticeable. As studied, most nanomaterials 
react with living cells and produce toxic results. The most common ways of entering 
NPs into living organisms are skin or inhalation. By both ways, it may get carried to 
different body organs and thus damage them. To understand the effects of nanoma-
terial toxicity on living organisms, it is crucial to understand a nano-bio interface. 
According to its definition, a nano-bio interface is between nanomaterials and bio-
logical systems that includes a dynamic series of interactions between nanomaterial 
surfaces and biological nanoscale or nanostructured surfaces (Foroozandeh 
et al. 2019).

When the NPs contact the organism’s surface, they interact with proteins and a 
layer called protein-corona is formed (Lujan and Sayes 2017). Nano-bio interface 
usually involves the redox reaction mechanism leading to the formation and rum-
maging of reactive oxygen species (ROS). However, more research is required on 
understanding the mechanism of redox reactions. Several knowledge gaps lead to 
misconceptions in understanding the nano-bio interface. Critical information is 
needed as the study of nano-bio interface serves as an essential factor in drug deliv-
ery systems and biocompatibility (Tian et al. 2020).
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12.6  Loopholes

Despite several studies being conducted on nanotechnology and its possible health 
hazards, there is still a wide knowledge gap between the survey of nanotoxicology 
and nanomaterial safety (Hu et al. 2016). It is imperative that the studies performed 
to analyze nanotoxicity of several NMs and record the biological responses for the 
same should be relevant to humans and the natural environment. However, in reality, 
the amount of dose of NMs used for carrying out the procedure in vivo and in vitro 
studies are very high, which makes it difficult to estimate the effects of the same 
materials on living organisms and the environment (Donaldson et al. 2013; Singh 
et al. 2019). In addition to this, there is an urgent need to address all those data gaps 
related to nanomaterials ranging from their synthesis techniques to characterization 
methods (Szakal et al. 2014), which will eventually eradicate all those myths pre-
vailing in society related to their toxic effects. Also, a better insight into the biologi-
cal responses to any foreign particles is a must to eliminate any sought of risk factors 
attached with the biomedical applications of nanotechnology.

12.7  Methods to Control Toxicity

12.7.1  Green Synthesis

Most of the nanoparticles used at a larger scale show some toxic properties due to 
the by-products formed or their properties. There is a need to find alternatives to the 
conventional methods that produce toxic products. One of the emerging synthesis 
techniques is the green synthesis method, which involves using plant/microorgan-
ism extract. Green synthesis helps save time and energy and is also cost-effective 
(Devatha and Thalla 2018). The materials prepared using this method will possess 
an environment-friendly nature and be less toxic to nature. Through this technique, 
toxic by-products can be reduced, morphology may be varied, and overall safety 
can be enhanced (Singh et al. 2018).

12.7.1.1  Green Synthesis Using Plants

Silver nanoparticles can be prepared using various chemical methods. However, as 
we talk about alternatives to such chemical processes that may produce toxic by- 
products, green synthesis becomes a viable choice (Verma and Mehata 2016). Silver 
nanoparticles can be successfully synthesized using Neem (Azadirachta indica) 
plant leaves. A few neem leaves were taken and washed thoroughly under tap water, 
followed by double-distilled water in a study. It was then dried at room temperature. 
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Fig. 12.7 UV-vis spectroscopy data of silver NPs synthesized using Neem leaves (Ahmed 
et al. 2016)

Approximately 20 g of chopped leaves were boiled for half an hour and 200 mL 
double distilled water. Afterward, the product was cooled and filtered using 
Whatman filter paper no.1. It was then stored at 4 °C for its use in the future. Silver 
nitrate (AgNO3) was taken, and in 100 mL, 1 mM solution was prepared. Then 1, 2, 
3, 4, and 5 mL of plant extract was poured separately to 10 mL of AgNO3 solution, 
maintaining its concentration at 1  mM.  Ag nanoparticles were also prepared by 
changing the concentration of AgNO3 (1–5  mM), keeping extract concentration 
constant (1 mL). To reduce the photo-activation of AgNo3, the setup was incubated 
in a dark chamber. The color change of the solution from colorless to brown con-
firmed the reduction of Ag NPs. Further, its characterization was done using UV-vis 
spectroscopy (Ahmed et al. 2016). The results are shown in Fig. 12.7.

12.7.1.2  Green Synthesis Using Microorganisms

Apart from plants like neem, hibiscus, and tulsi, some microorganisms have also 
been used for the synthesis of silver nanoparticles. A few microorganisms, includ-
ing algae, bacteria, and fungi, are being used. For this particular experiment involv-
ing the synthesis of Ag nanoparticles, Escherichia coli has been used. Mainly, 
E. coli does not cause any harm and keeps our digestive system healthy. These are 
generally found in the intestinal tract and also guts of some animals. E. coli super-
natant was taken as per the experiment, and 1 mM AgNO3 of varying concentrations 
was added. It was incubated for about 24 h. The varying concentrations S1, S2, S3, 
and S4 are defined as below, where C means culture supernatant and Solution A 
means 1 nM AgNO3

−
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Fig. 12.8 UV-vis spectroscopy data of Ag NPs at different concentrations S1, S2, and S3, 
synthesized using microorganisms. (Divya et al. 2016)

• S1- 10 ml C + 40 ml A
• S2- 20 ml C + 30 ml A
• S3- 30 ml C + 20 ml A
• S4- 40 ml C + 10 ml A

After this, characterization was performed, and UV readings were obtained. S4, 
one of the resultant solutions, didn’t show any color change, which indicated the 
nonavailability of Ag NPs. On the other hand, S3 showed an absorbance of 0.29 at 
307 nm. S2 had an absorbance of 0.46 at 309 nm, whereas S1 had maximum absor-
bance of 1.35 at 302 nm. Hence, S1 was considered to be the standard ratio. The 
UV-visible spectrum of Ag NPs is shown in Fig. 12.8. The increase in culture filtrate 
causes a decrease in absorbance. The decline suggests a reduction in nanoparticles 
size. It seems that by increasing filtrate, the amount and size of nanoparticles 
become smaller (Divya et al. 2016).
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Fig. 12.9 Ag-lysozyme nanoparticles formation mechanism under different reaction conditions. 
(Reprinted with permission from Eby et al. 2009)

12.7.1.3  Green Synthesis Using Enzymes

Enzymes, in general, are compounds that help catalyze an inevitable biochemical 
reaction. Enzymes are amino acids that are connected through peptide bonds. 
Enzymes cause reactions to occur rapidly at ambient temperatures with a high 
degree of specificity. Some of these enzymes can be even used for conducting the 
green synthesis of nanoparticles (Talens-Perales et al. 2016). Enzymes like immo-
bilized NADH-dependent nitrate reductase obtained from Fusarium oxysporum, 
fibrinolytic enzyme obtained from Bacillus cereus NK1, and keratinase from 
B. safensis LAU 13 have been previously used for synthesizing Ag NPs in an eco- 
friendly manner (Adelere and Lateef 2016). Using the keratinase enzyme at 
30 °C ± 2 °C, silver NPs of about 8 nm were obtained (Lateef et al. 2015). Another 
enzyme used to prepare Ag NPs is the hen egg-derived lysozyme. The formation 
mechanism of Ag-lyso NPs is depicted in Fig.  12.9 (Eby et  al. 2009). It clearly 
shows that lysozyme and Ag do not show colloidal stability when dispersed in 
water. On the other hand, when dispersed in methanol, stable colloid forma-
tion occurs.
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12.7.2  Magnetic Nanocomposites

Materials that possess magnetic properties are relatively easier to separate from 
their respective solutions. For example, as carbon nanotubes have toxicity, we can 
prepare a magnetic nanocomposite of CNTs and spinel ferrites. This makes it easy 
to regenerate the nanoparticles after using them in wastewater treatment and dye 
removal processes. Bare spinel ferrite nanoparticles can be used as adsorbents, but 
modified spinel ferrites, along with multiwalled carbon nanotubes, work as better 
adsorbents, both in terms of efficiency and cost-effectiveness (Briceno et al. 2013).

One of the methods that can be used to synthesize the above nanocomposite is by 
adding 100  mg of 95% pure MWCNTs in 30  mL of TREG (triethylene glycol, 
99%). The MWCNTs used were without any surface modifications, having a thick-
ness of about 20–30 mm and a length of 5–15 micrometres. This mixture was then 
sonicated for 5 min. Fe(acac)3 (Iron(III) Acetylacetonate, 99%) was used as a mag-
netic precursor. 200 mg of this precursor was added under magnetic mixing. The 
resultant mixture was then provided with a 278 °C temperature at a rate of 3 °C per 
minute with continuous mixing and argon protection. It was kept at reflux for 
30 min. After letting it cool down to room temperature, some water was added to the 
solution. Also, 30 mL ethanol (C2H5OH) was added to it. Then the resultant nano-
composites were segregated using a commercial magnet and rinsed with C2H5OH 
many times and dried in the absence of air (Wan et al. 2007).

Separation of spinel ferrite nanoparticles is chosen because it is relatively simpler 
and faster than the other conventional methods. The advantage of using ferrites for 
wastewater treatment is that these nanoparticles can be separated through magnetic 
separation (Guillot 2006). After the entire process is completed, spinel ferrites can 
be easily recovered using an external magnet. The recovery of SFNPs through the 
magnetic separation method saves a considerable amount of time and energy. 
Moreover, the same material can be used over and over again. It should be noted that 
the main motive of the recovery of SFNPs is to restore their adsorption capacity and 
make it available for further use.

12.8  Disposal of Nanowaste

As discussed in the chapter earlier, nanomaterials are being used in different sectors. 
These areas include sensors, dye removal, wastewater treatment, and food packag-
ing. It is widely known that nanomaterials have brought a wave of change in the 
technology areas. But these areas do generate nano-waste at some point in time. 
Nanowaste is the kind of waste generated through nanomaterials after their use in a 
particular reaction. The twist is that the nano waste is still reactive after being 
termed “waste.” The response within it has not finished yet. These materials are 
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more reactive than their bulk counterparts. They need to be deactivated or made 
inert before dumping them off. Here are some techniques that are being used to get 
rid of nano waste. However, these techniques sometimes produce results that can 
worsen the situation.

12.8.1  Incineration

In general terms, incineration is a method that involves burning the waste to get rid 
of it. Incineration is also known as “thermal treatment” as a high temperature is 
provided inside the incinerator. There are various types of incinerators, including 
water wall, modular, multiple hearths, catalytic combustion, waste-gas, direct- 
flame, liquid injection, fluidized bed, rotary kiln, and grate incinerators (moving and 
fixed). The choice of incinerator type depends on the type, volume, and hazard of 
the waste to be destroyed (Holder et al. 2013). Incineration destroys most of the 
waste through burning. Also, at some stage, energy can be gathered from the waste. 
However, the main disadvantage of incineration is that it releases extremely small 
particles at the end after burning that may cause serious human health issues. These 
particles, when inhaled, can cause pulmonary diseases and heart problems. Although 
not much information is present about the incineration of nano waste, it is known 
that there should be specific guidelines for the disposal of nano waste. At the end 
step, flue gas filters must be there to deactivate the nanoparticles produced at the end 
(Walser et al. 2012). Incineration may burn most of the waste and prove to be useful, 
but now the task lies with flue gas and slag handling. The particles are not released 
in the atmosphere but get stuck onto the final residues using flue gas filters. An 
important point to be noticed is that they do not lose their chemical and physical 
properties and may prove toxic while disposing of the final products in landfills. 
Hence, necessary precautions must be taken at this stage, and also there is a need to 
create nanoparticles that are less toxic and degradable (Walser et al. 2012). Also, in 
some cases, the heat released from burning can be used as an energy source, mainly 
electric energy. The total greenhouse gas emissions are lesser from incinerators as 
compared to landfills. According to certain research, metal oxide NPs increased 
combustion efficiency in an incinerator and reduced the emission of toxic polycy-
clic aromatic hydrocarbons (PAHs). On the other hand, Ag nanoparticles reduced 
combustion efficiency and increased PAH emissions (Vejerano et al. 2014).

According to recent research, pulse jet bag filters were prepared to collect NPs 
even from the flue gas. This could help in the proper disposal of the nano waste, thus 
causing no harm to the environment and the people who come in contact with this 
waste while transporting. The efficiency of these bag filters ranged from 98% to 
99.98% (Boudhan et al. 2018). These bags can be used more than once, increasing 
efficiency as per results. The experimental setup for this has been shown in 
Fig. 12.10.
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Fig. 12.10 Incineration setup for nanowaste disposal using pulse jet filters for better results

12.8.2  Landfill

As discussed above, the fate of incineration’s end products, namely, flue gas and 
slag, lies in the landfill. In simple terms, a landfill is an area created to dispose of 
waste. There have been instances when these landfills went unnoticed and were not 
taken care of, which led to contamination and insect breeding. However, now the 
municipalities of that very place take care of the landfills. The incinerators can burn 
a significant portion of the nano waste provided if it contains the mechanism for flue 
gas filtration. This will prevent the nanoparticles from escaping into the air. However, 
the remaining part of the nano waste gets released into the landfills (Kim 2014). 
Many studies have been done on the issue of landfill leaching. Leaching is a com-
mon phenomenon in landfills, resulting from rainfall penetrating the landfill and 
reaching the degrading waste. This is an issue of great concern because it causes 
contamination, which may take no time to get into the neighboring soil and water 
streams.

To find a solution to solve the issue of leachates, research was performed using 
tungsten-doped titanium dioxide (Azadi et al. 2017). This material could treat the 
landfill leachate using the principle of photocatalytic degradation. The doped com-
pound was prepared through the sol-gel technique. These particles were character-
ized through XRD, PSA, FESEM, and EDS. The results of the XRD data suggest 
that the average crystallite size was changed with the calcination temperature. When 
the photocatalytic activity of the W-doped TiO2 was studied, it was seen that doped 
nanoparticles show better performance than undoped nanoparticles under visible 
light irradiation. That is also a method to check whether the doping was correctly 
done or not. The best contact time of the nanoparticles and leachate was found out 

12 Misconceptions in Nanotoxicity Measurements: Exploring Facts to Strengthen…



356

10mL of Tungsten Dioxide taken
120mL of Distilled water added drop by drop and mixed

Precipitates formed, isolated by centrifugation
Washed with de-ionized water

240mL of with de-ionized water added to the white ppt to
from a SolutionA
48mg of H2WO4 added to 2mL of H2O2 (at 90°C)

35mL H2O2, 70mL de-ionized water mixed with the above
solution to make Solution B
Solution A added to Solution B drop-wise; stirred

Resultant solution kept for 3h till it turns viscous orange
Solution kept for 1 day at 25°C till gel forms

The gel was dried at 80°C for 2 days
Solid created was converted into crushed form

Calcinations performed at 300, 400, 500, 600 and 700°C for 2h
1.5%-by-weight W-doped TiO2 nano particles were prepared

Fig. 12.11 Preparation process of tungsten-doped titanium dioxide NPs for treatment of landfill 
leachate

to be 34 h. After this time, the removal rate becomes very low, and after this, the 
process becomes costly.

It was concluded that augmenting the tungsten value to an optimal value increases 
the process efficiency. However, the further increase may block some reactive sur-
face sites for photocatalytic activity and negatively affect the process efficiency. 
Moreover, if the engineered nanoparticles (ENPs) are thermally treated before their 
disposal, they may lose some part of their endurance in the environment (Part et al. 
2020). As per  another research, the landfill should be monitored carefully, and 
methods of leachate treatment such as nanofiltration or precipitation technologies 
should be adopted (Fig. 12.11).

12.9  Recycle and Reuse

As mentioned earlier in the chapter, nano-wastes make up a substantial portion of 
the total collected annually. With the increase in engineered nanomaterial (ENM) 
production, a lot of nano-waste is generated every year. This may include waste 
from dye and textile industries, sensor manufacturing units, and food technology 
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sectors. The endpoint of this nano-waste is landfills most often. In these times, the 
obvious question that arises in mind is, “Are nanoparticles recyclable?” or “Can 
nanoparticles be re-used?” Some studies have been performed to find a solution to 
these questions.

Although nanomaterials are a boon to society in many different ways, these 
materials also compromise the environment. The landfill leachate causes significant 
pollution and health hazards. Not many recycling or reuse techniques are known 
because they are difficult to recover due to the small size of the nanoparticles. The 
ideal methods for this purpose need to be cost-effective and simple. The most used 
way to recover magnetic nanoparticles is by using an ordinary magnet. In the case 
of spinel ferrites like manganese ferrites, zinc ferrites, cobalt ferrites, nickel ferrites, 
etc., the magnetic recovery is effortless, economical, and time-saving (Gupta et al. 
2020). The SFNPs can work in both acidic and basic conditions. Hence, they can be 
desorbed easily to serve for reuse over many times. In the process of dye removal 
using methyl orange (MO) as a dye, the adsorbent can be removed with the help of 
an external magnet, followed by rinsing with ethanol and drying (Guillot 2006). As 
per experimental data, the reusability did not decrease the successive adsorption 
efficiency much. A simple magnetic separation process of gold nanoparticles has 
been shown in Fig. 12.12 (Chen and Gerion 2004; Oliveira et al. 2010).

Researchers from Bristol University suggested a method to recover NPs using 
the microemulsion technique (Myakonkaya et al. 2010). They took the example of 
cadmium and zinc NPs. Most importantly, there was no change in their chemical 
properties and shape. This made them suitable for reuse. According to the experi-
ment performed, using cadmium and zinc nanoparticles, it was seen how the oil and 
water in the microemulsion got separated into two layers when provided with tem-
perature. One layer contained the nanoparticles that could be recovered, and the 
other had no nanoparticles.

Fig. 12.12 A simple magnetic separation process of Au nanoparticles using commercially 
available external magnet. (Reprinted with permission from Oliveira et al. 2010)

12 Misconceptions in Nanotoxicity Measurements: Exploring Facts to Strengthen…



358

During the COVID-19 pandemic, an ever-increasing demand for face masks was 
seen. But these masks possessed some limitations too. Hence, the Korea Advanced 
Institute of Science and Technology (KAIST) recently created reusable nano filter 
masks (Liu et al. 2020). As per data, these show 95% efficiency and can be used up 
to 20 times of washing. For these masks, the researchers have used orthogonal nano-
fibers. The structure of nanofibers minimizes air filter pressure and enhances the 
filtration process. A team at the Queensland University of Technology (QUT) has 
created nanotechnology-based biodegradable face masks made up of degradable 
plant waste products (Talebian et al. 2020). This mask can prevent virus-sized par-
ticles from entering and does not cause fatigue in those wearing the mask so that 
they can wear it for a longer time. Also, people with breathing issues can wear it 
easily. There has been another kind of reusable nanoparticle-based mask in the mar-
ket. These are infused with metal oxide nanoparticles that kill germs. These can be 
washed about 100 times and still not lose their properties (Bose 2020).

However, more guidelines are required for better recycling and reuse of 
nanoparticles so that no harm is caused to nature. Also, there is a need to develop 
materials that are less toxic and have recyclable properties.

12.10  Future Perspectives

Nanotoxicity has been studied for over a decade now. As the chapter discusses 
various limitations in the nanotechnology field, there is an immediate need to find 
ways to reduce toxicity and save the environment and its components, including 
human beings. Ignored aspects of nanomaterials like bandgap and leaching problems 
should be considered (Singh et al. 2019). There is also a need to study in detail the 
properties of nanomaterials due to their extremely small size. The misconceptions 
associated with it should also be studied thoroughly. As methods of recycling nano- 
waste have been found, further research can be done to modify them to increase 
their efficiency and make them suitable to recycle every kind of nano-waste. The 
lack of proper data accounts for some of the research problems about nanotoxicity. 
Apart from using nanocomposites with magnetic properties, other nanocomposite 
alternatives may be found so that they can be recovered easily.

Nanotoxicity is not only limited to physics and chemistry but may also apply to 
pharmacology and biological studies at the molecular level and also computer stud-
ies. The combination of all these may help create an extensive database that can help 
trace the origin of nano-waste and assist in deciding the future actions to be taken 
for it (Fadeel 2019). Moreover, Health Safety Standards and other regulations 
should be updated as per today’s requirements. The disposal of nano-waste is an 
important area of concern as it may cause harm to nature as well as the people 
involved in the disposal process. Not only this but also students working at small 
levels should be provided with proper knowledge about the toxic nanomaterials and 
the precautions to be taken while working with such materials. Nanotechnology is 
an emerging field and can’t be ignored at any cost. The toxicity-related data should 
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be executed in various areas before using (Saini and Srivastava 2018). Hence, better 
synthesis, characterization, and data should be extracted to help reduce toxicity.

12.11  Conclusions

This chapter deals with the toxic behavior of commonly used nanomaterials in 
various fields. The importance of nanomaterials in different areas has been 
mentioned as an introductory portion, along with the changes in properties that 
occur in material from macro to nanoscale. As the topic suggests, the misconceptions 
associated with nanotechnology and nanotoxicity are also emphasized. It is essential 
to understand the methods used to define the toxic properties of widely employed 
nanomaterials. Various methods in context to this, including characterization and 
synthesis, have been discussed in detail. There may be specific knowledge gaps that 
may cause such misconceptions to develop. Hence, such gaps have been emphasized. 
These gaps include knowledge gaps and gaps that may instigate the invention of 
better synthesis and characterization techniques. The in vivo and in vitro methods 
have been mentioned, and alongside, in silico method has also been discussed for 
certain compounds. An important term used to understand nanotoxicity is the nano-
bio interface.

The main focus is laid on the toxic properties of certain compounds and the 
misconceptions associated with such materials. The properties and uses of various 
materials are thoroughly discussed. The barriers in the uninterrupted use of these 
materials due to their toxicity are explained in detail. The diseases or issues caused 
due to toxicity have been compared in tabular form. Much emphasis is laid on the 
generation of nano-waste and its disposal. The pros and cons of disposal processes 
like incineration and landfills have been mentioned. As a solution to the harm caused 
by nano-waste, the option of recycling and reuse has been identified as an important 
area of research. Particular examples of the recycling and reuse of some nanomate-
rials have been discussed. Moreover, methods that can be used to produce less toxic 
nanomaterials have been stressed upon. Also, the future perspectives related to the 
topic have been explained.
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