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Nanofillers for Sustainable Applications provides an in-depth review of the wide-ranging
applications of nanofillers. It explores both synthetic and natural nanofillers and focuses
on their use as reinforcement and active fillers in composite structures.

Covering various aspects of nanofillers, including synthesis methods, characteris-
tics, properties, and compatibility, this book highlights the potential of nanofillers as
functional materials for different applications and offers a collection of comparative
studies to showcase their efficacy. It emphasizes sustainability, intelligent design,
and high-end applications in fields such as packaging, pulp and paper, aerospace,
automotive, medicine, chemical industry, biodiesel, and chemical sensors. This book
is organized into several sections, covering topics such as synthetic nanomaterials,
nanosafety, natural nanofillers, polymer composites, metal nanofillers, nanofillers in
various industries, nanofillers in renewable energy, nanofillers in biomedical sectors,
and nanofillers in automotive and aerospace industries.

This book will be a useful reference for undergraduate and graduate students and
academic researchers in the fields of materials science, nanomaterials, and polymer
composites.

Key features:

¢ Focuses on the fabrication approaches used for nanofillers in nanocomposites.

* Covers materials selection, design solutions, manufacturing techniques, and
structural analysis, highlighting their potential as functional materials in
different applications.

e Explores the positive environmental impact and material property improve-
ments resulting from increased composite utilization across diverse industries.

* Discusses other types of nanofillers like nanocellulose, metal-based, gra-
phene, and wood-based materials.

e Includes case studies from leading industrial and academic experts.
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Preface

Nanofillers for Sustainable Applications is a comprehensive and insightful review
that explores the wide-ranging applications of nanofillers. This book offers a detailed
examination of both synthetic and natural derived nanofillers, specifically focusing
on their utilization as reinforcement and active fillers in composite structures. By
delving into the synthesis methods, characteristics, properties, and compatibility of
nanofillers, the book highlights their potential as functional materials for a diverse
range of applications. The primary objective of this book is to provide an extensive
collection of comparative studies, encompassing both past and recent research, to
shed light on the efficacy of nanofillers in various selected applications. It offers a
comprehensive review of natural and synthetic nanofillers, with a particular empha-
sis on their role in fostering sustainability, intelligent design, and high-end applica-
tions. Notably, the book explores their application in areas such as packaging, pulp
and paper, aerospace, automotive, medicine, chemical industry, biodiesel, and chem-
ical sensors, elucidating the ways in which nanofillers contribute to advancements in
these fields. In addition to the above, the book also touches upon other types of nano-
fillers, including nanocellulose, metal-based, graphene, and wood-based materials.
While providing a concise summary of these materials, the book primarily focuses
on the various approaches employed in the fabrication of nanofillers for nanocom-
posites. Furthermore, it explores the positive environmental impact and improve-
ments in material properties resulting from the increased utilization of composites
across diverse industries.

This book covers topic of (1) Overviews of Synthetic Nanomaterials, Synthesis
Methods, Characteristics and Recent Progress; (2) The Characterization Techniques
of Nanomaterials; (3) Nanosafety: Exposure, Detection and Toxicology; (4) Natural
Nanofillers: Preparation and Properties; (5) Compatibility Study of Nanofillers
Based Polymer Composites; (6) Inclusion of Nano-Fillers in Natural Fibre
Reinforced Polymer Composites: Overviews and Applications; (7) Metal Nanofillers
in Composite Structure; (8) Bio-Oils as The Precursor for Carbon Nanostructure
Formation; (9) Nanoplastics in Environment: Environmental Risk, Occurrence,
Characterization, And Identification; (10) Nanofillers in Pulp and Paper; (11) Design
of Recycled Aluminium (AA 7075) based Composites Reinforced with Nano filler
Ni-Al Intermetallic and Nano Niobium Powder Produced with Vacuum Arc Melting
for Aeronautical Applications; (12) Performance Evaluation of Nano-Lignin in
Polymer Composites; (13) Natural Nanofillers in Biopolymer Based Composites: A
Review; (14) Effect of Dispersion and Interfacial Functionalization of Multiwalled
Carbon Nanotubes in Epoxy Composites: Structural and Thermogravimetric
Analysis Characteristics; (15) Natural Nanofillers in Polyolefins-Based Composites:
A Review; (16) Nanofillers in Food Packaging; (17) Design of Recycled Aluminium
(AA 7075+AA1050 fine chips) Based Composites Reinforced with Nano SiC
Whiskers, Fine Carbon Fibre for Aeronautical Applications; (18) State of Art
Review on Nanofiller in Biodiesel Applications; (19) Recent Progress of Advanced
Nanomaterials in Renewable Energy; (20) Emerging Development on Nanocellulose

XViii
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and Its Composites in Biomedical Sectors; (21) Cinnamon Pickering Emulsions as a
Natural Disinfectant: Protection Against Bacteria and SARS-CoV-2; as well as (22)
Nanofillers in Automotive and Aerospace Industry.

By combining a comprehensive overview of nanofillers with their applica-
tions, Nanofillers for Sustainable Applications serves as an invaluable resource for
researchers, professionals, and students seeking a deeper understanding of the poten-
tial and practicality of nanofillers in numerous fields.

We are incredibly thankful to all authors who are experts in Nanofillers for
Sustainable Applications who contributed book chapters in this edited book and sup-
ported it by providing valuable ideas and knowledge. We are also grateful to CRC
Press, the supporting team, especially Kyra and Sonia, for helping us in administrat-
ing and their valuable advice in finalizing this book.
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1.1 INTRODUCTION

The insufficiency of non-renewable raw materials, as well as the improper disposal
of solid waste in the environment, drives society towards more sustainable materi-
als which honour nature and the environment. Nanotechnology really does have a
significant role to play in global sustainability efforts. Nanotechnology has a lot of
potential and thus is thought to be a crucial technology for the twenty-first century. It
is a linear or enabling technology that, in the medium term, will permeate all indus-
trial sectors. As a matter of fact, nanomaterials have surfaced as a fascinating renew-
able class of materials with a wide range of practical applications. New materials for
protective coating, computer systems, textile materials, cosmetics, packaging, and
medicines are just a few examples of product types that can benefit from nanomateri-
als in terms of function and quality.

Organic and synthetic nanoparticles are classified based on their chemical com-
position, size, shape, and surface functionalization. Organic nanoparticles are made
up of natural or synthetic polymers, lipids, and proteins. They can be designed to
have specific properties such as biocompatibility, biodegradability, and drug deliv-
ery. Synthetic nanoparticles, on the other hand, are typically made up of inorganic
materials such as metals, metal oxides, and carbon-based materials. They can be
engineered to have unique properties such as high surface area, conductivity, and
magnetic properties. Some examples of synthetic nanoparticles include quantum
dots, carbon nanotubes, gold nanoparticles, and silica nanoparticles. The type and
category of nanoparticle utilized depends on the desired properties and the specific
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application in which they will be used. Synthetically produced nanoparticles are
important in nanotechnology and are used in a variety of applications. They are a
diverse class of materials with lengths ranging from 1 to 100nm in all three dimen-
sions. Because of their unique properties, synthetic nanoparticles are crucial aspects
of nanotechnology. They are manufactured industrially and utilized in products or
processes. Depending on the application and the type of product, the nanomaterials
used are either in a more or less tightly bound form.

One significant advantage of nanoparticles and nanomaterials is their large sur-
face area-to-volume ratio. At the nanoscale, materials have a much larger surface
area per unit mass than the same material in bulk form. This property allows for
increased reactivity and interactions with other materials, making them highly useful
in applications such as catalysis, sensing, and drug delivery. Additionally, the unique
physical, chemical, and biological properties of nanoparticles and nanomaterials can
be tailored by controlling their size, shape, and surface functionalization, providing
a high degree of flexibility and versatility in their use.

1.2 TYPES OF SYNTHETIC NANOMATERIALS

1.2.1 CaArBON NANOTUBES AND CARBON NANOFIBRES

Carbon-based materials of synthetic nanomaterials’, for example, have numerous
applications in industry and science. Carbon nanotubes (CNTs) are composed of
carbon atoms arranged in a cylindrical structure with a high aspect ratio (length-to-
diameter ratio). They can be either single-walled or multi-walled, depending on the
number of concentric tubes. CNTs exhibit excellent mechanical strength, high ther-
mal and electrical conductivity, and unique optical properties, making them suitable
for a wide range of applications (Dresselhaus et al., 2001).

Carbon nanomaterials (CNTs) and carbon nanofibres (CNFs) are made of sp? car-
bon atoms with one-dimensional (1D) structures. CNTs are made from graphene
nanofoils that have hollow coils of atoms that are arranged in a honeycomb pat-
tern. Single-layer CNTs and multi-layered CNTs have diameters as small as 0.7 and
100nm, respectively, and lengths that typically range from a few micrometres to
several millimetres. The ends may be closed by half-fullerene molecules or may be
hollow (Jana et al., 2021). The rolled sheets are referred to as single-walled (SWNTs),
double-walled (DWNTSs), or multi-walled carbon nanotubes because they can have
one, two, or multiple walls (MWNTs). It is common to synthesize carbon precursors
by deposition, particularly atomic carbon precursors. Using a laser or an electric arc,
carbons are vaporized from graphite and deposited on metal particles. They were
recently created using the chemical vapour deposition (CVD) method (Tehrani &
Khanbolouki, 2018).

CNTs have unique electronic properties that make them attractive for various elec-
tronics applications, such as field-effect transistors (FETs), interconnects, and mem-
ory devices. CNTs can be used as high-performance channel materials in FETs due
to their excellent electron transport properties. They can also be used as interconnects
in integrated circuits due to their high current-carrying capacity and low resistance
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(Avouris et al., 2007). Furthermore, they have been studied extensively for their
potential applications in energy-related fields, such as energy storage, conversion, and
harvesting. They can be used as electrode materials in supercapacitors and batteries
due to their high surface area, high electrical conductivity, and fast charge transfer
kinetics. CNTs can also be used as catalysts for fuel cells and as light-absorbing mate-
rials in solar cells (Kaempgen et al., 2009).

CNTs have shown potential for various biomedical applications due to their
unique physical and chemical properties. They can be used as drug delivery vehicles,
biosensors, and tissue engineering scaffolds. CNTs can be functionalized with tar-
geting ligands and therapeutic agents to selectively target cancer cells and improve
drug delivery efficiency. They can also be used as biosensors for detecting biomol-
ecules and cells due to their high sensitivity and specificity (Kam & Dai, 2005).
Moreover, CNTs can be used as reinforcement materials in composites to improve
their mechanical and electrical properties. CNTs can be dispersed in polymers, met-
als, and ceramics to enhance their stiffness, strength, and electrical conductivity.
CNT-reinforced composites have potential applications in the aerospace, automotive,
and sports industries (Coleman et al., 2006).

Overall, the unique physical and chemical properties of CNTs have led to a wide
range of applications in various fields, including electronics, energy, biomedical, and
composites. As research in this field continues, more applications are expected to
emerge.

Carbon nanofibre is created in a similar way as graphene nanofoils, as well as
carbon nanotubes, are. The difference is that instead of regular cylindrical tubes, it
is wound into a cone shape (Foong et al., 2020). Furthermore, CNFs have cylindrical
nanostructures with various graphene sheet stacking arrangements, such as stacked
platelet, ribbon, or herringbone (Serp & Figueiredo, 2009).

The extraordinary mechanical, electrical, thermal, and electrochemical properties
of CNF and CNTs have generated a great deal of activity in a majority of science and
engineering fields (Vamvakaki et al., 2021). CNFs are cylindrical carbon fibres with
diameters ranging from a few nanometres to tens of nanometres and lengths up to
several micrometres. They have a graphitic structure and exhibit excellent mechani-
cal properties, such as high strength, stiffness, and toughness. CNFs also have high
electrical and thermal conductivity and can be functionalized to modify their surface
properties. CNFs have shown potential applications in energy storage, such as super-
capacitors and batteries, due to their high surface area and high electrical conduc-
tivity. CNFs can be used as electrode materials in supercapacitors and can achieve
high specific capacitance and high power density. CNFs can also be used as anode
materials in lithium-ion batteries and can achieve high specific capacity and cycling
stability (Luo et al., 2013).

CNFs can be used as catalyst supports due to their high surface area and good
electrical conductivity. They can be functionalized with various metal or metal oxide
nanoparticles to form heterogeneous catalysts for various chemical reactions. CNF-
supported catalysts have shown high activity and selectivity in reactions such as hydro-
genation, oxidation, and the Fischer-Tropsch synthesis. CNFs can be used as sensing
materials due to their high sensitivity and selectivity. They can be functionalized
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with various sensing agents, such as metal nanoparticles or organic molecules, to
detect various analytes, such as gas molecules, biomolecules, and heavy metal ions.
CNF-based sensors have shown high sensitivity, selectivity, and stability (Kim et al.,
2008). CNFs can be used as reinforcement materials in composites to improve their
mechanical and electrical properties. CNFs can be dispersed in polymers, metals,
and ceramics to enhance their stiffness, strength, and electrical conductivity. CNF-
reinforced composites have potential applications in the aerospace, automotive, and
sports industries (Sharma et al., 2016). Overall, CNFs have shown potential appli-
cations in various fields, including energy, catalysis, sensing, and composites. As
research in this field continues, more applications are expected to emerge.

1.2.2  METAL-BASED NANOPARTICLES

Metal-based nanoparticles can be synthesized using various methods, including
chemical reduction, sol-gel, and thermal decomposition. The size, shape, and com-
position of the nanoparticles can be controlled by adjusting the reaction parameters.
Metal-based nanoparticles exhibit unique optical, electrical, and magnetic properties
due to their small size and high surface-to-volume ratio (Ijaz et al., 2004). Using
either destructive or constructive processes, metal-based nanoparticles are created
from metals to nanometric sizes. Almost all metals can be synthesized with nanopar-
ticles (Ijaz et al., 2004; Abdelmoneim et al., 2021). For the synthesis of nanoparticles,
materials like cadmium, cobalt, gold, aluminium, lead, copper, zinc, iron, and silver
are frequently used (Ijaz et al., 2020; Kumar et al., 2021). Sizes between 10 and
100nm, high surface-to-volume ratio, pore size, surface charge with density, crys-
talline structures, spherical shapes, colour, reactivity, and sensitivity are just a few
of the distinctive characteristics of nanoparticles (Singh et al., 2021; Ranjith et al.,
2019). Metal nanoparticles are produced using metal precursors. Constrained sur-
face plasmon resonance (SPR) gives these nanoparticles their distinctive optoelectric
properties (Kankala et al., 2020; Aziz et al., 2019). Cu, Ag, and Au are examples
of noble metal and alkali nanoparticles that have a distinct absorbance peak in the
photovoltaic electromagnetic spectrum. Shape and pattern metal NP synthesis are
essential for today’s cutting-edge materials.

Metal-based nanoparticles have been widely used as heterogeneous catalysts due
to their high surface area and unique catalytic properties. They can catalyze various
chemical reactions, such as oxidation, reduction, and hydrogenation. Metal-based
nanoparticles can also be used as enzyme mimics to catalyze biorelevant reactions
(Corma & Garcia, 2008). Metal-based nanoparticles have potential applications in
biomedicine, such as imaging, drug delivery, and therapy. Metal-based nanoparticles
can be functionalized with various biomolecules, such as antibodies and peptides, to
target specific cells or tissues. They can also be used as contrast agents in imaging
techniques, such as magnetic resonance imaging (MRI) and computed tomography
(CT). Metal-based nanoparticles can also be used for photothermal therapy, where
they absorb light and convert it into heat to selectively kill cancer cells (Dreaden
et al.,, 2018). Metal-based nanoparticles can be used as sensing materials due to their
unique optical, electrical, and magnetic properties. Metal-based nanoparticles can
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be functionalized with various sensing agents, such as organic dyes and enzymes,
to detect various analytes, such as biomolecules and environmental pollutants.
Metal-based nanoparticle-based sensors have shown high sensitivity and selectivity
(Li et al., 2015). Metal-based nanoparticles have potential applications in energy
storage and conversion, such as batteries, fuel cells, and solar cells. Metal-based
nanoparticles can be used as catalysts in fuel cells to enhance their efficiency and
durability. Metal-based nanoparticles can also be used as photoanodes in solar cells
to improve their photoconversion efficiency (Zhang & Xie, 2019). Overall, metal-
based nanoparticles have shown potential applications in various fields, including
catalysis, biomedicine, sensing, and energy. As research in this field continues, more
applications are expected to emerge.

1.2.3  MEeTaL OXIDE NANOPARTICLES

Metal oxide nanoparticles have gained significant attention in the field of nanotech-
nology due to their unique properties and potential applications in various fields,
such as electronics, catalysis, biomedicine, energy, and environmental remedia-
tion. According to a review article published by Wang and Chen (2013), metal oxide
nanoparticles exhibit a large surface area, high surface energy, and unique electronic
and optical properties, making them suitable for applications such as solar cells, gas
sensors, catalysis, and drug delivery systems (Wang & Chen, 2013). Another review
article stated by Liu et al. (2019) highlights the applications of metal oxide nanopar-
ticles in energy storage and conversion technologies such as lithium-ion batteries,
supercapacitors, and solar cells. The article discusses the properties of various metal
oxide nanoparticles and their performance in these applications (Liu et al., 2019).

Moreover, metal oxide nanoparticles may be used in biomedical domains. Metal
oxide nanoparticles, such as titanium dioxide (TiO,), zinc oxide (ZnO), and iron
oxide (Fe,0;), have shown immense potential in various biomedical applications
due to their unique properties. These nanoparticles have high surface area-to-volume
ratios, which enables them to interact effectively with biological systems. They also
possess specific physical, chemical, and magnetic properties that make them use-
ful for different applications. One advantage of using metal oxide nanoparticles in
biomedical domains is their biocompatibility and low toxicity. Many metal oxide
nanoparticles have been shown to be non-cytotoxic and non-immunogenic, making
them suitable for use in medical devices and implants. Furthermore, metal oxide
nanoparticles can be surface-functionalized with biomolecules such as proteins, pep-
tides, and antibodies, which allows for specific targeting of cells or tissues. Another
advantage of using metal oxide nanoparticles in biomedical applications is their abil-
ity to act as contrast agents for imaging. For example, iron oxide nanoparticles can be
used as contrast agents in magnetic resonance imaging (MRI) due to their magnetic
properties. Titanium dioxide and zinc oxide nanoparticles can also be used for opti-
cal imaging due to their ability to absorb and emit light.

Metal oxide nanoparticles have also shown potential for drug delivery applica-
tions. These nanoparticles can be functionalized with drugs and other therapeutic
molecules, allowing for targeted and controlled release of the drugs. Additionally,
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some metal oxide nanoparticles have been shown to have intrinsic therapeutic prop-
erties, such as antibacterial and anti-inflammatory properties. The use of metal oxide
nanoparticles as drug carriers for cancer treatment is proven effective. In environ-
mental remediation, metal oxide nanoparticles have been investigated for their abil-
ity to remove pollutants from water and soil. A research article published by Kumar
et al. (2017) discusses the use of metal oxide nanoparticles for the removal of organic
pollutants from water. The article highlights the advantages and limitations of using
metal oxide nanoparticles for this application (Kumar et al., 2017). In conclusion,
metal oxide nanoparticles have a wide range of potential applications in nanotech-
nology, including electronics, energy storage and conversion, biomedicine, and envi-
ronmental remediation. However, more research is needed to fully understand their
properties and potential applications.

1.2.4 CerAMIC NANOPARTICLES

Ceramic nanoparticles are small particles made of ceramic materials, typically with
a size range of 1-100nm. They have unique properties that make them useful in vari-
ous applications in nanotechnology. Throughout the last few decades, the develop-
ment of goods and processes utilizing ceramic nanoparticles has resulted in unique
and exciting applications of these materials. Ceramic nanoparticles’ properties, such
as form, particle size distribution, crystal habit, state of agglomeration, or dispersion,
are defined during the synthesis process. There are numerous methods for producing
ceramic nanoparticles. Li et al. (2005) discussed the various synthesis methods for
ceramic nanoparticles, including sol-gel, hydrothermal, and chemical vapour deposi-
tion. The authors note that the choice of synthesis method can affect the size, shape,
and properties of the resulting nanoparticles (Li et al., 2005). Ceramic nanoparticles
can have unique properties due to their small size and high surface area, which can
affect their mechanical, thermal, and electrical properties. Various techniques are
used to characterize the structure and properties of ceramic nanoparticles, such as
X-ray diffraction, transmission electron microscopy, and Fourier transform infrared
spectroscopy. These techniques can provide important information about the size,
shape, and chemical composition of the nanoparticles (Souza et al., 2016).

Various applications of ceramic nanoparticles include catalysis, energy stor-
age, and biomedical engineering. The unique properties of ceramic nanoparti-
cles make them promising candidates for these applications (Rashid et al., 2018).
Ceramic nanoparticles have several advantages, such as high melting points,
chemical stability, and optical properties, which make them useful in a wide
range of applications. These applications include catalysis, energy storage, and
biomedical engineering. However, some disadvantages of ceramic nanoparticles
include their potential toxicity and difficulties in their synthesis and process-
ing (Syafiuddin et al., 2017). The potential applications of ceramic nanoparticles
are also in biomedical engineering, such as drug delivery and tissue engineer-
ing. Ceramic nanoparticles have unique properties, such as their biocompatibility
and high drug-loading capacity, which make them promising candidates for these
applications (Moreno-Vega et al., 2012).
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In addition, are unique properties of nanoceramics, which are ceramic materi-
als with nanoscale grain sizes. Gubicza et al. (2009) noted that nanoceramics have
advantages such as increased hardness, strength, and thermal stability, which make
them useful in applications such as coatings and composites (Gubicza et al., 2009).
The potential applications of ceramic nanoparticles can be applied in energy storage
and conversion, such as batteries and fuel cells. Ceramic nanoparticles can improve
the performance and stability of these devices due to their unique properties, such
as high surface area and chemical stability. However, there are challenges to using
ceramic nanoparticles in these applications, such as their high cost and potential
toxicity (Jayasinghe et al., 2018). Despite their various advantages, ceramic nanopar-
ticles” potential toxicity and the factors that can affect their toxicity, such as size,
shape, and surface chemistry. Zhang and Xie (2019) mentioned more research is
needed to fully understand the toxicity of ceramic nanoparticles and to develop safe
and effective applications for them (Zhang & Xie, 2019).

1.2.5 SEMICONDUCTOR NANOPARTICLES

Semiconductor nanoparticles, also known as quantum dots, have a wide range of
applications in electronics, photonics, and biomedicine. Here are some fundamen-
tal concepts of semiconductor nanoparticles, which include quantum confinement,
band gap energy, surface passivation, size-dependent optical properties, and colloi-
dal synthesis. The fundamental concepts of semiconductor nanoparticles are closely
related to their unique physical and chemical properties, which make them useful
in a variety of applications. One of the most important properties of semiconduc-
tor nanoparticles is quantum confinement, which arises due to the confinement of
electrons and holes in all three dimensions within the nanoparticle. This leads to the
quantum size effect, which results in discrete energy levels, band gap widening, and
a size-dependent emission spectrum (Klimov, 2003).

The band gap energy of a semiconductor nanoparticle is the energy difference
between the valence and conduction bands. It is an important parameter that deter-
mines the optical and electronic properties of the nanoparticle, including its absorp-
tion and emission spectra. The band gap energy of a nanoparticle can be tuned by
changing its size, shape, and composition (Efros & Nesbitt, 2016). Semiconductor
nanoparticles have high surface-to-volume ratios, which can lead to surface defects
and trap states that degrade their optical and electronic properties. Surface pas-
sivation is a process of coating the surface of the nanoparticle with a thin layer of
organic or inorganic material to prevent surface defects and improve the stability and
performance of the nanoparticle (Chen et al., 2013).

The size-dependent optical properties of semiconductor nanoparticles arise due
to the quantum size effect, which results in a shift of the absorption and emission
spectra to higher energies as the nanoparticle size decreases. This can lead to unique
optical properties such as size-tunable emission, narrow emission linewidths, and
quantum yield enhancement (Bawendi et al., 2003). Semiconductor nanoparticles
are commonly synthesized using a colloidal approach, which involves the reaction
of precursor molecules in a solution to form the nanoparticle. The size and shape
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of the nanoparticle can be controlled by adjusting the reaction conditions such as
temperature, concentration, and reaction time (Murray et al., 1993). Semiconductor
nanoparticles are widely used in biological imaging due to their bright and stable
emission, tunable size and emission spectra, and low toxicity. They can be used as
fluorescent probes for live-cell imaging, multiplexed detection of biomolecules, and
in vivo imaging of biological processes (Algar et al., 2011). Semiconductor nanopar-
ticles can be used as colour-converting materials in display technology to improve
colour gamut, brightness, and energy efficiency. They can be integrated into LED
displays, LCDs, and OLED displays to achieve high colour quality and energy effi-
ciency (Wang & Sun, 2015).

Semiconductor nanoparticles can be used as light-harvesting materials in solar
cells to improve the efficiency of solar energy conversion. They can be incorporated
into the active layer of solar cells to capture a broader range of solar spectra and
reduce recombination losses (Carey et al., 2015). Semiconductor nanoparticles can
be used as sensing materials in chemical and biological sensors to detect and quan-
tify analytes. They can be functionalized with specific ligands to selectively bind to
target molecules and emit a detectable signal upon binding (Medintz et al., 2005).
Semiconductor nanoparticles can be used as electrode materials in energy storage
devices such as batteries and supercapacitors to improve their performance. They can
be designed with high surface area, high conductivity, and fast charge transfer kinetics
to enhance the energy and power densities of the devices. Overall, the applications of
semiconductor nanoparticles are diverse and expanding, driven by their unique prop-
erties and potential for improving the performance of various devices and systems.

1.3 SYNTHESIS AND PRODUCTION METHODS
OF SYNTHETIC NANOMATERIALS

Nanomaterials made from synthetic materials have many uses in various fields of
industry and science. Notice that to use the applications, one will need highly depend-
able synthesis processes that can also create large amounts of high-purity materials.
It is something that must always be kept in mind. As a result, it is essential to produce
the product on a big scale and ensure its high purity. The synthesis and production of
synthetic nanomaterials may be accomplished by a wide variety of methods, includ-
ing ball milling, electrospinning, lithography, arc-discharge deposition, and pulsed
laser ablation in liquid. This section reviews some of the most common methods for
synthesizing and producing synthetic nanomaterials.

1.3.1  BALL MILLING

The process of ball milling, which is typically utilized for grinding purposes in the
industrial sector, is an example of a mechanochemical technique. Instead of relying
on heat as the activation energy, mechanical energy is employed in the synthesis and
production processes (Zhuang et al., 2016). Compared to more traditional chemical
processes, ball milling may be utilized for either dry or wet material. The operat-
ing conditions are straightforward, and the grinding occurs in an enclosed space
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FIGURE 1.1 The working principle of the ball milling process. (Reproduced with permis-
sion from Zhuang et al., 2016.)

where no dust is blowing around. In addition, the mill may be pressurized with an
inert gas rather than air, and the synthesis procedure may be carried out at room
temperature (Salah et al., 2011). Ball milling is widely accepted as a practical and
promising synthesis process for small-scale laboratory studies and large-scale com-
mercial production due to its many benefits. The basic concept of the dry ball mill-
ing technique is depicted in Figure 1.1. The procedure involves using a high-energy
mill with a targeted powder charge and a milling medium (Lin et al., 2017). The
powder charge is subjected to the application of the kinetic energy created by the
moving balls, which disrupts the chemical bonds between the molecules involved
and a consequent reduction in particle size. The milling process causes a number
of progressions, including the transfer of mass and energy and the development of
mechanical stress, which ultimately results in the lattice structure of the materials
being broken (Boldyreva, 2013).

1.3.2  ELECTROSPINNING

Although ultrafine fibres or fibrous structures of various polymers with widths down
to a submicron or nanometres may be easily manufactured using this technique, the
electrospinning process has garnered more attention in recent years. It is presum-
ably due in part to a booming interest in nanotechnology. By utilizing powerful
electrostatic forces, electrospinning is an efficient method for producing long poly-
mer fibres with diameters ranging from micrometres to 100nm or even a few nano-
metres. It may be accomplished via electrospinning (Greiner & Wendorff, 2008).
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FIGURE 1.2 A graphic showing the electrospinning process used to create polymer nanofi-
bres. (Reproduced with permission from Long et al., 2011.)

A high-voltage supply, a capillary tube fitted with a pipette or needle with a tiny
diameter, and a metal collecting screen are the fundamental elements required to
carry out the procedure. In the typical electrospinning method, as seen in Figure 1.2,
a polymer solution is first forced out of an orifice to form a tiny droplet in the pres-
ence of an electric field, and then charged solution jets are forced out of a cone in the
next step of the process.

In most cases, the fluid extension takes place first in a uniform manner. After
that, the straight flow lines experience a severe whipping and splitting motion due
to the fluid’s instability and the instability caused by electrically induced bending.
The solution jet either evaporates or becomes solidified before it reaches the collect-
ing screen, at which point it is gathered as an interconnected web of very tiny fibres
(Deitzel et al., 2001). The spinning solution or melt is put onto one electrode, while
the other electrode is linked to the collector. The rest of the time, the collector is only
given a grounding. At this point, the spun fibres are typically placed onto a collector
as a nonwoven web. The discharged polymer solution jet goes through a process of
instability and elongation, which causes the jet to stretch out and become very long
and thin. While this is going on, the solvent is evaporating, which leaves a charged
polymer fibre behind. In the case of the melt, the solidification process begins when
the released jet is carried through the air (Huang et al., 2003). Fabrication of nano-
fibres that have partial or even good orientation is possible using an electrospinning
apparatus that has been upgraded or changed.
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1.3.3 LITHOGRAPHY

Nanofabrication can be accomplished using conventional processes already widely
used in the manufacturing industry. The two techniques that are utilized the most
frequently in conventional lithography are photolithography and particle beam
lithography. The more established of the two is photolithography. The concept of pho-
tolithography underlies each one of its various application methods. First, an accept-
able material is subjected to electromagnetic radiation, which alters the substance’s
solubility by causing chemical changes in its molecular structure. Next, the material
is developed (Figure 1.3a). In the traditional method of lithography, the mask and the
resist film are arranged to face the irradiation source in a perpendicular direction.
Fabrication of inclined structures is possible using a tilting stage, which tilts the mask
and resists film in relation to the beam (Figure 1.3c). UV exposures that are three
or four times as slanted along multiple axes can be used to build more complicated
three-dimensional objects (Figure 1.3d). As demonstrated in Figures 1.3b and e, it is
possible to produce patterning by coating and exposing each successive layer, as well
as tapering patterns by rotating and tilting the exposure.
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FIGURE 1.3 Methods of photolithography that involve irradiation with a mask and the use
of a negative photoresist material: (a) Patterning by single exposure, (b) patterning by layer-
by-layer coating and exposure, (c) tilted patterning by single inclined exposure, (d) patterning
by double inclined exposure, (e) tapered patterns by rotating tilted exposure. (Reproduced
with permission from del Campo & Arzt, 2008.)
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By directing an electron beam towards an electron-sensitive resistor, e-beam
lithography may disclose precise patterns on a surface. When the electrons strike a
layer of resist, such as poly(methyl methacrylate), they produce secondary electrons
with low energy, which react as free radicals and radical cations with the resist’s
surface (PMMA). When an electron beam interacts with a resist, the solubility of the
resist changes locally; for example, in the case of polymethylmethacrylate (PMMA),
the electrons will produce chain scissions locally, rendering the polymer soluble in a
developer (Acikgoz et al., 2011).

1.3.4 ARc-DiscHARGE DEepPOSITION

An arc-discharge deposition involves evaporating a graphitic rod, which functions as
both a negative cathode and a positive anode when placed a few millimetres apart,
with a high current to produce carbon products that deposit on the chamber walls
or the cathode substrate (del Campo & Arzt, 2008). Although both alternating cur-
rent (AC) and direct current (DC) arc-discharge systems are capable of synthesizing
CNTs and carbon nanofibres CNFs, DC systems produce larger yields of CNTs that
are deposited on the cathode (Deitzel et al., 2001).

As shown in Figure 1.4, an alternating current plasma arc is produced by placing
two electrodes in a vacuum and keeping the environment inert. The carbon undergoes
sublimation due to the high temperature between the electrodes, which ranges from
3,000°C to 4,000°C. The graphite that has been sublimated is deposited either on
the walls of the chamber in which the procedure is carried out or on the walls of the
negative electrode (Schulte, 2015). CNTs can be found in these deposits. Doping the
electrodes with catalyst particles, such as Ni-Co, Co-Y, or Ni-Y, is necessary to pro-
duce single-walled carbon nanotubes (SWCNT) (Journet et al., 1997; Shi et al., 2000).

Top flange

Cathode
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FIGURE 1.4 An abstract representation of the arc-discharge process. (Reproduced with
permission from Paradise & Goswami, 2007.)
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FIGURE 1.5 Experimental setup for pulsed laser ablation in distilled water. (Reproduced
with permission from Ganash et al., 2020.)

1.3.5 PuLsep LAser ABLATION IN LiQuip (PLAL)

The production of nanoparticles (NP) comprised a wide range of components,
including gold (Kim et al., 2009), silver (Valverde-Alva et al., 2015), and copper
(Moniri et al., 2017; Miranda et al., 2013) has been accomplished with the help of
PLAL. In this method, a laser interacts with the studied sample immersed in a lig-
uid. As a result of this interaction, a laser-induced breakdown occurs, as seen in
Figure 1.5. After then, shock waves are produced, and the plasma that was formed
expands while losing its heat. Following that, a cavitation bubble will be generated,
which will then inflate until being brought to its final state of collapse by the liquid.
Consequently, NP will be released into the liquid (Dell’Aglio et al., 2015).

The fact that the production of NP does not need the use of vacuum equipment
is the primary benefit of employing PLAL. As a result, the method is not only inex-
pensive but also straightforward. In addition, once the particles have been manu-
factured using this technique, they may be readily collected (Thongpool et al.,
2012). Nanomaterials created through laser ablation of liquids solids have proper-
ties reliant on two factors. The first part is the laser’s parameters, wavelength, pulse
energy, exposure time, and repetition rate. Second, material characteristics such as
the bulk target, solvent, solutes, and system temperature and pressure (Amendola &
Meneghetti, 2009).

1.4 CHARACTERISTICS OF SYNTHETIC NANOMATERIALS

Synthetic nanoparticles are materials that are engineered at the nanoscale, usually
with precise control over their size, shape, composition, and properties. They are
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produced through various synthetic methods such as chemical synthesis, physical
vapour deposition, or self-assembly. Synthetic nanoparticles have a wide range
of applications, including in electronics, energy, medicine, and environmental
remediation.

The characteristics of synthetic nanoparticles include:

e Small size: Synthetic nanoparticles have dimensions in the nanoscale, typically
1-100nm.

e Large surface area: Due to their small size, synthetic nanoparticles have a
large surface area compared to their volume.

e Unique physical and chemical properties: Synthetic nanoparticles exhibit
unique properties compared to their bulk counterparts, such as increased
reactivity, optical, and electronic properties.

e Tailored structure: Synthetic nanoparticles can be engineered to have spe-
cific structures, such as a particular shape, size distribution, and composition.

e High surface energy: Synthetic nanoparticles have high surface energy,
making them highly reactive and susceptible to interactions with their
environment

1.4.1 INORGANIC NANOPARTICLES

Nanoparticles can be divided into two categories: inorganic nanoparticles and
carbon-based nanoparticles. These synthetic nanomaterials, which come in a vari-
ety of sizes and characteristics, are mass-produced on a massive scale (Zhang et al.,
2022). Because of their small size (at least one dimension in the nanoscale, i.e.
1-100nm), dynamic nature, and various features, the physicochemical characteriza-
tion of nanoparticles is frequently an analytical challenge (Quevedo et al., 2021).

First inorganic nanoparticles: Inorganic nanoparticles are those without carbon
atoms or those formed of metals or metal oxides (Khan et al., 2022).

Metal-based nanoparticles such as aluminium (Al), cadmium (Cd), cobalt (Co),
copper (Cu), gold (Au), iron (Fe), lead (Pb), silver (Ag), and zinc (Zn) are commonly
employed in nanoparticle synthesis (Khan et al., 2022). Other types of nanoparticles
such as palladium (Pd) have been synthesized with high efficiency in their properties
(Kurdish, 2021).

Metal oxide-based nanoparticles are positive metallic ions and negative oxygen
ions combining to form ionic compounds known as metal oxides. Metal oxide-based
nanoparticles are formed when positive metallic ions and negative oxygen ions com-
bine to produce ionic compounds known as metal oxides. The most often synthe-
sized oxides are iron oxide (Fe,0,), silicon dioxide (Si0O,), titanium oxide (TiO,), zinc
oxide (ZnO), and aluminium oxide (Al,O5). A remarkable example of the possible
uses for metal oxide nanoparticles is cerium oxide (CeO,) nanoparticles. Overall, Zn
and ZnO nanoparticles were demonstrated to be more hazardous than Al,O;Fe,0;,
and SiO, nanoparticles (Kurdish, 2021).
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1.4.2 CArRBON-BASED NANOPARTICLES

Second carbon-based nanoparticles: Strong bonds are produced by carbon when it is
joined with other materials. They have found use in varied applications due to their
unique shape and variety of features. Carbon may take on a variety of allotropic
forms. Examples of allotropes include buckminsterfullerene, graphite, and diamond
(Khan et al., 2022).

There are five forms of carbon-based nanoparticles which are; (1) Fullerenes,
(2) Graphene and Graphene Oxide (GO), (3) CNTs, (4) CNFs, and (5) Activated
Carbon or Charcoal (Khan et al., 2022). Carbon-based nanoparticles are synthetic
nanomaterials that can embed inside, pass through, or fuse together membranes
without causing long-term harm (Atukorale et al., 2018) and have been used in
a variety of research and industry applications (Ghaemi et al., 2018). Graphene
and carbon nanotubes are two of the most popular nanomaterials used (Vasilescu
et al., 2017).

Fullerenes: Buckminster fullerene (C60) is one of the most well-known and
often used fullerenes. Its 60 carbon atoms, each with three bonds, are
arranged in a cage-like pattern, giving it a soccer ball-like form. Twenty
hexagons and twelve pentagons are utilized in the C60 structure (Khan
et al., 2022). According to (Xiong et al., 2018), hydrophobic fullerenes have
a greater potential to penetrate.

Graphene and graphene oxide: Graphene is one of the most flexible compo-
nents (Xiong et al., 2018). Graphene sheets are layered to form graphite.
Graphene is a new kind of carbon that consists of a single layer of atoms
organized in a honeycomb pattern on a two-dimensional sheet. Due to its
ease of synthesis, graphene oxide is a fine replacement for graphene (Khan
etal., 2022).

Next are nanotubes: Two varieties of CNTs and CNF were previously discussed
in Section 1.2.1. In-depth descriptions of the properties of both nanotubes
have been provided by Ghaemi et al. (2018, 2021) and Lambert et al. (2020).

Activated carbon or charcoal: Activated carbon is a highly effective adsor-
bent. The term “charcoal” refers to a type of carbon that has undergone
processing to reduce the volume and drastically reduce the size of the
pores. It is frequently employed in the process of removing minerals from
water and in the filtration of colours and gases. Most nanoporous struc-
tures are formed of carbon (Khan et al., 2022). According to (Xiong et al.,
2018), active amorphous carbon particles are one of the most porous mate-
rials. Additionally, but in smaller amounts, hydrogen and oxygen exist.
Depending on the precursor, production technique, and post-synthesis pro-
cessing, other elements like nitrogen, sulphur, phosphorus, and inorganic
components might also be present (Khan et al., 2022). Despite thorough
research, the following Table 1.1 shows additional studies in the field of
synthetic nanomaterials.



TABLE 1.1

Various Studies in the Field of Synthetic Nanomaterials

Authors

Cavallaro et al.
(2018)

Cui et al. (2018)

Lambert et al.
(2020)

Wang et al.
(2018)

Ghaemi et al.
(2018)

Ren et al. (2022)

Descriptions

Synthetic nanomaterials (imogolite, laponite and
mesoporous silica) present the advantages of well-
established purity and availability with size features that
are finely controlled.

Specific examples include PEG particles prepared through
surface-initiated polymerization, mesoporous silica
replication via post-infiltration, and particle assembly
through metal-phenolic coordination.

Use directed evolution to engineer the optoelectronic
properties of DNA-wrapped single-walled carbon
nanotube sensors through DNA mutation.

CNTs yarns are synthetic nanomaterials of interest for
diverse applications. To bring fundamental understanding
into the yarn formation process, authors perform
mesoscopic scale distinct element method (mMDEM)
simulations for the stretching of CNTs networks.

Synthetic nanoparticles such as carbon nanofibre (CNF)
and CNTs with different structures, sizes, and surface
areas were produced and analyzed.

A simple and efficient electrochemical sensor made of a
glassy carbon electrode (GCE), modified with MoS,
nanosheets/carboxylic multi-walled carbon nanotubes
(MoS,/MWCNT-COOH), was used to detect nitrite. The
characterization of nanomaterials indicates that MoS,/
MWCNT-COOH has a big surface area (150.3 m?/g) and
abundant pores (pore volume is 0.7085 cm?/g)
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TABLE 1.1 (Continued)
Various Studies in the Field of Synthetic Nanomaterials

Mesoporous
Authors Descriptions Imogolite Laponite Silica
Wang et al. Characterize several typical carbon materials, such as
(2021) carbon nanotubes and graphene flakes. The samples

were imaged in a field of view of 32 um x 32 um with
megapixel sampling, and the imaging time of a specific
Raman band was reduced to seconds.

Kim et al. (2020) A convenient and reliable measurement protocol using
dispersed carbon nanotubes and suspended graphene as
test specimens is proposed to facilitate the determination
of the lateral and axial resolutions of a CRM.

Louro (2018) Overview of the studies exploring the correlation between
physicochemical properties of nanomaterials and their
genotoxic effects in human cells, with a focus on the
toxicity of two groups of NMs, titanium dioxide
nanomaterials and multi-walled carbon nanotubes.

Vasilescu et al. Overview of the types of carbon nanomaterials and their

(2017) composites which have been used to enhance the
performance of electrochemical aptasensors. Many
challenges remain related to the better characterization
of nanomaterials used, clarifying the roles of specific
components in multi-component nanocomposites and
widening the types of food matrices and analytes tested
with the aptasensors.

Surface
CNF CNTs Structure Sizes Areas Properties

X
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TABLE 1.1 (Continued)
Various Studies in the Field of Synthetic Nanomaterials

Authors

Quevedo et al.
(2021)

Peters et al.
(2021)

Zhang et al.
(2022)

Lira et al. (2020)

Descriptions

Standard gold (Au) colloid suspensions of different sizes
(ranging from 5-100 nm) were characterized by UV-Vis
at the different institutions to develop an implementable
and robust protocol for NM size characterization.

Presented the results of a number of these ILCs for the
characterization of NMs. Sunscreen lotion sample
analysis by laboratories using spICP-MS and TEM/SEM
identified and confirmed the TiO, particles as being
nanoscale and compliant with the EU definition of an
NM for regulatory purposes.

Nanomaterials are appealing because of their incredibly
small size and large surface area. Apart from the
naturally occurring nanomaterials, synthetic
nanomaterials are being prepared on large scales with
different sizes and properties.

Understanding how synthetic nanomaterials could be
exploited in the allosteric regulation of enzymes. The
gold nanoparticles (AuNPs) in the ultrasmall size regime
could perform as allosteric effectors inducing partial
inhibition of thrombin activity.

Imogolite Laponite
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Properties
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TABLE 1.1 (Continued)
Various Studies in the Field of Synthetic Nanomaterials

Authors

Atukorale et al.
(2018)

Gao et al. (2022)

Xiong et al.
(2018)

Descriptions

Describe structure-function relationships of highly
water-soluble gold nanoparticles comprised of a ~1.5-5
nm diameter metal core coated by an amphiphilic
organic ligand shell, which exhibits membrane
embedding and fusion activity mediated by the surface
ligands.

Offer a microscopic molecular insight into peptide
identity on AuNCs and provide a guideline in
customizing nanochaperones via manipulating their
nanointerfaces

Discuss the most popular synthetic nanocomponents and
their interfacial interactions with select biopolymers,
which are currently exploited for the fabrication of novel
bionanocomposites, including carbon nanomaterials,
mineral nanoparticles, and metallic nanostructures.

Imogolite Laponite
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1.5 MODIFICATION TECHNIQUES FOR
SYNTHETIC NANOMATERIALS

Production of synthetic nanomaterials such as metal, ceramic, and carbon-based
nanomaterials is in high demand due to their commercial use in industrial appli-
cations such as the automotive, marine, aerospace, and construction industries.
Numerous methods have been employed for the modification of nanomaterials for
surface compatibility and optimum functionalities. Techniques for surface modifica-
tion of nanoparticles can be classified into physical modification and chemical modi-
fication, depending on the treatment method selected.

1.5.1 PHYsICAL MODIFICATION

Physical modification generally refers to a method of surface modification, including
radiation treatment, ultrasonic treatment, and plasma treatment.

1.5.1.1 Radiation Treatment

Radiation technology is a recent method of studying, developing, and applying the
laws of physics, chemistry, and biology related to the interaction of radiation with
matter. Using these techniques, complex structures such as bimetallic or metal-
insulator core-shell structures can be produced. In order to increase compatibility
with other materials, such as polymers, active spots are generated on the surface of
nanoparticles by high-energy irradiation. Havlik et al. (2018) show an easily scalable
method for rapid irradiation of nanomaterials by light ions formed homogeneously in
situ by a nuclear reaction. The target nanoparticles are embedded in B,0O; and placed
in a neutron flux. The captured neutrons generate an isotropic flux of energetic o
particles and Li+ ions that uniformly irradiates the surrounding nanoparticles. They
produced 70 g of fluorescent nanodiamonds in an approximately 30-minute irradia-
tion session, as well as fluorescent silicon carbide nanoparticles. This radiation tech-
nique has increased the production of ion-irradiated nanoparticles, facilitating their
use in various applications (Havlik et al., 2018).

1.5.1.2 Ultrasonic Treatment

Ultrasonic treatment is an effective method for size refinement and dispersion of
nanomaterials during their synthesis process. By introducing high temperature, high
pressure, and microjets generated during ultrasonic cavitation, nanoparticle agglom-
eration can be effectively prevented, and nano-effect energy can be substantially
weakened. Figure 1.6 shows the illustration of particle size with and without ultra-
sonic treatment.

Ultrasonic treatment shows many advantages, such as high frequency, good
directionality and transmissibility, high energy concentration, strong reflectiv-
ity, and easy availability (Yang et al., 2021). So far, ultrasonic treatment has been
widely used in the synthesis of different kinds of nanomaterials and their compos-
ites (Shi et al., 2000).

Yang et al. (2021) reported that ultrasonic treatment could significantly reduce
the average particle size of Cu nanoparticles and the size variation. Whereas
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FIGURE 1.6 Illustration of particle size with and without ultrasonic treatment.

other studies showed that the size of the particles was maintained and could not
be further reduced by increasing the ultrasound power beyond a certain value
(Sabnis et al., 2020). Based on the acoustic radiation force and ultrasonic cavita-
tion effect, the mechanism of particle refinement by ultrasound can be qualita-
tively explained.

1.5.1.3 Plasma Treatment

Plasma is essentially a gas that has been electrified with freely moving electrons in
both the negative and positive states. It is a mixture of neutral atoms, atomic ions,
electrons, molecular ions, and molecules present in excited and ground states. The
positive and negative charges are balanced, thus making the charges electrically neu-
tral. The charged particles present in plasma are responsible for its high electrical
conductivity. Since plasma consists of electrons, molecules or neutral gas atoms, pos-
itive ions, UV light, and excited gas molecules and atoms, it carries a good amount
of internal energy. Plasma treatment is initiated when the gas molecules, ions, and
atoms come together and interact with a particular surface.

Plasma treatment has already been efficiently used for the modification of nano-
materials such as nanotubes, nanoparticles, and nanofibres. Plasma treatment is
advantageous in that only the properties of a thin layer on the surface of the nanopar-
ticle are changed, while other characteristics, like particle size and distribution, do
not change significantly. Besides that, the process does not use any solvent, uses little
energy and the whole process is eco-friendly. However, this treatment method needs
to be performed under vacuum conditions.

Mathioudaki et al. (2018) reported on the use of low-pressure oxygen plasma
treatment to remove carbon contamination from the nanoparticles’ surface. Low-
pressure plasma polymerization of cyclopropylamine was successfully used to
functionalize ZnO, Al,O;, and ZrO, nanoparticles. Winkler et al. (2014) studied
the impact of deposition and plasma cleaning on the morphology of gold (Au)
nanoparticles on Si substrates. They found that after O, plasma treatment, signifi-
cant nanoparticle coarsening (Ostwald ripening) was observed for both low and
high-density Au deposition.
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1.5.2 CHEMICAL MODIFICATION

A chemical modification involves changing the structure and state of a nanoparticle
by a chemical reaction between the nanoparticle surface and the treatment agent. The
surface chemical modification method plays an extremely important role in the sur-
face modification of nanoparticles. The commonly used surface modification meth-
ods are the esterification reaction method, the surfactant method, the coupling agent
method, and others.

1.5.2.1 Esterification Reaction Method

Esterification is defined as a process of combining an organic acid with an alcohol to
form an ester and water. Esterification reactions could be done in three ways, by the
combining of acid anhydride and alcohol; acid chloride and alcohol; and carboxylic
acid and alcohol. This chemical reaction also resulted in at least one ester product.
The reaction of metal oxides with alcohol is an example of the esterification method.
The most important aspect of surface modification of nanoparticles by esterification
is to change the surface from the original hydrophilic and oleophobic to a lipophilic
and hydrophobic surface.

1.5.2.2 Surfactant Modification Method

Surfactants are long-chain molecules that contain both an oleophilic group that has
an affinity for oil or organic matter and a hydrophilic group that has an affinity
for water or an inorganic substance. The structural characteristics of the surfactant
enable it to be applied to the surface modification treatment of nanoparticles, thereby
improving the affinity of the nanoparticles with organic substances, and improving
compatibility and dispersibility.

Nanomaterials such as zeolites are aluminium silicates characterized by three-
dimensional networks. It consists of tetrahedral units of silica and alumina, linked by
the sharing of all oxygen atoms, with channels and/or interconnected voids. Zeolites
show excellent affinity for metal cations, adsorption, and catalytic properties. In
addition, cations of the zeolite structure can be replaced by other metal cations such
as cadmium, zinc, copper, nickel, iron, and manganese. With the addition of surfac-
tants, the zeolite surface can be modified to enhance the anion exchange capacity and
to an extent the potential to remove cations, anions, and organic compounds. On the
other hand, the modification of clay using cationic surfactants changes the negative
basal surface charge of the clay and enhances its adsorptive capacity. For example,
Jin et al. (2014) reported that HDTMA-CI kaolinites are able to adsorb up to ten
times more Cr(VI) than the natural form by significantly increasing both the specific
surface area and the CEC of the clay. Surfactant-modified clays also allow for the
simultaneous removal of organic contaminants and heavy metals.

1.5.2.3 Coupling Agent Method

Coupling agents are generally used for surface modification and to promote com-
patibility between two materials, including nanomaterials. The coupling agent is a
chemical substance with an amphoteric structure that is mainly used as a compatibil-
izer for polymers and composite materials. One side of the molecule can react with
various functional groups on the surface of the material to form a strong chemical
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bond, and another part of the group can undergo some chemical reaction or physi-
cal entanglement with the other material, such as an organic polymer. The coupling
agent could improve the interfacial interaction between the inorganic substance and
the organic substance, thereby greatly improving the performance of the composite
material. These compounds may be applied directly to the substrate surface from a
diluted solution or may be compounded into the matrix. Commonly used coupling
agents in nanocomposites are mainly maleic anhydride and silane. Silane coupling
agents play an important role in the preparation of nanocomposites from organic
polymers and inorganic nanofillers such as nanoclays, carbon nanotubes, and metal
oxides. The general structure of silane coupling agents is (RO)3-Si-R'-X, where X is
an organofunctional group, R’ is a polymer-compatible or reactable organic group,
and R is either ethyl or methyl. The surface modifications of nanomaterials such
as metal oxides by silane coupling agents improve the compatibility of their sur-
faces with a hydrophobic polymer surface. A number of studies have been performed
where silane molecules are used for attachment to metal oxide surfaces. Zhao et al.
(2012) modified TiO, NPs with 3-aminopropyltrimethoxysilane (APTMS) and 3-iso-
cyanatopropyltrimethoxysilane (IPTMS) and investigated the effect of surface modi-
fications on the various properties of TiO, NPs, such as grafting efficiency, surface
composition, zeta potential, particle size, and photocatalytic activity. Prado et al.
(2010) treated the alumina nanoparticles’ surfaces with [2-(3,4 epoxycyclohexyl)
ethyl]trimethoxysilane and found out the functionalization with this silane coupling
agent imparted a hydrophobic character to the alumina samples.

1.6 RECENT PROGRESS AND TRENDS OF
SYNTHETIC NANOMATERIALS

Massive quantities of nanomaterials enter our environment and begin interacting
with the biota (Malakar et al., 2020). However, it is believed that synthetic NMs harm
the ecosystem. The widespread use of synthetic NMs in numerous industries, such as
chemistry, engineering, electronics, and medicine, makes them susceptible to release
into the atmosphere, various water sources, soil, and landfill debris.

1.6.1 LirecycLe AND ToxiCITY OF SYNTHETIC NANOMATERIALS

Areas such as the industrial, agricultural, and medicinal sectors use nanoparticles
with unique features. However, nanomaterial toxicity is linked to some features. The
“nano-paradox” raises worries about nanotechnology use and development, making
nanomaterial regulation problematic for regulatory authorities. Understanding the
effect of nanomaterial characteristics on nano-bio interactions is essential to ensur-
ing optimal nanomaterial regulation (Liu et al., 2022). Recent research, as in Egbuna
et al. (2021) has indicated that nanoparticles may cause severe health impacts when
ingested, inhaled, or applied to the skin without precaution. The extent of toxicity
depends on several factors, such as the type and size of the nanoparticle, its surface
area, shape, aspect ratio, surface coating, crystallinity, dissolution, and agglomera-
tion. The primary toxicological processes include the potential for the formation of
reactive species, cytotoxicity, genotoxicity, and neurotoxicity.
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In sustainable agriculture, the preservation of the environment from pollution is
the most significant trade objective, and nanomaterials provide improved control and
conservation of plant production inputs (Shang et al., 2019). Nanotechnology offers
many benefits, yet its extensive use of nanoparticles may pose health and environmen-
tal hazards. Life cycle-based methods and risk assessments should be used to identify
potential problems and introduce more environmentally friendly nanotechnologies to
protect the environment and human health. Nanoparticles used in applications such
as nanobioremediation (Hidangmayum et al., 2022), growth enhancers, biofertilizers
(Akhtar et al., 2022) and seed quality improvers (Singh et al., 2021; Acharya et al.,
2020) may also be hazardous to the environment and ecosystem. For example, bio-
remediation nanoparticles can induce plant stress (Rui et al., 2016). Nanomaterials
may release high ion concentrations during breakdown or agglomerate afterwards,
causing indirect toxicity in the food chain and environment (Maharramov et al.,
2019). The promise of nanomaterials inspires a new green revolution that reduces
the hazards associated with farming. Nevertheless, there are still significant gaps
in our understanding of certain nanomaterials’ absorption capacity, allowable limit,
and ecotoxicity. Long-term effects should be studied and defined before large-scale
commercial environmental uses (Shang et al., 2019).

1.6.2 CuURRENT USES OF SYNTHETIC NANOMATERIALS

Synthetic nanomaterials technology has experienced remarkable growth and devel-
opment in recent decades, offering a wide range of potential industrial applications.
Nanomaterials are now included in numerous goods and processes, and their use is
expected to increase dramatically in the coming years. In this section, we will exam-
ine the current applications of synthetic nanomaterials in a range of industries and the
characteristics that make them eminently suitable for various applications. We will
also look at the future prospects for this interesting topic and highlight some of the
barriers and opportunities associated with the current use of synthetic nanomaterials.

1.6.2.1 In the Agricultural Sector

New technologies for agricultural food production are needed to feed the growing
world population. Growing food insufficiency, dwindling land and water resources,
and the lack of sustainable agriculture are significant problems limiting agricultural
production. Climate change negatively impacts crop yields and is responsible for
declining arable land and freshwater supplies. The agricultural sector must therefore
prioritize the goal of balancing the increasing demand for food with limited resources.
To prevent or mitigate the severe effects of climate change, current approaches such
as the use of new materials in agriculture and the promotion of the intelligent use of
natural resources must be adopted.

Nanotechnology is a promising and emerging method for improving crop pro-
ductivity by administering nanoparticles through seed treatment, foliar spray on
plants, nanofertilizers for balanced crop nutrition, nanoherbicides for effective weed
control, nanoinsecticides for plant protection, early detection of plant diseases and
nutrient deficiencies using diagnostic kits, and nanopheromones. Applications of
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FIGURE 1.7 Applications of nanotechnology in agriculture.

nanotechnology in agriculture are shown in Figure 1.7. In addition, agriculture uses
nanoparticles with unique physicochemical and biological features to promote seed
germination, which boosts crop yield (Singh et al., 2021).

Numerous projects and expenditures are required to meet the rising demand for
agricultural products while employing environmentally responsible strategies (Bora
et al., 2022). By utilizing nanotechnology, scientists are able to create particles with
unique, adaptable properties for a wide range of applications (Hochella et al., 2019).

Nanomaterials have been researched recently for various purposes, from energy
generation to food production. Nanomaterials are designed to impart application-
specific characteristics for these uses. For instance, research has been done to
improve output and yield by examining how synthetic NMs interact with food and
non-food crops. Most synthetic NMs are administered to plants through their leaves
or roots (as nanofertilizers) (by foliar spraying). The physiological processes in roots
and leaves are distinct. As a result, synthetic NMs are absorbed through these organs
using various strategies. Exudates from the roots prevent synthetic NMs from being
absorbed, whereas leaves can isolate synthetic NMs in the cell wall after being
sprayed on. Nutrients given to the foliage move downward and are then dispersed to
other plant components.

1.6.2.2 Seed Germination

Seed germination and seedling development are fundamental to crop output and pro-
ductivity. Priming seeds is a technique used to improve the quality and tolerance of
seeds to environmental conditions. The application of seed priming agent technolo-
gies to maintain seeds’ seed quality and physiological parameters is an opportunity.
Priming seeds with nanomaterials is an innovative technique for increasing germi-
nation rates and reducing seed ageing (Itrourwar et al., 2020). The influence of bulk
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zinc acetate and algal-generated zinc oxide (ZnO) synthetic NMs on the germination
and growth of maize seeds has been studied. In comparison to bulk zinc acetate and
hydro-primed (control) seeds, priming maize seeds with different concentrations of
ZnO synthetic NMs dramatically increased early seed germination percentage. The
100 mg/L ZnO treatment yielded the best germination rate (87%) and root and shoot
lengths and widths after 1 week. The influence of different concentrations of silica
synthetic NMs (SiO,) (100-300 mg/L) on the growth parameters of cucumber seed-
lings has been observed. In 10days, 100% of the silica-primed seeds germinated at
200 and 300 mg/L. Additionally, seed priming shortened the average germination
time from 4.1 (without priming) to 2.8 days (200 mg/L).

Previously, the effect of a Zinc nanoparticle (Zn NP) on growth and physiological
responses in germinating rice seeds has been investigated. Rice (Oryza sativa L.) is
soaked in zinc nanoparticle solutions (5—50 mg/L) in an incubator for 1 hour while
stirring continuously. Seeds primed with Zn particles possessed longer radicals and
plumules, greater radical and plumule fresh and dry weights, and greater radical and
plumule relative water contents (RWC). The effect of ZnNP on the germination of
growing seedlings of rice was significant. Seed priming can boost seed germination
and yield. In multi-locations, low-cost, environmentally friendly, effective seed treat-
ment for high-value speciality crops like watermelon (Citrullus lanatus) need to be
refined and tested. Triploids, which yield seedless watermelons but have low germi-
nation rates, are especially affected. The results of the study conducted by Acharya
et al. (2020) demonstrated that seed priming with AgNPs can enhance seed germina-
tion, growth, and yield while maintaining the fruit quality of watermelons (Citrullus
lanatus) at different locations in Texas through an eco-friendly and sustainable
nanotechnological approach. Turmeric oil nanoemulsions and silver nanoparticles
(AgNPs) from agro-industrial wastes were employed as nanopriming agents for dip-
loid (Riverside) and triploid (Maxima) watermelon seeds. Neutron activation, trans-
mission electron microscopy, and gas chromatography-mass spectrometry indicated
the internalization of the nanomaterial. AgNP-treated triploid seeds exhibited a sig-
nificantly higher seedling emergence rate after 14 days than other treatments. AgNP-
treated seeds had higher glucose and fructose contents after 96 hours.
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FIGURE 1.8 Application of engineered nanomaterials in agricultural productivity.
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1.6.2.3 Plant Disease Control and Fruit Yield Applications

Because many nanomaterials have an inhibitory effect on pathogens that cause plant
diseases, they are widely used to control them. Nanomaterials can also improve the
yield of fruit crops by meeting their nutrient needs or accelerating photosynthesis
(Bora et al., 2022). Nanoparticles have the ability to be directly sprayed on plant
seeds, foliage, or roots to protect them from insects, bacteria, fungi, and viruses.
Antibacterial and antifungal characteristics of metal nanoparticles such as silver,
copper, zinc oxide, and titanium dioxide have been actively studied, as they possess
antiviral effects (Worrall et al., 2018).

Tobacco (Nicotiana benthamiana) and Turnip mosaic virus (TuMV) were used as
model systems to test synthetic NMs for crop growth and viral resistance in a study
conducted by (Hao et al., 2018). A SmL ENM suspension of 50 or 200 mg/L of two
metal-based nanoparticles (NP Fe,O; or TiO,) or two carbon-based nanomaterials
(MWCNTs or C60) was foliar-sprayed onto tobacco leaves daily for 21 days. Fully
developed young leaves were inoculated with GFP-tagged TuMV and cultivated for
5days. Metal- and carbon-based NMs increased shoot biomass by 50%. Results indi-
cated that NMs did not affect cellular integrity; NP Fe,O; and TiO, preferentially
accumulated in chloroplasts. NMs inhibited viral proliferation as measured by fluo-
rescence intensity on newly emerged leaves. NMs may have suppressed viral infection
by decreasing TuMV coat protein levels by 15%—60%. Forty percent phytohormone
increases suggest that NMs stimulate plant growth and defence mechanisms.

Given the recent rapid expansion of the oomycete pathogen lineages, the need for
sustainable agricultural practices has become critical. The late blight of tomatoes
caused by Phytophthora infestans was one such devastating disease that recently
caused considerable crop losses in India. Joshi et al. (2020) investigated the use of
seed priming to create resistance to tomato late blight disease. Tomato plants primed
with bioactive mycogenic selenium nanoparticles (SeNPs) demonstrated increased
plant growth metrics compared to control plants. SeNPs-treated plants with patho-
gen infection exhibited a significant 72.9% defence against late blight disease. The
primed plants also displayed a significant accumulation of lignin, callose, and hydro-
gen peroxide in comparison to the control plants. Increased levels of the enzymes
lipoxygenase (LOX), phenylalanine lyase (PAL), 1,3-glucanase (GLU), and superox-
ide dismutase (SOD), which were also reflected in the proper transcriptome profil-
ing of the genes encoding the enzymes, boosted the biochemical defence in primed
plants further. The current work demonstrates a well-planned association between
resistance and defence responses produced by SeNPs against tomato late blight dis-
ease. SeNPs can be used as a nano-biostimulant fungicide to protect tomato plants.

1.6.2.4 Synthetic Nanomaterials as Soil Improvement

Food production struggles for water, energy, nutrients, and land (Tilman et al., 2011,
Bandala & Berli, 2019). Agricultural intensification, which consumes more water,
energy, fertilizers, and pesticides, can harm water, biodiversity, soil, and ecosys-
tem services. To avoid health and environmental problems, new food production
technologies should be tested before they are used. According to FAO (Bandala &
Berli, 2019), sustainable agriculture should promote cost-effective food production
and ecosystem services. Sustainable land use and management are essential for
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agricultural development. However, healthy soils are often neglected, leading to
soil degradation and loss of production and ecological services (Montanarella et al.,
2016). Engineered nanoparticles can improve agricultural soils and promote sus-
tainable agriculture. Synthetic NMs have improved cation exchange capacity, long-
lasting nutrient release, and nutrient delivery, which makes them potentially useful
for soils. Synthetic NMs have proven useful in soil remediation and the food sector
(Hidangmayum et al., 2022).

Nevertheless, synthetic NMs’ effects on plant-microbe ecosystems are largely
unknown and the release of synthetic NMs into the environment has uncertain effects
on the food chain (Gardea-torresdey et al., 2014). Recent research indicates that syn-
thetic NMs may accumulate and/or increase concentrations of the component metal
or carbon nanomaterials in the fruits and grains of agricultural crops, have detri-
mental or beneficial effects on the agronomic traits, yield, and productivity of plants,
induce alterations in the nutritional value of food crops, and transfer within trophic
levels (Montanarella et al., 2016; Batalha et al., 2012). The application of ENMs to
soils can damage soil and human health and raises concerns about the uncontrolled
use of ENMs in food production (Bandala & Berli, 2019).

1.6.2.5 Synthetic Nanomaterials on Plant Growth, Photosynthesis,
Water Uptake, and Mineral Nutrition Applications

Nanomaterials can influence plant growth by increasing nutrient uptake, increasing
capacity, increasing resistance to biotic and abiotic stressors, stimulating nitrogen
metabolism, osmotic protection, and pathogen defence. In terms of nutrient avail-
ability to plants, traditional soil nutrient treatments have several drawbacks. Foliar
spraying is therefore the most effective means of compensating for nutrient deficien-
cies while increasing plant production and quality.

Reducing the amount of fertilizer applied to the soil by using foliar spraying
decreases environmental contamination and boosts nutrient utilization efficacy.
Biologically engineered ZnO synthetic NMs have been employed to boost crop plant
biomass at a minimal cost. In growth stimulation tests, the effect of 25-200 mg/L
ZnO synthetic NMs and phosphorus on cotton seeds was investigated. The concen-
tration of (200 mg/L) zinc oxide synthetic NMs was directly proportional to root and
shoot lengths, total biomass, and the growth tolerance index. These results indicate
that bioengineered ZnONPs interact with meristematic cells, triggering biochemical
pathways conducive to the accumulation of biomass (Venkatachalam et al., 2016).

Cadmium (Cd) is regarded as one of the most important factors limiting wheat
output due to its significant accumulation, toxicity, and non-essentiality in plants. The
Cd-induced overproduction of reactive oxygen species (ROS) generated oxidative
stress in wheat and significantly impacted the plant’s defences. The effects of seed
priming with zinc oxide (ZnO) and iron (Fe) nanoparticles (NPs) on wheat (Triticum
aestivum) growth and cadmium (Cd) accumulation were studied by Rizwan et al.
(2019). Throughout the experiment, plants were grown to maturity under natural
conditions with moisture contents of 60%—70% of the total soil water holding capac-
ity. Plant height, spike length, and dry weights of shoots, roots, spikes, and grains
were all increased by NPs, especially at higher rates. The results showed that NPs
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had a positive effect on wheat photosynthesis when compared to the control. The
NPs reduced electrolyte leakage as well as superoxide dismutase and peroxidase
activities in Cd-stressed wheat leaves. The application of NPs significantly reduced
Cd concentrations in roots, shoots, and grains. When the seeds were treated with
higher NPs concentrations, the Cd content in the grains was lower than the threshold
level of Cd (0.2 mg/kg) for cereals. ZnO NPs increased Zn concentrations, while Fe
NPs increased Fe concentrations in roots, shoots, and grains. Overall, NPs play a
significant role in increasing biomass, nutrients, and decreasing Cd toxicity in wheat.

Sun et al. (2020) studied the physiological and molecular processes of ZnO
NP-mediated tomato plant growth. ZnO NPs (20 and 100 mg/L) foliar spraying
increased chlorophyll and photosystem II activity in tomatoes. Comparative tran-
scriptome and metabolome analyses showed that ZnO NPs increased tomato genes
involved in nutrient element transport, carbon/nitrogen metabolism, and second-
ary metabolism. Effects of ZnO NPs on tomato plants in response to Fe deficiency
after foliar spraying enhanced iron (Fe) accumulation in tomato leaves by 12.2%.
Tomato foliar spraying with ZnO NPs significantly enhanced Fe deficiency tolerance.
Physiological analysis showed that ZnO NPs reduced Fe deficiency-induced oxida-
tive damage and increased tomato metal nutritional element content. Transcriptomic
and metabolomic analyses showed that foliar spraying with ZnO NPs increased
the expression of genes encoding antioxidative enzymes, transporters, and carbon/
nitrogen metabolism and secondary metabolism enzymes or regulators, improving
Fe-deficient tomato plant antioxidant, sugar, and amino acid levels.

1.6.2.6 Applications of Nanomaterials in Drilling Fluid

Recently, the oil and gas industry has shown keen interest in applying nanomaterials
to drilling fluids (Hajiabadi et al., 2020). Significant success has been achieved with
nanomaterials ranging in size from 1 to 100 nm, with notable studies demonstrat-
ing improved rheological performance of drilling fluids (Ma et al., 2021; Hajiabadi
et al., 2020).

Due to its ability to produce tiny films, drilling fluid based on nanomaterials
can greatly minimize friction between the drill pipe and the borehole (Ikram et al.,
2021). Small spherical nanoparticles between the wall of boreholes and the drill pipe
may further facilitate drilling by acting as lubricants in addition to generating thin
lubricating layers between the wall and pipe (Ikram et al., 2021). Drill pipe move-
ment is made easier by nanoscale ball-bearing surfaces. It is a possibility that adding
nanoparticles will enhance WBDF’s lubricating and rheological capabilities.

Carbon is the most adaptable substance that has ever existed. Its ability to combine
with other compounds and offer variety in its structural forms has led to extraordinary
progress in industrial applications (Ajdary et al., 2021). The synthesis of low-pressure
diamonds, fullerene molecules, and carbon fibres has been the three most important
breakthroughs in carbon research during the past 30years (Ahmad et al., 2017; Ikram
et al., 2021). Carbon-based nanoparticles have attracted the most interest among all
nanomaterials for increasing Enhanced Oil Recovery (EOR) efficiency (Ikram et al.,
2021; Betancur et al., 2020). The use of carbon-based nanomaterials in place of the
commonly used catalyst has not been the subject of much research. The simultaneous
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use of a surfactant blend and in situ, heavy oil upgrading has shown significant
improvement in all aspects. The use of carbon nanotubes and graphene in EOR is the
subject of further research, the majority of which has produced encouraging results
(Betancur et al., 2020). Examples of carbon nanomaterials are shown in Figure 1.9.

Betancur et al. (2020) evaluated the effect of the simultaneous use of a surfac-
tant mixture and magnetic iron core-carbon shell nanoparticles on oil recovery via a
microfluidic study based on rock-on-a-chip technology. The impact of three injection
rates corresponding to 0.1, 1, and 10 ft/day was investigated. For all injection rates,
the oil recovery decreased in the following order: nanoparticle-surfactant flood-
ing > surfactant flooding > waterflooding.

1.6.2.7 Synthetic Nanomaterials in Energy and Environmental Applications

The rapid growth of the world’s population has led to a significant increase in energy
consumption and environmental impact. New materials with exciting physical and
chemical properties offer opportunities to address these problems. As a result of
increasing energy consumption, the world’s traditional energy resources are deplet-
ing at an alarming rate. Renewable energy is the best alternative to conventional
energy. However, the main problem with this type of energy is that it is not constantly
available. Therefore, it is important to store this form of energy when it is readily
available so that it can be used when needed (Varshney et al., 2020).

In a study conducted by Xu and Wang (2019), the design and synthesis of hier-
archical core/shell MgCo,0,@MnQO, nanowall arrays on Ni-foam using a simple
two-step hydrothermal process. The electrochemical measurements demonstrate
that these composites containing MnO, provide demonstrably superior super capaci-
tive performance than the MgCoO, electrode material. During the Faradic reaction,
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the nanowall structure provides additional active sites and charge transfer. Excellent
electrochemical performance is exhibited by the MgCo,0,@MnO, nanowall (852.5
F g'atl A g'). The asymmetric supercapacitor is constructed of the MgCo,0,@
MnO, nanowall and the activated carbon. The MgCo,0,@MnO, nanowall displays
remarkable supercapacitive performance and has a huge potential for additional
research and application in the asymmetric supercapacitor devices sector.

Li-ion batteries are now regarded as the most efficient energy storage option for
portable devices. Nanoparticles of metal oxide have been proposed as anode mate-
rials. Li doping and usage of tin and titanium oxide mixed phases and graphene
oxide composites have been studied. The SnO, and TiO, nanoparticles employed in
this study were produced by distinct methods. SnO, is a promising anode material
with a high energy density in theory. The anatase phase exhibits the best hydrolysis-
obtained titanium oxide results but with lower capacity (125 mAh) values.

Transition metal oxides could have larger specific capacities than carbon-based
anodes, resulting in a higher energy density compared to commercial Li-ion bat-
teries. However, the performance of the batteries could be affected by a number of
characteristics that are dependent on the processing of the electrode materials, which
results in variable surface qualities, sizes, or crystalline phases. In a study conducted
by Prado et al. (2020), a comparison of tin and titanium oxide nanoparticles synthe-
sized by different methods, undoped or Li-doped, used as single components or in a
mixed ratio, or alternatively forming a composite with graphene oxide, demonstrates
an increase in capacity with Li doping and improved cyclability for mixed phases
and composite anodes.

SnO,, NiO, and SnO,/NiO nanocomposites were produced at low temperatures
utilizing a modified sol-gel technique and ultrasonication in a study conducted by
Varshney et al. (2020). Various procedures for characterization were used to inves-
tigate the attributes of prepared samples. These exceptional electrochemical charac-
teristics suggest that the SnO,/NiO nanocomposite can be employed as an electrode
material for supercapacitors with a high energy density. Electrochemical measure-
ments revealed that the produced SnO,-NiO nanocomposite electrode displayed
excellent capacitive behaviour with a maximum specific capacitance of 464.67 F/g
at a scan rate of 5mV/s. These results indicate that the produced SnO,—NiO nano-
composites are appropriate contenders and more desirable electrode materials for
commercial supercapacitors applications.

Portable gadgets, electric vehicles, and grid-scale energy storage are examples of
the widespread use of renewable energy storage in the developed world. Li-ion bat-
teries, which achieve the highest massive/volumetric energy density of all existing
technologies, have garnered the most interest in both academics and industry. To
achieve Li-ion batteries with a higher energy density and power density, however,
novel materials and architectures with a high specific capacity and high-rate perfor-
mance are required.

Oil drilling, accidents involving oil vessels, procedures, and runoffs from offshore
oil exploration and production can contaminate the shoreline and offshore waters.
These oil spills have a negative influence on human health, vegetation, and animals.
Using chemical and biological processes, oil can be extracted or destroyed on-site.
These techniques consist of oil booms, dispersants, skimmers, and sorbents. Most of
these approaches are expensive. In a study conducted by Shokry et al. (2020), they
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have developed a nano-magnetic material from the roots of water hyacinth that can
absorb oil spills and help in oil spill prevention. Magnetic sorbent material derived
from water hyacinth is used to clean up wastewater oil spills. The chemical and ther-
mal treatment conditions of water hyacinth suggested that the submerged root seg-
ment has superior oil adsorption than the shoots segment. Nano-magnetic activated
carbon hybrid material (NMAC) had the most ordered crystalline structure, poros-
ity, and thermal stability of the two raw water hyacinth segments (shoots and roots).
NMAC’s completely saturated moment per unit mass was 17.2587 emu/g. Solution
temperature and NMAC dose increase oil removal.

Raj et al. (2020) reported the biogenic synthesis of AgNPs employing Terminalia
Arjuna leaf extract and its efficacy towards catalytic degradation. The effect of dif-
ferent pH (3-9) on the reduction of AgNO; into AgNPs was assessed by UV-visible
spectroscopic analysis Fe-SEM and TEM was carried out to examine the morphology
of particle surface and size of plant-based produced AgN Ps. The catalytic potential
was evaluated by degrading different carcinogenic organic dyes in the presence of
NaBH,. This investigation has demonstrated an effective, viable, and reproducible
approach for the biosynthesis of environmentally safe, inexpensive, and long-lasting
AgNPs and their application as potent catalysts for the breakdown of hazardous dyes.

Previously, Mustapha et al. (2020), comparison between kaolin and kaolin/ZnO
nanocomposites were conducted in terms of the adsorption of Cr(VI), Fe(III), COD,
BOD and chloride in tannery effluents. Sol-gel and wet impregnation processes were
used to prepare ZnO nanoparticles and kaolin/ZnO nanocomposites. Due to their
larger surface area, the kaolin/ZnO nanocomposites adsorb better than kaolin. The
Jovanovic isothermal model showed the highest correlation (R2>0.99) for both
nanoadsorbents, indicating adsorption on monolayers and heterogeneous surfaces.
The Weber Morris intraparticle diffusion model and Boyd diagram indicated that the
metal ions in the tannery wastewater adsorbed on the nanoadsorbents by intraparticle
and film diffusion. Enthalpy modification showed that the adsorption of metal ions
and other parameters was possible, spontaneous and endothermic. Even after six
applications, the ZnO/clay nanocomposites were recyclable and reusable. The results
demonstrate the practical usability of kaolin/ZnO nanocomposites for the adsorption
of contaminants from tannery wastewater, making the adsorbent a suitable choice for
water and wastewater treatment.

1.6.2.8 Other Applications of Synthetic Nanomaterials

Synthetic nanomaterials also have the potential to revolutionize many industries
and contribute to the Fourth Industrial Revolution (Industry 4.0). Table 1.2 displays
numerous various other applications of synthetic nanomaterials towards approaching
Industry 4.0.

Overall, synthetic nanomaterials have great potential to contribute to Industry 4.0
in several areas, including advanced manufacturing, energy storage, sensors and IoT,
biomedical applications, and environmental applications. As research continues in
this area, more applications are expected to be added. In addition, synthetic nano-
materials have the potential to contribute to several Sustainable Development Goals
(SDGs) UN, including SDGs 2, 3, 7, and 9. SDG 2: Zero Hunger shows how synthetic
nanomaterials can be used in agriculture to increase crop yields and food production.
For example, nanofertilizers can improve the nutrient uptake and water retention



TABLE 1.2

Numerous Applications of Synthetic Nanomaterials towards Approaching Industry 4.0

Industry

Applications

Advanced manufacturing  The ability of additive manufacturing to produce complex patterns has generated interest and the potential to revolutionize

Sensors and the Internet
of Things (IoT)

Biomedical applications

the market. Because of their desirable properties, nanomaterials are being used in more and more products. Additive
manufacturing can be used to create a variety of materials, including sensors, electronics, solar cells and scaffolds. The
inclusion of nanoparticles in additive manufacturing is expected to increase the availability and affordability of cutting-edge
technologies and materials for rural areas, potentially transforming the healthcare infrastructure.

Nanomaterials can be used in advanced manufacturing processes, such as additive manufacturing (3D printing), to improve
product quality, reduce costs, and increase production efficiency. For example, nanomaterials can be used as additives in
polymer-based 3D printing to enhance the mechanical properties and printability of the final product

The Internet of Things (IoT) is a system of interconnected physical objects equipped with sensors and other technologies that
enable the exchange of relevant data over the Internet. The IoT network connects not only people but also objects in their
environment. The number of IoT devices is expected to grow to 75 billion by 2025 and 125 billion by 2030, enabling
industries and governments to improve manufacturing processes and transform communities into smart cities. Key
components of the IoT include sensors and devices, network connectivity, data storage and processing, user interfaces, and
security, which can be enhanced by nanotechnologies. Nanomaterials can be used to create smaller, more sensitive sensors
that can sense a wide range of parameters.

Nanomaterials improve sensor and IoT device sensitivity, selectivity, and reliability. Nanomaterials can detect contaminants
in gas sensors with excellent sensitivity and selectivity. [oT devices can harvest energy, store data, and communicate using
nanomaterials.

Nanomaterials can be used in biomedical applications, such as drug delivery, tissue engineering, and biosensing. For
example, nanomaterials can be used as drug carriers to improve drug efficacy and reduce side effects. Nanomaterials can
also be used as scaffolds in tissue engineering to promote tissue regeneration.

In recent years, the use of nanomaterials in biomedical applications has garnered considerable interest because of their
unique features and prospective uses in a variety of sectors. Using nanoparticles for targeted drug delivery is one of the most
promising fields of study. It is possible to create nanoparticles to carry therapeutic compounds and selectively distribute
them to specific places in the body, thereby minimizing the risk of adverse effects and enhancing medicinal efficacy.
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capacity of plants, leading to higher yields and more sustainable agriculture (Usman
et al., 2020). In addition, synthetic nanomaterials can be used in medicine to improve
drug delivery and develop new therapeutics, which is in line with SDG 3: Good
health and well-being. For example, nanoparticles can be tailored to specific cells or
tissues in the body, leading to more effective and targeted treatment of diseases such
as cancer (Oroojalian et al., 2020).

Moreover, synthetic nanomaterials can be employed to increase energy storage
and conversion under SDG 7: Affordable and Clean Energy. Nanomaterials, for
example, can be utilized in batteries and supercapacitors to boost energy density and
longevity, leading to more effective and sustainable energy storage (Ahmad et al.,
2022). Also, synthetic nanomaterials have the potential to revolutionize many indus-
tries, from electronics and telecommunications to transportation and construction
in accordance with SDG 9: Industry, Innovation and Infrastructure. Nanomaterials,
for example, can be utilized to make stronger and more durable materials, enhance
energy efficiency, and generate new products and uses.

In general, the use of synthetic nanomaterials could enable more sustainable and
efficient solutions to global problems that could contribute to many of the SDGs.
Although nanotechnology has great potential, it must be developed and used care-
fully to avoid negative impacts on human and environmental health.

1.7 CONCLUSION

In summary, the development of synthetic nanomaterials represents a critical step
forward for sustainable materials and global sustainability efforts. Given the scarcity
of non-renewable raw materials and the environmental impact of waste disposal,
society has an urgent need for more environmentally friendly materials that respect
nature. Nanotechnology, with its enormous potential and versatility, has emerged
as a promising solution to this challenge. Synthetic nanoparticles, with their unique
properties and multiple applications, offer significant benefits in various industries,
including protective coatings, computer systems, textiles, cosmetics, packaging, and
pharmaceuticals. By using synthetic nanoparticles in these products, companies can
improve their function and quality while reducing environmental impact. Although
challenges remain in areas such as toxicity and scalability, synthetic nanomaterials
remain a critical aspect of nanotechnology that will continue to permeate all indus-
trial sectors in the medium term. Overall, continued research and development of
synthetic nanomaterials is essential to promote sustainable materials and create a
more sustainable future for all.
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2.1 INTRODUCTION

Nanotechnology encompasses the development of many nanomaterials (NM), such
as nano-objects and nanoparticles (NP). Nanomaterials had at least a dimension of
about 100nm, while nano-objects such as carbon nanotubes have two dimensions
of around 100nm. On the other hand, nanoparticles are classified as particles hav-
ing three dimensions below 100nm. Given the speedy evolution of nanotechnology
along with the enormous diversity of nanomaterials within fabrication and research,
it is crucial to mitigate the possible effects of nanomaterials on environmental and
human health. Owing to their diminutive size, NP has relatively higher surface area
than comparable conventional materials. Furthermore, the sizes frequently lead to
enhanced reactivity and modified surface characteristics that can be utilized and
manipulated in a wide range of customer goods, including paints, personal care
products, medicinal products, food, and also systems that instantaneously emit
NPs into the surroundings, namely the treatment of contaminated environments [1].
Hence, any possible adverse consequences must be weighed in order to comprehend
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consequences on the environment and prospective detrimental impacts on human
health. This will necessitate correlating the physicochemical properties of NP to
their biological properties.

The identification and measurement of NMs in analytes such as nutrition remains
an unresolved problem that must be resolved in order to protect people and categorize
or govern commodities. The greatest obstacle for analytical sciences is that NMs are
new variants of substance that require chemical (composition, volume, and concentra-
tion) and physical analysis (dimension, form, and accumulation). The presence of NMs
in natural and environmental samples must be determined. As a consequence, accu-
rate analytical strategies are needed to quantify NM quantities in a diverse variety of
matrices. Product diversity may result in a change in the sources of pollution emission
levels [2]. Thin films, surfaces, and coatings are examples of one-dimensional NMs
while nanotubes, nanowires, and nanofibers are examples of two-dimensional NMs.
On the other hand, fullerenes, quantum dots, and dendrimers are examples of three-
dimensional NMs. The multiple types of NMs thus enhanced the chance that NMs are
being introduced into the environment, either intentionally or accidentally.

Understanding the various types of nanomaterials and associated possible expo-
sure pathways is critical for characterizing the possible risks of nanomaterials and
their potential demise in the ecosystem. The type of nanomaterial might well be
unknown due to its manufacturing technique (vapour deposition gas phase, attri-
tion, colloidal, and many more), which could also lead to human interaction via
respiratory, skin penetration, or consumption [3]. According to research, man-made
nanomaterials induce unforeseen toxicities in living creatures as well as negative
human health consequences. The modified characteristics of nanomaterials such as
aggressiveness, melting point, mechanical characteristics, fluorescence, and electri-
cal conductivity at the nanoscale render predicting whether nanomaterials will inter-
fere with biological beings and the ecosystem considerably complex. Nevertheless,
certain natural nanoparticles can be harmful and originate from a wide range of
biological and geological mechanisms. The researchers have found that both humans
and other organisms have developed, changed, and multiplied as a consequence of
potentially hazardous exposures to natural nanomaterials.

The characteristics of NMs can indeed be altered through a thorough analysis of the
fabricated NMs. Unless NMs are assessed immediately after such a production pro-
cess modification, it is feasible to detect if that particular construction process changes
impaired or enhanced the attributes of the NMs [4]. Furthermore, a proper and exact
definition of NMs in relation to the proposed function is critical. In the decades that
followed, NMs characterization approaches improved dramatically and continued to
evolve. As a result, the challenge is to identify the most appropriate characterization
methodologies for researching the properties of NMs. The investigation of techniques
capable of identifying the scale, structure, and content of complex and heterogeneous
substances, interfaces, surface layers, and inhomogeneities on the nanometre scale per-
sists. Characterization methods could not maintain up in terms of transverse and depth
precision to the nanometre scale in the previous era. Therefore, this chapter will discuss
physicochemical evaluation approaches with respect to NMs traits or qualities.
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2.2 CHARACTERIZATION OF PHYSICOCHEMICAL
PROPERTIES OF NANOMATERIALS

Many approaches have been invented to assess the physicochemical features of NMs.
Assessment of NPs encompasses not only dimension and shape but also polymor-
phism, electrical properties, crystalline structure, purity, surface morphology, and
resilience, all of which are important in the physical and chemical engagement with the
surroundings [5]. These approaches comprise optical spectroscopic, electron micros-
copy, light scattering, and nuclear magnetic resonance spectroscopy, along with ther-
mogravimetric analysis, electrophoresis, chromatography, and other techniques. This
section divides the existing characterization methodologies for characterizing NMs
into the physical and chemical characteristics of the materials. Table 2.1 summarizes
some of the most frequent techniques used for the characterization of nanomaterials in
previous studies. The table also describes briefly the theories, techniques, advantages,
and constraints of several methods typically employed to examine the physicochemi-
cal properties of nanomaterials.

2.2.1 PHysIcAL PROPERTIES DETERMINATION OF NANOMATERIALS

Analytical techniques are still incapable of maintaining up in terms of transverse
and specific resolutions to the nanoscale range in the past. Currently, a multitude of
characterization methods have been developed, which can provide crucial insights
into the structure and behavior of NMs down to the particle level, especially in rela-
tion to the imaging process. The invention of new characterization instruments and
the progression of nanotechnology, including electron microscopy (EM), dynamic
light scattering (DLS), and atomic force microscopy (AFM), are employed in visual-
izing materials to ascertain their dimensions, form, proportions, and morphological
characteristics.

2.2.1.1 Scanning Electron Microscopy

Converse to typical microscopy techniques that use light bases and glass lens system
to clarify samples and generate high-resolution images, electron microscopy (EM)
employs rays of electron and electromagnetic or electrostatic lenses to create images
with a significantly greater resolution, owing to the shorter wavelength range of elec-
trons compared to visible light photons. SEM is a technique for surface topography
that involves the emitted electron beam sweeping across the surface of the specimen
and interacting with the specimen to produce signals that represent the elemental
structure and topographical information of the sample exterior [23]. Inbound elec-
trons trigger several phenomena, including the emission of backscattered electrons
through elastic scattering, the generation of low-energy secondary electrons through
inelastic scattering, and the occurrence of cathodoluminescence from molecules on
the surface of the samples or from materials in close proximity. From these releases,
the most prevalent method in SEM is the identification of secondary electrons, which
may attain a precision of less than 1 nm.

SEM can precisely assess the size, size distribution, and appearance of nanoma-
terials; nonetheless, drying and contrasting samples can induce specimen shrinking



Commonly Used Characterization Techniques of Nanomaterials

TABLE 2.1
Measurement Techniques
Physical Scanning electron
microscopy
(SEM)
Physical/ Transmission
chemical electron
microscopy
(TEM)
Chemical Zeta potential
Physical Dynamic light
scattering (DLS)
Chemical Mass spectroscopy

(MS)

Characteristics Analyzed

Surface morphology.
Shape.

Particle size and its distribution.

Dispersion.
Agglomeration.
Shape heterogeneity.

Particle size and its distribution.

Dispersion.
Agglomeration.

Surface charge.
Stability.

Hydrodynamic particle size
distribution.

Composition and structure.
Molecular weight.
Surface properties.

Advantages

High resolution.

Direct measurement.
Biomolecule images from
natural samples.

High spatial resolution.
Direct measurement.
Capable of determination of
electrical and chemical
properties.

Simultaneous measurement
of multiple samples.

Modest cost of measurement.

Rapid and reproducible
measurement.
Non-destructive.

High precision and accuracy.

High detection sensitivity.

References
[6,7]

Disadvantages

Requires conductive material coating.
Requires dry samples.

Expensive measurement.

Requires cryogenic techniques for
sampling.

Requires sample in nonphysiological [8,9]
form.

Destructive technique.
Expensive measurement.
Requires ultrathin samples.
Less precise. [10,11]
Affected by electro-osmotic effect.
Repeatable measurement.

Limited in polydisperse sample [12]
measurement.

Induced by large particles.
Assumption of spherical
sample-shaped measurement.
Limited database information for [13,14]
sample identification.

Expensive measurement.

(Continued)
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TABLE 2.1 (Continued)
Commonly Used Characterization Techniques of Nanomaterials

Measurement

Chemical

Chemical

Physical

Chemical

Chemical

Techniques

Infrared
spectroscopy (IR)

Raman
spectroscopy (RS)

Atomic force
microscopy
(AFM)

X-ray diffraction
(XRD)

Nuclear magnetic
resonance (NMR)

Characteristics Analyzed

Composition and structure.
Surface properties.

Chemical, electrical, and
structural properties.
Hydrodynamic particle size
distribution.

Surface morphology.
Shape.

Particle size and its distribution.

Dispersion.
Agglomeration.

Shape, size, and structural
properties.

Crystallinity properties.

Composition, size, and
structural properties.
Conformational change.
Purity.

Advantages

Rapid measurement.
Inexpensive measurement.
Small sample requirement.
Not affected by sample
thickness.

Acquire topological
properties of nanomaterials.
Complementing IR data.
Simple and small sample
requirements.

High topographical
resolution.

Simultaneous measurement in
any condition of samples (dry,
wet, or ambient conditions)
High spatial resolution.
Well-known method.

Non-destructive technique.
Simple sample preparation.

Disadvantages

Highly affected by H,O presence.
Relatively low sensitivity.

High fluorescence interference
Trreplicable measurement.
Low spatial resolution.

Time-consuming and poor sampling.
Restricted to the exterior properties
of the nanomaterials.

Overvaluation of adjacent dimension.

Restricted to crystalline
nanomaterials.

Accessible for a single binding state
of sample.

Low intensity.
Time-consuming.

Less sensitivity.

Requires relatively substantial
amount of sample.

Restricted to particular nuclei
NMR-active materials.

References
[15]

[16,17]

[18]

[19,20]

[21,22]
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and modify the nanomaterials’ properties. Furthermore, when being examined by a
beam of electrons, most non-conducting biomolecule samples develop a charge and
inadequately divert the electron beam, resulting in imaging errors or abnormalities
[24]. Usually, it is necessary to apply an ultrathin coating of an electrical conductor
substance on the biomolecules during this process of sample preparation. Since the
cryogenic freezing approach is frequently employed in EM to scan surface groups
associated with NPs, nanomaterial size cannot be examined under physiological set-
tings. The exception is environmental scanning electron microscopy (ESEM), which
may capture materials in their natural form without alteration or pre-treatment.
Although this specimen compartment of ESEM operates in a low-pressure vapour
phase of 10-50Torr and relatively prominent moisture, charging objects may be
removed, and it is not necessary to coat the samples with a conducting substance.
However, a significant drawback of many electron microscopy methods, including
SEM, is that they often require sample preparation that can result in damage, making
the samples unsuitable for examination using other techniques. Owing to the little
quantity of specimen particles in the scanning zone, skewed statics of the size distri-
bution of heterogeneous samples are also inevitable with SEM.

2.2.1.2 Transmission Electron Microscopy

Known as the highly common method for analyzing nanomaterials in EM, trans-
mission electron microscopy (TEM) delivers immediate descriptions and chemical
details of nanomaterials to atomic-level spatial resolution (less than 1nm). In the
standard TEM procedure, an incident electron ray is passed across an extremely thin
foil sample, where the incident electrons contact the sample and are converted into
either unscattered electrons, elastic scattering electrons, or inelastically scattered
electrons. The proportion of the distance between the objective lens and the sample,
and the length between the objective lens and its imaging plane largely determines
the magnification of TEM. A set of electromagnetic lenses focusses unscattered or
scattered electrons, which are then reflected onto a display to form an electron scat-
tering, fullness-contrast projection, phase-contrast pattern, or a shadow appearance
of variable shade based on the denseness of unscattered electrons.

Intriguingly, wet TEM may be conducted to identify the size of the particles,
dispersion, dynamic migration, and agglomeration of nanomaterials in a fluid set-
ting [25]. Additional to adjusting the feature of ESEM for monitoring measurements
beneath partial water vapour pressure in the microscope sample holder, a newly
invented wet scanning transmission electron microscopy (STEM) image process-
ing procedure permits transmission assessment of organisms entirely covered in a
fluid state, as opposed to the challenges of deprived contrast and possible drifting of
particles that occur in the image data of the upper fluid surface while using ESEM.
Therefore, the wet mode STEM enables viewing with nanoscale precision and excel-
lent contrast across several micrometres of water without the requirement for con-
trast agents and stains.

2.2.1.3 Dynamic Light Scattering

Dynamic light scattering (DLS) (sometimes called as photon correlation spectros-
copy or quasielastic light scattering) is a valuable and commonly used method for
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determining the in-situ sizes of metal nanoparticles in a fluid between a few nanometres
and a few micrometres. The approach permits the measurement of nanoparticle dis-
persion stability; dimensions; size distribution; and, in certain conditions, structures.
DLS is a non-invasive and rapid approach that provides strong statistically significant
results despite some misinterpreted and unevaluated factors, including the thickness
of the colloid, the dispersion angle, and the structural anisotropy of nanomateri-
als. In particular, the approach offers several benefits over a conventional sizing
method (microscopy) which is costly, laborious, and needs sample groundwork in a
dry condition, which could result in nanomaterial aggregation. Biological specimens,
emulsions, polymers, micelles, nanoparticles, proteins, and colloids are some of the
examples of liquid-phase operations. The fundamental principle of the DLS method
is that nanoparticles submerged in a liquid move according to “Brownian Motion”
[26]. After a laser ray strikes a liquid enclosing randomly moving nanoparticles, the
light is dispersed at a frequency that is directly proportional to the nanoparticles’
size. The typical diagram of DLS is seen in Figure 2.1, which contains the principal
constituents namely the laser beam which lights the specimen that scatters the light,
and thus, fluctuations at a specified angle are observed [27]. The rate of decay of this
exponential function is proportionate to the diffusion rate, which the Stokes—Einstein
equation indicates as the radius of the particles.
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FIGURE 2.1 Schematic diagram dynamic light scattering spectroscopy using transmission
grafting. Reproduced from [27] with permission (Licence number #5550251238234).
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2.2.1.4 Atomic Force Microscopy

The atomic force microscope (AFM) is a vital instrument in the advancement of
nanotechnology and is commonly utilized in nanoscale examination that provides
details about the topography of any material. The topographical images are gener-
ated by scanning a probe with a sharp tip positioned at the open edge of a cantilever
across the surface of any specimen, and this procedure is dependent on the interpar-
ticle interactions between the specimen and the tip [28]. The energies involved are
on the nano-newton scale or lower, acting over distances of nanometers. In the case
of longer distances (beyond 0.5nm), the interaction is attractive, following van der
Waals forces, whereas at closer ranges, it transitions to repulsive interactions. A key
component of the AFM is the cantilever, which comprises a sharp edge for measur-
ing the tiny forces between the tip and the sample’s particles. The little force causes
a minor distortion of the cantilever, which is recorded by the displacement of a laser
beam, which is subsequently converted into electronic signals by a photodetector.

2.2.2 CHEMICAL PROPERTIES VERIFICATION OF NANOMATERIALS

Unlike the physical testing methods, there are some analyses utilized for the chemi-
cal properties’ determination of nanomaterials. These analyses are used to deter-
mine the composition, structural properties, crystallinity, electrical properties,
purity, molecular weight, surface charge, and many others. The analyses covered in
this chapter are zeta potential, mass spectroscopy (MS), infrared spectroscopy (IR),
Raman spectroscopy (RS), X-ray diffraction (XRD), and nuclear magnetic resonance
(NMR) spectroscopy.

2.2.2.1 Zeta Potential

The approach of zeta potential assessment is used to determine the dispersibility
of NPs in solution. The electric potential at the interface of the double layer on the
surface of the particle is referred to as the particle’s Zeta potential. The intensity
of electrostatic interactions between two charged particles is related to the square
of the zeta potential values. The approach of electrophoretic light scattering (ELS),
which might concurrently detect the paces of numerous charged atoms in fluids, is
the very frequently employed method for determining zeta potential. Zeta potential
studies are frequently employed to enhance dispersion, emulsion, and suspension
composition. Particles’ Zeta potentials normally vary from —100 to 100mV. Zeta
potential values for well-scattered NPs are larger than or even less than 30 mV. NPs
with zeta potential values ranging from —10mV to +10mV is considered to be neu-
tral. The Zeta potential is extremely susceptible to revolutions in pH and ionic force
that occur during dilution [29]. As a consequence, measurements in diluted solutions
could accurately depict the true value of its Zeta potential.

2.2.2.2 Mass Spectroscopy

MS is among the most important analytical methods for determining a particle’s or
molecule’s weight, constituent makeup, and structural properties. MS works on the
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basis of mass-to-charge relations to identify charged particles of various compositions.
MS has a significant level of precision and efficiency for determining molecular mass,
in addition to detection accuracy and sensitivity, requiring just a few moles of a sam-
ple. Various physicochemical properties of nanoparticles, such as weight, content, and
structure, may be portrayed using different MS approaches, which differ in terms
of separation methods, ion sources, and detection techniques. Matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI) are two ionization
procedures often employed with MS instruments to ionize and solubilize thermally
labile biomolecular constituents without causing substantial fragmentation or disin-
tegration of the compounds. Ionization by inductively coupled plasma (ICP) is used
mostly in the study of metal-comprising nanoparticles. Time of flight (TOF)-MS is
used to evaluate the dimension and distribution of nanoparticles; MALDI-TOF-MS
is used to quantify the molecular weights of polymers, macromolecules, and den-
drimers other than to depict proteins bonding to NPs. On the other hand, ICP-MS
was employed to confirm the coupling interaction of a synthesized NP with an altered
contrast agent, as well as secondary ion detection. MS was also utilized to investigate
the chemical and physical characteristics of the upper layer of NPs, in addition to the
exterior properties of biomaterials under physiological settings. Although specific MS
methods have been utilized to analyze the physicochemical properties of numerous
biomolecules, the absence of comprehensive MS spectrum databases makes it difficult
to accurately identify molecular species. This challenge is particularly evident in stud-
ies involving outcomes from MALDI-TOF-MS analysis. Furthermore, presently, the
implementations of MS methods for nanomaterials have been limited in nanomaterial
bioconjugate description, owing to the high charge of equipment, sample degradation,
and prerequisite tools that are often offered for other studies. Figure 2.2 depicts the
ESI and MALDI ionization sources and mass spectrometry instruments for nanoma-
terials with increasing mass and dispersion [30]. High-resolution mass spectrometry
(HRMS) is typically utilized by atomically precise nanostructures, and multiplicative
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FIGURE 2.2 TIllustration of the (a) ESI and (b) MALDI ionization sources and mass spec-
trometry instruments for nanomaterials with increasing mass and dispersion. Reproduced
from [30] with permission from the Royal Society of Chemistry.
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correlation algorithm (MCA) in combined application with ESI-MS could be beneficial
for mass identification of polydisperse nanostructures (in the mass range 10-100kDa),
and charge detection mass spectrometry (CDMS) can be employed to determine the
mass distribution of nanomaterials with masses surpassing one megadalton.

2.2.2.3 Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is a method used to assess the occur-
rence (and quantity) of IR-active functional groups or bonding in crystalline, micro-
crystalline, or amorphous organic or inorganic materials. FTIR is often used in nano
research to discover distinctive spectral information that shows proteins, surfactants,
or even other functional compounds attached to NP surfaces [10]. IR radiation is trans-
mitted through a substance in infrared spectroscopy. The material absorbs a specified
range of wavelengths of infrared light, which excites oscillations (e.g. stretching or
bending vibrations) and rotations in bound molecules and atoms. The acquired infra-
red spectrum is a structural identity of the material. Generally, sample preparation is
pounding the solid sample into a small particle and scattering it in semi-transparent
materials such as KBr, NaCl, or CaF,. To produce a mull, the powdered material can
also be disseminated in a liquid (mineral oil). The samples can be put in the spec-
trometer in any form for transmission examination. Attenuated total reflection (ATR)-
FTIR spectroscopy addresses one of the most difficult elements of infrared analysis
that analyzes both liquid and solid specimens while minimizing the limitations of
specimen preparation in transmission. Total inner reflectance arises in the internal
reflection element (IRE) crystal in contact with the specimen in an ATR-FTIR sys-
tem, creating evanescent vibrations that absorb into the material from the IRE crystal-
sample interface, leading in a penetration depth of 0.5-5 pm. The material absorbs
some of the evanescent currents, and the echo is then recorded on the detector.

2.2.2.4 Raman Spectroscopy

RS is a frequently applied technique for the structural description of nanomaterials and
nanoparticles, providing sub-micron spatial resolution for light-transparent materials
exclusive of the necessity for specimen groundwork, rendering it suitable for in-situ
investigations. The concept of RS is to detect the non-elastic scattering of photons of
various frequencies from the incident beam once it contacts with the particle’s electric
dipoles. The RS technique reveals differences in frequency between the photons that
are scattered inelastically and those incident photons. These differences are linked to
vibrational energy state characteristics. In the Raman spectrum, the photons resulting
from non-elastic scattering, which have lower energy than the incident photons, are
labeled as Stokes lines. Conversely, if the non-elastic scattered photons have higher
frequencies than the incident photons, they are termed anti-Stokes lines. In the case
of moderately symmetrical particles, Raman spectroscopy is often seen as analogous
to infrared (IR) spectroscopy. This means that vibrational modes considered Raman
active should be inactive in IR, and vice versa. This principle is based on the fact that
Raman shifts result from nuclear movements, influencing the polarizability of par-
ticles, rather than arising from changes in the particles’ dipole moment. Tip-enhanced
Raman spectroscopy (TERS) uses an apertureless metallic tip as opposed to an opti-
cal fibre to obtain surface amplification of Raman data by applying the notion of
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restricting the light field in Raman nearfield scanning optical microscopy to surpass
diffraction-limited resolution (the SERS effect) [31]. SERS and TERS, in contrast
to standard RS, give topological information on nanomaterials in relation to their
structure, chemical, and electrical characteristics. Nevertheless, the paucity of detec-
tion consistency in SERS due to shape and size change, along with unfavourable NP
agglomeration, is an impediment to in vitro or in vivo imaging modalities.

2.2.2.5 X-Ray Diffraction

The polymorph, crystal structures, crystalline nature, and crystallite size of NMs
have previously been determined using X-ray diffraction (XRD). The X-ray wave-
length is equivalent to the distance of atoms in a scattering investigation. When a
crystalline substance is exposed to X-rays, it forms a diffraction pattern with many
sharp areas known as Bragg diffraction peaks. The crystalline structure of the sub-
stance being investigated may be identified by examining the locations and concen-
trations of these peaks. XRD is frequently utilized to identify atomic configurations
in rigid crystal structures; however, it has limitations in obtaining data from single
crystal formation. Unidentified crystals are recognized by comparing their peaks,
locations, and related concentrations to a known pattern of a standard sample.
Attributing a diffraction peak to a sample comprising numerous phases may be chal-
lenging; a computerized match is frequently utilized. The molecular pair distribution
function (PDF) method, a non-Bragg-type approach, has been employed for weakly
crystalline materials with extremely scattered XRD patterns [32]. Particle PDF data
analysis appears to be distinct from standard XRD.

While XRD is a well-known method and has been widely utilized to identify the
molecular structure of various materials, the difficulties in forming crystalline and
the inability to obtain findings from more than one structural or binding state of the
material restrict its usefulness. In comparison to electron diffractions, the additional
drawback of XRD is the barely noticeablediffracted X-rays, especially for substances
with lower atomic masses. A latest X-ray diffraction study indicated a fresh strat-
egy utilizing femtosecond signals from a hard-X-ray free-electron laser for structural
characterization, which could be advantageous for understanding the structure of
macromolecules that do not produce appropriate crystal size for customary radioac-
tive sources or do not attune to radiation damage.

2.2.2.6 Nuclear Magnetic Resonance

Unlike images and diffraction approaches, which provide information about the
structure at long-range quest or the crystallographic feature, NMR is specific to the
local surroundings and can reveal the geometries of polymers, amorphous mate-
rials, and biomolecules that possess less variety sequence. Besides assessing the
configurations and contents of the materials, NMR spectroscopy includes facilities
for investigating complex interactions of the species under different environments,
such as relaxation, chemical composition, and molecular adaptability, which can
be assessed using specially intended rf and/or gradient pulse patterns [33]. NMR
spectroscopy has been employed to identify numerous physicochemical features of
nanomaterials, namely structural homogeneity, and features in dendrimers, poly-
mers, and fullerene constituents, along with structural changes that take place during
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ligand-nanomaterial engagements. Pulsed field gradient NMR has been utilized to
assess the dispersibility of nanomaterials, allowing the dimensions and interconnec-
tions of the species beneath research to be computed.

NMR is a non-detrimental and non-aggressive approach that necessitates simple
specimen processing. Contrary to visual approaches, NMR’s poor detection capa-
bility necessitates a relatively larger sample volume for analysis. Spectral analy-
sis might also be laborious because a specific degree of the signal-to-noise ratio
is required. High-resolution magic angle spinning (HR-MAS) NMR has gained
significant recognition in the fields of biology and biomedicine over the past few
decades due to its capacity to generate spectra comparable to those obtained through
high-resolution NMR. This technique is particularly valuable for studying diverse
biological tissues and cells, thanks to its ability to provide detailed insights. The
benefits of HR-MAS NMR for precise analysis of surface-enclosed ligands and cus-
tomized exteriors have been employed for examining each synthesized stage of the
cyclo-peptide debilitated on the top of poly(vinylidene fluoride)-based NPs and ther-
molytically produced thiol-constituents silver groups. Figure 2.3 displays the one-
dimensional 1H NMR spectra acquired to determine the quality of the synthesized
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FIGURE 2.3 One-dimensional 1H NMR spectra of (a) synthesized HMDA-DTPA and
(b) thiol group-terminated HMDA-DTPA polymer. Reproduced from [34] with permission
from the Royal Society of Chemistry.
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gold nanoparticles and to gather chemical shift details on the ligands that attach
to the gold nanoparticles {hexamethylenediamine-diethylenetriaminepentaacetic
dianhydride (HMDA-DTPA)} [34].

2.3 CONCLUDING REMARKS

Considering the distinctiveness of physicochemical properties at the nanoscale level,
nanomaterials have the ability to influence physiological engagement from the mol-
ecule to the structural level, rendering the in vivo application of nanomaterials an
intriguing area of investigation. Presently, there is no dearth of established methods
or an appropriate approach for characterizing NMs. The fast research and manufac-
turing of nanomaterials for the purpose of multiple applications demonstrate the need
for and prudence of nanomaterials regulation. For regulatory standards to ensure the
security of nanomaterials in overall, robust methodologies for the characterization of
nanomaterials are essential. This study discusses the fundamental physicochemical
features of nanomaterials, comprehended by a description of the various approaches
used to characterize nanomaterials. Hence, it is required to describe the nanomate-
rial intended for numerous applications in its original state upon insertion into a
physiological environment. The quick summary of each approach, along with its
advantages and disadvantages, presents us with a framework for choosing the proper
methods for characterizing a prospective nanomaterial. There is no procedure that
can be utilized for all NM varieties. On the account of the qualities of NMs, ana-
lytical methodologies and operating parameters should be selected in a case-by-case
scenario. As there are currently no empirically appropriate procedures for all classes
of NMs, it is vital not only to provide input values but also to provide comprehensive
information on the sample processing, applicable technique, and any changes that
were required to execute the analysis.
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3.1 INTRODUCTION OF NANO-SAFETY

The fast improvement and life style changes have made life more attractive, comfort-
able, and expensive. The new generation is moving toward smaller, safer, cheaper,
and faster working materials since these materials lessen the work consignment and
support to convey easier at a plentiful pace with minimal effort. The term nanotech-
nology has been coined from ‘nanometer’. It is a unit used to measure one billionth
of a meter of length. The prefix ‘nano’ in Greek means ‘dwarf’, and it signifies the
one-billionth part (10-m) of hair of human being [1-3]. Nanotechnology is relatively
a novel term, although the fundamental technology dates back to the the period when
“submicro” was used to nmanufacture enormously small constituent parts of poly-
mers and copolymers. Now, the technology compact materials with the engineering
and science at the magnitude of length 1-100nm are baptized nanotechnology (NT)
[4]. The word nanotechnology describes the manipulation, length scale, internal and
external properties of the atom or bulk substances that can be developed through
improved materials like devices, structure and well-developed systems for new gen-
eration [5,6].

3.2 EXPOSURE TO NANOMATERIALS (METAL NANOPARTICLES,
FULLERENES, AND CARBON NANOTUBES)

There have been various gadgets developed for everyday life that are much smaller,
such as microsized chip, nanosized tablets, nanocarbon tubes, small memory chips,
and pen drives, which can make transportation and storage capacity much easier and
consistency in less time. Nanomaterials with various dimensions, such as 0D, 1D,
2D, and 3D, are extensively applied for several applications. Various metal nanopar-
ticles like: iron oxide (Fe;O,) is applied for remediation of heavy metals and color
stuff from ground water; titania and titanium oxide nanoparticles are used for paints
and cosmetic products; fullerenes are used for tennis rackets and LED video screens;
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silica is used for the manufacturing of electronics products; zinc its oxides used for
industrial purpose like coating to electronic screens from protect the ultraviolet rays;
Ag nanoparticles are used as a antimicrobial agents; and carbon- and graphene-based
nanoparticles are used as electrodes in fuel cells [7].

3.2.1 NANOPARTICLES

Nanoparticles are the model of archetypical nanomaterials and are considered
extremely affective strategy associated with the nanotoxicity. Nanotoxicity is gener-
ally based on the interpretations and the treatment of nanoparticles (NPs). A nanopar-
ticle also gives emphasis to the information about the dimension of nanoscale, which
assists unreactive constituents and turns out to be reactive catalytic positions. Gold
(Au) nanoparticle, a noble metal, is unreactive in bulky amounts [8]; however, the size
of particle >10nm (less than) is extremely reactive material and can be formed into
improved geometries like nanorods of gold, which are biologically non-hazardous [9].
Gold (Au) nanoparticles have high congeniality for sulfur, most significantly conju-
gated with biological macromolecules containing unique group like thiols [10]. The
cytotoxicity degree of the material is interrelated to the modification or coating of the
used area. For example, gold nanoparticles coated with cetyl-trimethyl-ammonium
bromide or poly-di-allyl-dimethyl ammonium chloride are both affected by cells. On
the other hand, the coating of diallyl products is nontoxic, while the coating of cetyl
products is toxic. The mechanism of toxicology through nanoparticles (NPs) is given
in Figure 3.1. Once nanoparticles arrive into the body, they may pass over numerous
cellular barricades and enter the highly sensitive body organs such as the kidney, liver,
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FIGURE 3.1 Toxicity mechanism of nanoparticles mediated by ROS generation.
Intracellular ROS can be engendered from the mitochondria cell and later cause lipid per-
oxidation, damage of DNA, and protein denaturation. Reproduced with permission from Ref.
[20], Elsevier license number 501760542.
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and lungs, causing damage to mitochondria, DNA structure, and ultimately cell apop-
tosis or death [11-14]. The reactive oxygen species (ROS) production, which could
be the main reason for oxidative stress, inflammation, protein damage, DNA, and
membrane of cells, is the largest production mechanism leading to toxicity [15-19].

3.2.2  FULLERENES

A fullerene is a carbon allotrope whose materials contain carbon atoms linked
through bonds like single bond or double bonds so as to form a closed or partially
closed web, with fused rings of carbon atoms (five to seven). The fullerene molecule
may be a tube, a hollow sphere, ellipsoid or available in many more shape and
size. The carboxylated negatively charged fullerenes show the prospective selectiv-
ity of migrating across membranes, including —ve charged cerebral micro-vessel
endothelial (cells), where the indigenous negativity is decreased in the membrane
by the stress of oxidative response, allowing the derivative fullerenes to transfer
across the membrane. Hence, the nano-system can defend against hydrogen per-
oxide (H,0,)-induced stress and F-actin de-polymerization at the entry point and
facilitate cells into a viable state in discriminating against injured cells that suffer
programmed death cells [21]. In another study, the hydroxylated derivative attached
to the gadolinium is the supreme optimal [22]. The insertion of a metal compo-
nent in center of fullerene and the manufacturing of the metallo-fullerene form
allow the nanosytem to become more hydrophilic, while specific clusters aggregate
and others are comparable to the carbon parent [23]. In general, there are various
types of metallo-fullerenes available in the environment, and comparison between
various metallo-fullerenes depends on the size, shape, and surface modification of
any nanomaterials. In the hepatoma animal model, the gadolinium-hydroxylated
metallo-fullerene intra-peritoneal injection in mice shows various toxic effects on
the mice’s body parts. After injection, the intra-peritoneal injection confirmed the
circulation of the whole kidney (more copious), stomach, liver, and then less copious
in the spleen, with the insignificant concentration of intra-peritoneal injection in the
brain or serum. However, the derivative of carboxylated generally accumulates in
the kidney, with minimal accumulation in the liver. Gadolinium-based hydroxylated
metallo-fullerene is not cytotoxic in human being and animal models in vitro cell-
based analyses [24]. These types of metallo-fullerene show excellent antioxidant
properties through assets of high electron affinity and deficiency of toxicity and
allow the anti-proliferation of neoplastic cells with metallo-fullerenes of properties
to cyclophosphamide [25].

3.2.3 CaArRBON NANOTUBES

Carbon nanotubes (CNTs) are a type of fullerene with the specific cylindrical or
tube-like shape and are very similar to the structure of the fullerenes in that they
are hydrophobic in nature, altered fullerenes. According to their hydrophobic nature,
CNTs are identified as being stored in the lungs and liver; they are affecting inflam-
mation and pulmonary injury because of the induction of mesothelioma. However,
CNTs may be bioconverted through Fenton-like reactions, in contrast to more polar
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hydroxylase CNTs that are biodegraded through the peroxidases reaction [26-32].
In asbestos-connected fibrosis, additionally, pulmonary responses are described by
the fiber length; subsequently, lengthier fibers are lesser clean continue with the lon-
ger duration as comparison to short fibers; however, there is no clear clarification
between the length and harshness of pathological reaction [33]. The CNTs are avail-
able in two different lengths, such as single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs), while asbestos fibers have a very differ-
ent structure. A colorimetric tetrazolium response in vitro cell evaluation confirmed
the SWCNTs are highly cytotoxic as compared to MWCNTs in the alveolar macro-
phage stage [34]. Unlike asbestos fibers, CNTs are easily conjugated, which can be
easily bound with the help of weak interactions (like van der Waals) to other sys-
tems, including pep stacking, which means facilitating the adsorption of protein and
CNTs cellular cytotoxicity to turn the “tunes” [35-37]. There are also various meth-
ods available for the evaluation of tune solubility such as surface modification [38],
insertion of metal [39], and addition of covalent [40]. For instance, dual-end CNTs
structure modified with hydroxyl groups (~OH) can demonstrate physical charac-
teristics parallel to dimyristoyl-phosphatidyl-choline established in membranes. The
CNTs sidewall surface is simply modified with sulfo—- or —-COOH groups, result-
ing in a smaller amount of cytotoxicity in cultivated human dermal fibroblasts than
individuals stabilized with matter like detergent, due to the selective membrane of
SWCNTs [41]. In other studies, CNTs coated with polyethylene glycol (PEG), poly-
ethyleneimine, and doped of nitrogen-based data indicate a negligible immune
response unless directly injected into the trachea of mice [42—44].

3.2.4 MEetaLl/MeTaL Oxipe AND QuaNTUM DoTs

Metal nanoparticles are also known as the modern era of nanomaterials in that these
nanosystems facilitat various novel characteristics such as magnetic, optical, and
catalytic functionalities. Variation type of metal oxide sizes depends upon the toxic-
ity, where nano-sized metal oxides are more toxic as compared to the milli or micro-
sized metal oxide, due to increased catalytic efficiency, and organs are affected by
the high amount of toxicity. For instance, if iron oxide nanoparticles can be directly
inhaled, they affect the central nervous and olfactory nerve systems [45]. Another
material zinc oxide is generally known as an antibiotic characteristic of the action of
metal oxide. This incidence was also observed in zebrafish embryos. If they applied
a higher concentration of metal oxide in zebrafish, the larvae died, but if the amount
of concentration was less, then the embryos showed only deformation, and the results
confirmed the metal oxide was more toxic as compared to zinc ion. This phenomenon
proposes that the toxicity of the metal oxide is greater than M-ion (metal ion), clusters
of bulky metal oxide can be combined and show less toxicity, whereas middle- and
small-size metal oxide shows the slow development of the zebra fish embryos [40].
Titania was one the earliest metal oxides that was displayed excellent properties like
photocatalytic oxidant activity in the ultraviolet region and was highly applied for the
water purification [46—48].

Various sizes of titania nanoparticles inject directly into the stomach, which can
show toxicity for varying parts of the body such as the liver, heart, kidney, etc.;
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FIGURE 3.2 Diseases associated with nanoparticles. Reproduced with permission from
Ref. [20], Elsevier license number 501760542.

however, no morphological injury to the lungs or spleen with the increased amount
of titania nanoparticles in the lungs, liver, kidney, and spleen (Figure 3.2) [49,50].
Another nanomaterial ceria has also catalytic activity due to its storage capacity
for oxygen [51,52]. The observed study of ceria in rats proposed that nanoparticles
used as an inhaled process can be cumulative in the broncho-alveolar and redistrib-
uted through the rotation to other organs [53]. Other metals are also in core-shelled
systems commonly recognized as quantum dots and widely used for imaging [54].
While there are various metals such as calcium, iron, lithium, manganese, mag-
nesium, chromium, cobalt, copper, molybdenum, tin, vanadium, nickel, selenium,
and zinc, and halogens such as iodine fluorine, chloride, and non-metal silicon, all
are maintaining the cellular homeostasis performance. Additional metals such as
arsenic, lead, cadmium, beryllium, mercury, hexavalent chromium, and beryllium
are toxic in trace quantities [55—62]. The core-shelled quantum dots have interest-
ing features that include the use of essential and toxic or available inert metals in
their chemical composition. For instance, cadmium metal is enormously toxic and
well known to cause various infections such as proteinuria, renal dysfunction, and
other allied health problems, while selenium (Se) is an indispensible metal and is
present in very low amounts. In cadmium-selenide-based quantum dots, there exists
a fascinating arrangement where the discharge of cadmium ions highly display the
toxicity. Zinc sulfide or proteins conjugates composite coating the core shell would
reduce cytotoxicity, and the cytotoxicity is interrelated to the presence of cadmium
or tellurium quantum dots [63].

Coating process leads to inhibiting the cadmium (Cd) suspension and may pro-
duce a health possibility, although various polar groups such as (poly) alcohols, zinc
sulfide, and acids are combined with the core-shell and show nontoxic results. The
coating of tri-noctyl-phosphine oxide is very toxic in human cells (B lymphoblast)
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[64,65]. Fluronic 68 and sodium dodecyl sulfate quantum dots materials modified
the surface in cell-cultured bioassay, and results suggested the material was non-
toxic; however, cetyl-trimethyl-ammonium bromide coated with the quantum dots
was toxic [66]. The L- or D-forms of glutathione used with protein coating demon-
strated distinction toxicity, with the L-form coating being more toxic, then easily
treated with L-form enzymes to process, and nanotoxicity is normally connected
to size; minor size endorses the degradation of intracellular and apoptosis [67-69].
Assessment in animal primates exhausting phospholipid micelle-encapsulated core
shell quantum dots of cadmium-selenide indicates no longer-term toxicity and may
reflect various physiologies in binary types of animal representations [70].

3.3 DETECTION AND ITS PROCESS

The detection of toxicology divided into three major categories: cellular evaluation
in cultured cells, investigation of the tissue/homogenate for organs in animal mod-
els, and morphologically changes. Morphological changes are of various types, like
cardiovascular, nephrological, psychological, neurological, circulation, and olfactory
analysis of animals to gauge variations in specific organisms such as the heart, lungs,
variation in skin, perception of pain, function in the kidney, cognitive abilities, cir-
culation, and behavior [58,70-79]. Discuss only one part in this section, like cellular
evaluation to analyze the cellular homeostasis through ultrafine nanoparticles [80].
The cytotoxicity experiment and some reagents applied to the evaluation of cytotox-
icity are shown in Figure 3.3.
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FIGURE 3.3 Experiments of cytotoxicity and some reagents applying to evaluation of
nanomaterial cytotoxicity, as well as test for geno-toxicity. Reproduced with permission from
Ref. [58], Elsevier license number 5384381158847.
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Various numbers of cell culture have been established to estimate cytotoxicity and
cell viability. The trypan blue technique is mostly used for the detection of cytotoxic-
ity, which may include holding through the unviable cells or as well as counting of
the colonies after the distinct period of incubation of each viable cell to gauge cyto-
toxicity [81]. The earlier stage may not investigate the cell viability but also show the
metabolically inactive properties, while the final stage is a time-consuming stage and
not cooperative to multiplexing. At this time, the common techniques applied for the
enzymes within the cells, such as cell viability indicators, were the detection of each
consumption of substrate or manufacture of the product using the absorbance’s varia-
tions, luminescence, or fluorescence [82—84]. A common technique involves lactate
dehydrogenase (LDH) or glucose-6-phosphate dehydrogenase (G6PD) as a viabil-
ity function through measure formazan (LDH) or resorufin. The declining power
tendency of a cell can be utilized to assess its health by converting the decreasing
MTT to its insoluble formazan (LDH) through mitochondrial reductase activity [85].
Calcein AM is a non-fluorescent cell dye that can easily hydrolyze through the intra-
cellular esterases to a green-colored fluorescent calcein in cells [86]. Determination
of the fluorescence can be applied to the evaluation of cell proliferation. The calcein
AM can applied in tandem using propidium-iodide, which is a color stuff (dye) for
use on the chromosomes of dead cells and stains nuclear; it is cooperatively used
to evaluate live or dead cells, which stain color is available in green or red [87].
Instead, two-color availability may be performed through the non-fluorescent dodec-
ylresazurin, which is decreased by the metabolically active cells converted into the
dodecylresorufin (they emit fluorescence like dark red) attached with the SYTOX
fluorescence like green (a stain of nucleic acid) [88]. The membrane of plasma is
injured, enabling the color of dye to accumulate. Imaging through green color fluo-
rescence in the opposite injured cell is metabolically active and combines specific
SYTOX green color florescence and dodecyl-resorufin, which emit green and red
colors and may also appear blue color florescence in dead cells [89].

Finally, the unambiguous indicators for oxidative stress (OA) can be studied
through selecting the effective binding dyes that undergo fluorescence upon bind-
ing agents such as 70-difluoro-fluorescein diacetate and 4-amino-5-methylamino-20,
which certainly convert into the benzo-triazole, binding with NO, which is produced
greatly fluorescent, and acetyl ester oxidation by ROS (like OHradical), fluorescently
produced adduct that is surrounded inside the whole cell. In the last calculation, the
Singlet Oxygen Sensor (SOS) gives the green color, as a singlet oxygen (10,) detailed
investigation become binding upon the fluorescent [90-92].

3.4 PROCEDURES

3.4.1 CeLL CuLtures PROCEDURE

The h-TERT-RPE cell cultures in humans were continued in a buffer solution involv-
ing indispensable medium with a solution of Earle’s salts increased within heat-
inactivated fetal bovine serum (10%), penicillin (amount 100 units/mL), L-glutamine
(1.4mM), streptomycin (100 mg/mL), etc., constant at low temperature (35°C) in an
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incubator given other atmospheres like air (95%), CO, (5%), and humidity (75%).
These types of cells were applied for the growth of the log-phase. The morphology of
cells was determined through cellular integrity and microscopic techniques. A part
of a cell is randomly selected for cellular integrity by using the lactate dehydrogenase
test (evaluation of the integrity of the membrane) [93].

3.4.2 MONITORING OF NITRIC OXIDE, SINGLET OXYGEN SENSOR,
ReacTivE OXYGEN SPecies, MMP, AND LDH LEVEL(s)

In this section, their is a brief discussion about monitoring the various parts such as nitric
oxide (NO) level, protein content, detection of singlet oxygen sensor (SOS) through the
singlet oxygen species, (ROS), LDH level, MMP quantity, Caspase level, etc.

A brief discussion of the evaluation the protein content: here the cells were har-
vested from the culture plate and suspended in the buffer lysis solution by a simple
procedure [94]. The cells were centrifuged for 10 minutes at a very low temperature
of 4°C. After that, the pellet was re-suspended in a pH solution (~7.5) of phosphate
buffered saline (PBS) to a limited volume. The result of the final volume obtained
a high yield in the ranges of 100,000 and 150,000 cells per measurement [95]. The
determination of protein content was observed at 1:8 ratios of cells after the addition
of Bradford reagent (v/v) in dark medium and also adding BSA calibration (100—
2,000mg/mL) in a cuvette [96]. The prepared samples were incubated at a constant
temperature of 37°C for a half-hour in a dark medium and then measured the absorp-
tion performance. For the activity of bioassay, a 1:1v/v ratio was applied for the
measurements of sample, reagent, and fluorescence [97]. The maximum excitation
and emission are detailed at each level in Table 3.1.

According to the comparison of inhibitors, the entire cell was re-suspended in
PBS accompanied with pyruvate (§ mM) and added to the specific additive or inhibi-
tor between 1 and 900 pM. All compounds were soluble in water and properly mixed
in deionized water or PBS; otherwise, they were assorted with dimethyl-sulfoxide
(DMSO) solution. The stock solution of the concentration was highly abundant, such
that only 0.5-25mL of the prepared sample was added to the entire cell. It was
always observed that the obtained volume was lesser than 10%, which removed the
probability of DMSO toxicity on the entire cells [98,99].

TABLE 3.1
Monitoring the Nitric Oxide, Singlet Oxygen Sensor,
Reactive Oxygen Species, MMP, and LDH Level(s)

S. No Monitoring Agents Excitation A Emission A
1. NO 495 515
2 ROS 492 517
3. LDH 490 680
4. SOS 504 525
5 MNP 549 575
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3.5 TOXICOLOGY

There are various research studies that represent the influence of nanomaterials in
forming various diseases such as interstitial lung disease, rhinitis, pleural, asthma,
lung infections, respiratory embolism, dermatitis, tuberculosis, bosom distortion,
immune system illnesses, growth of lung, and so on [20,50,55-58]. Therefore, the
crucial understanding of toxicology through nanomaterials (nano-toxicology) is very
impressive in this current situation. The systematic figure can easily understand that
nano-toxicology can help scientists choose nanomaterials that are environmentally
kind and prioritize further research and minor health effects on human health and the
environment. A brief discussion of the various types of cell death and their toxicities
also includes the factors affecting the physicochemical characteristics of nanomateri-
als and their influence on the cell through physiological activity.

3.5.1 EvaruatioN of CYTOTOXICITY

The cytotoxicity bio-evaluation was based on the yield of the total fluorescence,
which was the ratio of the entire cell in PBS solution (pH 7.4). This reaction did not
obligate any explanation to stop to permit the kinetic investigation for long-term. The
limit of evaporating the cells after a long time duration (17 hours) in the 96-well plate
or cuvette and as probably the fluorescence rose as a time function. These two evalu-
ations have investigated the fluorescence induced through the LDH leakage, which
is directly evaluating the integrity of cell membrane and indirectly necrosis; after
that, caspase 3/7 also measures apoptosis [100]. These results show the entire cell in
PBS controls various functions in “Ag-series” of MOFs such as different readings for
initial and final products, time function, ratio, and bust level [100]. The other experi-
ments were compared and partly discussed with further elaboration in Section 3.5.4.

3.5.2 EvaruatioN oF LDH

According to morphological studies using SEM and TEM analysis (scanning elec-
tron microscopy and transmission electron microscopy), the nanoparticles arrived at
the nuclei and vesicles and affected the nucleus, although nanowires only covered the
upper layer of the cells. When the upper layer area (surface) was increased, they pro-
moted the level of increasing toxicity of the cell. The ceria nanorods and nanowires
increased the ratio aspect of the toxicity by exposing the monomyelocytic leukemia
cell lines (THP-1) for 1 day in humans and also studying the evaluation of LDH. The
outcomes exhibited that the tiny size of ceria nanorods were not at all toxic; however,
the ratio of nanorods of intermediary did not source the cell death; it only induced
the production of IL-1p. The nanorods attached with the maximum aspect ratio dem-
onstrated the highest toxicity and removed the IL-1f [7,101].

In another study, CTAB modified with the gold nanoparticles unpleasantly
affected the microtubules, nuclear lamina, and filamentous actin [102]. In Figure 3.3,
the measurement of the fluorescence by the initiation of INT (iodophenyl, nitrophe-
nyl, and tetrazolium) to formazan is represented. The bioassay principle is placed
on the LDH leakage into the extracellular medium, which converted the lactate to
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simply pyruvate in presence of catalyzes in an oxidation state with decreased the
oxidizing agents nicotinamide adenine dinucleotide (NAD"), and correspondingly
converted the INT to formazan in a couple oxidation process measurement. Two
absorbance values were given different data, which evaluated the cytotoxicity effort-
lessly. These results showed that the minimum quantity controlled the fluorescence,
and after that addition, the 7-ethyl-10-hydroxycamptothecin, an anti-topoisomerase,
or H,0, gave higher fluorescence while nitrite provided practically no response
[103—105] (Figure 3.3). The 7-ethyl-10-hydroxycamptothecin is generally known as
code SN-38, and that is usually anticancer drug. The SN-38 is known for its DNA
topoisomerase I competency in addition to inhibition of synthesis of DNA, resulting
in in greater interruptions in only single-strand DNA, probable to create a maximum
oxidative atmosphere and loss of the plasma membrane. H,0O, is commonly known as
a highly oxidizing mediator that can easily lesion the plasma membrane. Adding the
H,0, gives two separate profiles on the different sides of toxicity: at a high amount
of dosage, the oxidizing degree causes the lesion of the plasma membrane and ion
leakage, while a low amount of dosage of H,0O, has protective properties [106—108].

3.5.3 EvaruatioN ofF CAsSPASE-3/7

To further investigate cytotoxicity through the MOFs, we used the caspase 3/7 bioas-
say method. To provide an overview, the association between cytotoxicity and bio-
assay was described in Figure 3.4. Caspase 3/7 is a copious cysteine protease that
cleaves the substrate portion at the C-terminus of the aspartate filtrate residue; there-
fore, introducing the new member of peptide derivatives and cleaving through cas-
pase, the product is fluorescence obtained and can be evaluated certainly [109]. In a

Nano
Materia

Caspase 3/7

FIGURE 3.4 Correlation between cytotoxicity and bioassay. The flow shows the work as
Mitochondria/ROS/Cyt C/Caspase-9 (inactive stage)/Caspase-3/7 (active stage) and Apoptosis.
Reproduced with permission from Ref. [58], Elsevier license number 5384381158847.)
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fixed amount of peptide concentration, the maximum availability of the fluorescence
obtains a maximum number of apoptosis and caspases enzymes. Figure 3.4 shows
that the “Ag” MOF (nanomaterial) series does not encourage the levels of caspase to
be superior to the resistor. The entire cells are treated with numerous MOFs (metal-
organic framework) series, such as “Ag”, and “Fe”. The Ag has maximum level and
was measured while Fe has the minimum level and was measured relative to resistor,
representing the previous outcomes by the evaluation of LDH and portentous role of
the MOFs, which show all are not cytotoxic [58].

3.5.4 CHANGES IN INTRACELLULAR LeVELs oF NiTric Oxipe (NO)

The outcomes with the combination of nitric indicated that further biochemical, such
as NO generation, possibly would be activated. The NO is a neutral molecule with
one unpaired e~ and has miscellaneous activities shown in mammalian cells. NO has
various functions. One of the major functions is a vasodilator and the other is used as
neurotransmitters. NO may be created by the nitrite reduction through the reductase
enzyme or oxidases originating in the mitochondria inner portion or in a single cell.
Systematically, the proteins help the respiratory system in mitochondria that can enable
the redox interactions, for instance, with iron nanoparticles [110]. Iron (Fe) can source
two e~ in nitrite reduction and convert them into the oxidized state (Eqgs. 3.1 and 3.2).

[2H" +2e+NO; - H,0+NO | (3.1)

[2Fe" +2¢” — 2Fe™ | (3.2)

The created NO is surrounded through dye DAF-FM fluorescence [93], which can
estimate the environment of local NO. The reactions are systematically summarized
in Figure 3.5. Each possible mechanism of the reaction is shown here, such as centers
of iron, potential sites for inhibition area with rotenone, carbon monoxide or cyanide,

@Q@@@®

2U0uU3l0y

0,

FIGURE 3.5 Illustration show the relation of inhibitor and inhibition place within the
e~ transport chain. Reproduced with permission from Ref. [58], Elsevier license number
5384381158847.
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and Antimycin A [111-115]. Another well-known incident is the ability of NO to
resist the poisoning of the cyanide, probably by changing the position of the cyanide
(CN) from the centers of iron of oxidase in cytochrome c [116,117].

Finally, the CN was located in the perspective of new inhibitors attached to
cytochrome c oxidase [118]. The last electron acceptors attach the rotenone or
antimycin A from the transport chain of electrons as opposed to both enzymes,
which bind earlier, as represented in Figure 3.5. Rotenone generally inhibits the
electron transfer from centers of Fe-S in complex I to ubiquinone [119]. However,
antimycin A attached to the Q spot of Cyt-C reductase, ubiquinol oxidation was
inhibited, and CN & CO attached to the Cyt-C oxidase and electrons transporta-
tion was inhibited from the Cyt-C to oxygen, bringing a stop to the production and
respiration systems of ATP [120]. NO is well known to inverse the effect of CN
[121]. The level of NO increased with the support of time; as greater NO comes
into the surface of the dye, the interaction generated greater fluorescence. Still
continuously increasing the levels of NO with the addition of nitrite, this is a sim-
ple method for producing NO. This reaction may be completed by the heme active
sites of cytochrome ¢ oxidase. The addition of sodium nitroprusside, potassium
ferrocyanide, and NaCN has decreased the levels of NO. The previous data indi-
cate that NaCN is a very strong inhibitor of the cytochrome ¢ oxidase and inhibits
the cytochrome c oxidase active functions, which are intricate in the reduction of
NO. Therefore, increasing the level of CN will prevent the enzyme growth from
the nitrite converted to NO through the reduction process and modify the oxygen
demand of the mitochondria, causing the main factor for the production of oxidiz-
ing species like H,0, [122].

3.5.5 CHANGES IN MITOCHONDRIAL MEMBRANE POTENTIAL (MMP)

In the MMP assay, Fluorescence Resonance Energy Transfer (FRET) peptide is used
as an indicator to find out the generic MMP activity. For the whole FRET peptide,
one part shows active fluorescence while the first one quenches another one. After
the cleavage, they were divided into two different fragments through the MMP and
then recovered the fluorescence. The previous section clearly indicates the NO levels
widely fluctuated through the “Ag” MOFs, which simply defined the silver outcomes
that the silver show harmful effects to the cell and/or enzymes, also known as nano-
silver, and silver MOFs trapped in the NO. Therefore, the MMPs procedure was
applicable for mitochondrial stress due to its silver MOFs. A general fluorescent dye,
TMRE (tetra-methyl-rhodamine ethyl ester), aggregates in mitochondria owing to
their relative —ve charge on the membrane, the membrane was damaged mitochon-
drial cell will discharge the dye molecule to the cytoplasm, let down the measuring
the fluorescence [123]. The fluorescence is openly interconnected to quantity of the
dye and also interconnected to mitochondria due to its membrane potential. MMPs
indicator gave similar measurements of TMRE fluorescence for every cell, but in the
case of sodium nitroprusside and sodium nitrite gives different measurements, which
suggested the production and oxidation of NO both are associated, ensuing in the
lowering of the oxidation and membrane potential.
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3.5.6 CHANGES IN ROS

The ROS was investigated through the changes in the ROS process. In simple words,
a dye molecule binds the oxidizing species and fluorescence; therefore, this result
is directly proportional to the oxidizing environment (Figure 3.3), as shown in the
labeling where ROS is specifically denoted to the hydroxyl or superoxide anions).
Herein, a control investigation that was carried out previously verified that the fluo-
rescence linearly increased with the addition of a huge dosage of H,O,, which is a
strong oxidizing species, while ROS dye does not interact with reactive nitrogen
species, like peroxy-nitrite [124]. These obtained results suggested that specific con-
stituents are not cytotoxic through the ROS procedure of cellular inactivation.

3.5.7 DiscussioN oN MOFs ToxicoLoGY THROUGH THE CELL CULTURE

The synthesis of structured combining labile metal ions is accomplished by consum-
ing various methods such as solvothermal and organic ligands methods. The MOFs
are extremely porous, crystalline from long-term series, and have the opportunity
to contain hard patterns for the structure like 3D form (three dimensional), and soft
stress-free linkers are available for contact with the environment. This takes a differ-
ent process (like vapor phase) with a distillation of the solution of metals such as Au
and Pt (noble metals) [125,126]. Various approaches were applied for the redox reac-
tion chemistry to decrease the Au nanoparticles; however, outcomes indicate insta-
bility with prepared structures that are present in 3D forms. Recently, few scientists
have focused on sheet-like structures with two-dimensional forms. At this point, the
metal clusters in this area are some nanometers bigger than the pore size due to the
mobility of ions [127]. Three common structural categories can be used as a begin-
ning point. For instance, Cu-coordinate with benzene-tri-carboxylic acid develops
a simple cubic structure with a minimum pore size (>2nm). One more structure is
formed in strong penetrating cubes, with a highly flexible sheet linked at the verti-
ces, enlargement of outer 1D form channels with one ligand like Zn and benzene-
dicarboxylic acid and another one is bi-pyridine as a soft linker. After that, kagome
structure can be made through the indium and terephthalic acid used as metals and
ligands. One-dimensional is formed with two sizes in kagome structure due to the
two linkers or ligands used [128].

The consistency of the formed MOFs was studied through the IR spectroscopy
analysis. For instance, the M—O bond or C=O0 stretches can be investigated by the
IR spectroscopy. The zinc (Zn) MOFs demonstrated the ZnO bond in structure at
~1,640cm™" and C=O stretching appeared at ~1,390cm!, respectively. The Cu ion
can coordinate with the —OH functional group of the ligand and confirm the MOF
structure in the compound through the FT-IR spectroscopy. The Cu-OH stretching
appeared at 1,570cm™" and conformation the metal ligands bonds formed correctly.
Also, generated the iron and silver series based MOFs using the above pattern [129].
The metal application is an extremely old technique in biology as the human race,
with awareness of the characteristics of the metals, and could be used for various
treatments like disorders and catalysis process [130,131]. Metals are fundamental
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to the inhalation system due to the incidence of iron and copper metals in proteins
respiratory system, represented in Figure 3.6.

The final terminal acceptor electron is cytochrome c oxidase in the respiration sys-
tem, however cytochrome c oxidase is always intricate with the generation of nitric
oxide [132]. It has been clearly revealed that the nitric oxide scavenging decreased
the nitrite-assisted liberations of poisoned cells with CN, also signifying that nitric
oxide can compete with CN at the site of cytochrome c oxidase (Figure 3.7) [133].

4€

P-Phase (“IM”)

FIGURE 3.6 A systematically image of cytochrome c oxidase, with the represent of main
subunits and route of electron movement. Cytochrome c oxidase is the fourth part of the
complex contained by the transportation of electron chain. Reproduced with permission from
Ref. [58], Elsevier license number 5384381158847.

FIGURE 3.7 MOFs, atoms, or ions are released (“dissolution,” denoted by =), plasma mem-
brane (1), ROS (4), membrane integrity (®); denaturation of proteins by the covalent bond, lip-
ids, prominent to folding, show poor solubility or improved fragmentation etc. The recycling
process of macromolecule (®); and one transferred into the cytoplasm, through the cellular
commitment of additional oxidation of acute proteins (2) and present nucleic acids (¥), which
leads to degradation of protein and the other hand the nucleic acid expanding; and directly
bind to respiratory proteins (RP) hindering the transportation the electron (®). Reproduced
with permission from Ref. [58], Elsevier license number 5384381158847.
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When CN is bound to the cytochrome ¢ oxidase, it will interrupt the oxidative
phosphorylation, decrease the demand for oxygen, and increase ATP [133,134].
The ligands having extraordinary binding capacity to CN as possible treatments,
one excellent compound is NaNO,. Other sources are the transformation of the CN
through nitrile using thiosulfate, which is used as a substrate for enzymes to oxidize
the meta-hemoglobin to the hemoglobin phase, which the reaction treats as scav-
enging for CN [135]. Naturally, NO converted the arginine and then produced the
NOS; however, under the minimum concentration of oxygen, the activity of NOS
decreases, and the main source of internal nitrite is generated by NO, which enlarges
in the acidic environment by means of reactions as described by Eqs. 3.3-3.8 [136]:

NO; +H* — HNO, (pKa 3.3) 3.3)
2HNO; — N,0; + H,0 (3.4)
N,O5 — NO + NO, 3.5)

Hb — Fe(1I) + NO, — Hb — Fe(III) + NO + Hb — Fe(1I) + NO — Hb — Fe(I)NO

(3.6)
Hb(beta93—cys)+NO—> Hb(beta—cys—NO) 3.7)
Hb — Fe(11) O, + NO — He — Fe(III) + NO; (3.8)

Hence, NO is easily produced from another nitrite (at a very lower concentration
of oxygen) or other arginine (at a very higher concentration of oxygen) (Eq. 3.9) by
using the xanthine oxidase substance, which is denoted by the XO or the NOS by
superoxide radical from the oxygen atom in Eqgs. 3.10 and 3.11 [137], representing the
chemical reaction as follows:

Nitrite — NO — arginine (3.9
XO — ONOO™ « NOS (3.10)
0, > 0; <O, (3.11)

3.5.8 CoNcLUSION

Nanomaterials contain various forms, such as metal-based, carbon-based, organic-
based, and combination-based nanoparticles. The manufacturing rate of nanoma-
terials is high, and available results show the maximum exposure to human beings
and the environment, therefore increasing the toxicity issues. Here we outline the
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nanomaterial’s characteristics, applications, and nanoparticle toxicity. Nanomaterials
are accumulated in sensitive body parts like the liver, spleen, heart, kidney, brain,
skin, ingestion, and so on. In vivo and in-vitro, both studies point out that exposure
through the nanomaterials could persuade ROS fabrication, whose most popular
mechanism is leading to toxicity. ROS extreme production causes various factors
such as inflammation, oxidative stress, protein damage, DNA, and cell membrane.
In vitro analysis is widely applicable for the toxicological investigation based on
ROS oxidative stress, cellular metabolic activity (MTT assay), and membrane integ-
rity (LDH assay). In this chapter, the MOF-type structures suggest that the cellular
probes such as K, Fe(CN), (potassium ferricyanide) also work on therapeutically
healing the killing factors of wounded or carcinomatous cells through ROS and SOS
generation.
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4.1 INTRODUCTION

Nanofiller is a set of substances or particles (with regards to its distinct state: solid,
liquid, or gaseous) in a nanoscale material where at least one dimension is less than
100nm (Shankar & Rhim, 2018). Consider the fact that nanoplates, nanofibers, and
nanoparticles are all part of the three-dimensional nanorange (Figure 4.1). When
two or more materials with unique traits are combined to form a composite, the
ingenious mechanical, physical, optical, and conductivity properties of the composite
are often greatly strengthened by the addition of nanofiller (Kapoor et al., 2020). For
example, nanofillers can improve the composite’s mechanical properties by lowering
the interfacial tension and interfacial slip upon filler-polymer interaction. However, if
the fillers and polymer chains fall short to adhere to one another, the composite will
fail at form interface interaction, hence suffering from poor mechanical properties
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FIGURE 4.1 Nano objects used for nanocomposites. Reproduced from Marquis et al., 2011.

(§upové et al., 2011). Apart from that, the addition of nanofillers could also reduce
the consumption of a more expensive binder (i.e., economic benefits) and controlling
the processing procedure (Supovi et al., 2011). Considerations among other strength-
to-mass ratio, versatility, stiffness, thermal behavior, procurement of materials, and
environmental footprint should always be made prior to actually deciding the pre-
ferred or relevant character traits of nanofiller reinforcement to be embedded within
the polymer matrix, such as morphology, hardness, relative density, absorbency, and
chemical reactivity or inertness (Kapoor et al., 2020). Other than that, it is important
to note that the properties of composite materials can be significantly impacted by
the mixture ratio between the organic matrix and the nanofillers, the dispersion of
the filler, and its interaction with the matrix (Kapoor et al., 2020).

A few decades ago, synthetic fillers like calcium carbonate, titanium dioxide, and
aluminum oxide have been used in improving the properties of composites for vari-
ous uses, such as in the production of paints, coatings, sealants, adhesives, concrete,
rubbers, and plastic products, but environmental concerns and depleting natural
resources coupled with advancements in technologies have shifted its vision toward
greener alternatives fillers to the conventional polymeric material ones. For example,
the inclusion of nanofiller in nanocomposite has been known to improve heat distor-
tion temperature with loading as well as to decrease gas permeability and flammabil-
ity, which are advantageous properties for protective barrier packaging (Sorrentino
et al., 2007). There are multiple types of green natural nanofillers which comes from
plant- and animal-based sources as well as other natural sources, including organic
and inorganic materials. Some common instances of animal-based sources are typi-
cally industrial byproducts or leftover that manufacture animal products, such as
eggshells, seashells, and silkworms (Kapoor et al., 2020).

The main components that function as nanofillers are calcium carbonate crystals,
chitin fibers, and silk fibers extracted from the aforementioned eggshells, seashells,
and silkworms, respectively (Kapoor et al., 2020). Variations of nanofillers derived
from plants include lignin, lignocellulose, nanocellulose, and palm oil wax, as well
as plant fibers, which later be mechanically tenderized and/or chemically treated to
optimize their characteristics for the purpose of reinforced composite architectures
(Kapoor et al., 2020). On the other hand, organic and inorganic materials like car-
bon/graphite (Blokhin et al., 2019), natural clays (e.g., smectite, illite, sepiolite, chlo-
rite, and kaolinite) (Rajeshkumar et al., 2021), and nano-oil palm fibers (Norrrahim
et al., 2022) have also been extensively studied and utilized as nanofillers in polymer
composites for various purposes.
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4.2 NANOCELLULOSE

In line with the growing concern about environmental sustainability, especially the
biodegradability of materials, toxicity issues, and depletion of non-renewable materi-
als, particular attention has been given to nanofillers made from biological resources,
and one of them is nanocellulose (Khalid et al., 2021). Nanocellulose, short for nano-
structured cellulose, is cellulose that has undergone one or more varying nanofibril-
lation techniques, providing the basis for many variants (Ariffin et al., 2021). The
three primary types of nanocellulose are cellulose nanofiber (CNF), cellulose nano-
crystals (CNC), and bacterial nanocellulose (BNC). It is generally agreed that CNC
and CNF are examples of nanocellulose derived from plants, whereas BNC is derived
from microorganisms. Fabrication methods for CNF and CNC included mechanical
or chemical disintegration of plant cellulose, whereas fabrication methods for BNC
included bacterial bioformation of cellulose (Trache et al., 2020). Although all of
them are nanoscale, each of them has different physical and chemical properties,
e.g., shape and size, due to different production methods and sources (Thomas et al.,
2018). The differences between these three classes of nanocellulose are tabulated in
Table 4.1. Nonetheless, they all have superior properties, such as a large specific area,
high porosity with good pore interconnectivity, low weight, high biodegradability,
and high durability (Bitounis et al., 2019; Sharma et al., 2019; Phanthong et al., 2018;
Gamelas et al., 2015; Rantanen et al., 2015; and Norrrahim et al., 2021). Due to its
superior properties, nanocellulose is in high demand to be used mainly as a filler for
a variety of applications such as biocomposites (Yasim-Anuar et al., 2020; Khattab
etal., 2017), filtration (Boujemaoui, 2016), paper (Chun et al., 2011), and the biomedi-
cine industry (Metreveli et al., 2014; Gumrah Dumanli, 2017).

Nanocellulose, a material generated from a wide range of biological resources,
has been the subject of intensive basic study over the last decade. According to the
information provided by lens.org, by typing ‘nanocellulose’ as a keyword, there have
been approximately 5,553 patents for nanocellulose-related works and 7,567 scien-
tific articles published worldwide in March 2022. This data indirectly shows that
nanocellulose is definitely destined for a major part in a commercial society, as seen
by the rising study into the material.

4.3 NANOCLAYS

Because they are so common in the environment, nanoclays have found widespread
use in the food packaging sector. In 2014, they accounted for a staggering USD 343
million share in the food packaging industry, and they are forecasted to expand rap-
idly through 2022 onward. (Bumbudsanpharoke & Ko, 2019). Several reports have
shown that adding nanoclays to polymers in small amounts (10wt%) improves the
material’s resistance to moisture, heat, and deterioration (Thakur & Kessler, 2015;
Guo et al., 2018). Alkali metals, alkaline earth metals, metal oxides, calcium, and
other organic elements are found in abundance in clays, which are layered silicates
(sheet-like structures of hydrous aluminum phyllosilicates) (Valapa et al., 2017). The
number of SiO, layers and the orientation of the AlO layers determine which of two
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TABLE 4.1

Nanocellulose Classifications Based on Morphological and Methodological Differences

CNF
Morphological images

Source: Burhani et al. (2021)
Physical appearance CNF consists of interconnected, long,
flexible fibers with a diameter of
20-100nm and a length of several
micrometers (Tibolla et al., 2014).

Nanofibrillation method CNF can be produced by subjecting any
lignocellulosic materials to mechanical
methods such as sonication (Yasim-Anuar
et al., 2018), electrospinning (Hérdelin
et al., 2013), high pressure
homogenization (Wang et al., 2015),
milling (Norrrahim et al., 2019), grinding
(Berglund et al., 2016), and cryocrushing
(Alemdar & Sain, 2008).

CNC

Source: Burhani et al. (2021)

CNC are characterized by a diameter
of 5-70nm and a length of 100nm,
making them resembling rods or

whiskers (Kaboorani & Riedl, 2015).

CNC can solely be produced by acid
hydrolysis (Borjesson & Westman,
2015; Zhang et al., 2018).

Source: Budaeva et al. (2019)
BNC has a thick lateral surface and a
gelatinous layer on the other side, and its

diameter ranges from 20 to 80nm (Dima
et al., 2017; Jozala et al., 2016;
Shabanpour et al., 2018).

BNC can be obtained via bacterial
synthesis process and is produced mostly
by the bacterium Gluconacetobacter
xylinus (G. xylinus) (Mondal, 2017).
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categories each material belongs to: (1) 2:1 clay (e.g., smectite, talc-pyrophyllite, micas,
and vermiculite) and (2) 1:1 clay (e.g., kaolinite, halloysite, chrysotile, and rectorite)
(Abulyazied & Ene, 2021). In contrast to the 1:1 clay, montmorillonite (MMT) has
unique intercalation-exfoliation capabilities, making it especially important and pre-
vailing as reinforcing fillers for polymers and therefore one of the most well-known
smectites used in polymer nanocomposites (Abulyazied & Ene, 2021). It is important
to note that the MMT structure consists of an octahedral sheet of alumina bonded
between two tetrahedral sheets of silica by the sharing of oxygen atoms due to the
presence of sodium and calcium ions inside the framework (Kiliaris & Papaspyrides,
2010). Therefore, because of the higher charge density, hydration of interlayer positive
ions or penetration of polymer chains into the layers is very challenging, if not impos-
sible (Murray, 1991).

The challenges involving the use of clay particles as nanofiller can be resolved via
modification prior to be incorporated into any polymer matrices. This is because (1)
the hydrophilic nature of clays prevents them from reacting and dispersing with most
polymer matrices, (2) the electrostatic forces tightly keep the stacks of clay layers
together, and (3) the existence of strong covalent bonds between the interlayers of clay
layers (Abulyazied & Ene, 2021). Modification on clay particles can be carried out by
either physical or chemical modification techniques, which consequently increase the
distance between the sheets of clay-layered silicates as a result of surfactant intercala-
tion (Kakuta et al., 2021). Hydrophobic ingredients/additives could also be introduced
into clay minerals to allow the dispersion of very fine structures of modified clay in
polymer matrices (Abulyazied & Ene, 2021). One such prime example is MMT, which
is obtained via sedimentation from bentonite. In order to increase the distance between
the layers of monomers and polymers of varying polarities, sodium ions are used to
activate the MMT clay, and the addition of organic cations like silanes, ammonium
bromides, or ammonium chlorides (e.g., vinylbenzyloctadecyl dimethylammonium
chloride (VOAC) and vinylbenzyldodecyl ammonium chloride (VDAC)) reduces
the surface energy (Marquis et al., 2011). Although the clay particles themselves are
not altered by the physical modification process, the characteristics of the resulting
polymer composites are somewhat enhanced owing to the adsorption of modifying
chemicals on the clay surface via weak van der Waals interactions (aided by cationic
or anionic functional groups in the ion exchange process) (Wang et al., 2021).

Either of the following synthesis techniques may be used to create a nanoclay/poly-
mer composite, a homogeneous dispersion of nanoclay in the polymer matrix may be
achieved using one of three methods: (1) solution-blending, (2) melt-blending, or (3) in
situ polymerization (Jawaid et al., 2016). The solution-blending approach is preferred
for dispersing clay layers in polymer matrices because of its low viscosity and high
agitation power, whereas the melt-blending method is seen as industrially feasible and
has significant economic potential (Valapa et al., 2017). On the other hand, in situ
polymerization allows for modest customization by varying polymerization settings
and homogeneous dispersion (Vo et al., 2016). Polymer and layered clay particles are
dissolved in a specific solvent, such as water, chloroform, or toluene, in a separate
container, prior the clay-solvent mixture is put into the polymer solution and homoge-
nized for some time (Beyer, 2002). When polymer and layered clay are combined, the
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polymer chains displace the solvent inside the interlayer of the clay, and the polymer
chains gradually intercalate with the clay (Gurses, 2015). The intercalated sheets reas-
semble into a polymer/nanoclay composite (composite film casting) once the solvent
is removed, either by evaporation or precipitation (Guo et al., 2018). The melt-blending
technique, on the other hand, combines the polymers with the necessary amount of
intercalated nanoclay particles at a temperature above the melting point of the poly-
mers while under the influence of an inert gas (Guo et al., 2018).

One approach to melt blending is known as static melt annealing, in which melting
occurs in a melt mixer at a temperature around 50°C above the transition temperature
without any mixing (Hesami & Jalali-Arani, 2018). When utilizing this technique for
the synthesis of the composite, it is important to keep in mind that a number of melt-
ing conditions or parameters, including dosage, melting temperature profile, rotor/
screw rapidity, homogenization period, oxidizing atmosphere, pressure die, materials
quality, and the chemical nature of the nanoclay filler and polymers, must be taken
into account (Dennis et al., 2001).

The in situ polymerization procedure involves the first steps of swelled organo-
modified clay suspended in a liquid monomer, followed by the dispersion of mono-
mer into the clay sphere, and finally the production of reinforced polymer molecules
(Ray, 2013). After the polymerization procedure is complete, a nanocomposite is
generated with polymer molecules attached to nanoclay (Gao, 2004). The in situ
polymerization technique provides an efficient way for synthesizing various poly-
mer/nanoclay composites with a wider variety of properties and permits the design of
the interface between the nanoclays and the polymers through the tunable composi-
tion and structure of the matrix.

The incorporation of nanoclay into polymer matrices has been lauded in previous
research for its ability to significantly improve characteristics at a very modest vol-
ume dosage while still retaining the polymer’s original desirable qualities (Pavlidou
& Papaspyrides, 2008). However, the resultant qualities of a polymer-clay nanocom-
posite depend on a number of factors, including the type and properties of the constit-
uents, the processing technique, and the conditions under which the nanocomposite
is synthesized (Pavlidou & Papaspyrides, 2008). Previous research has demonstrated
that improving the mechanical characteristics of polymer matrices by introducing a
certain quantity (wt%) of nanoclay improves the Young’s modulus of the resulting
nanocomposite. Kaushik et al. (2009) combined 5% nanoclay and polyester to create
a nanocomposite with a modulus of 3.79 GPa, which is much greater than that of pure
polyester (2.87 GPa). Nylon 6/clay nanocomposite modulus was found to be 2.43 GPa,
which is an increase over the pure nylon 6 polymer modulus of 1.2 GPa, according
to research utilizing 5% nanoclay (Shelley et al., 2001). When the volume proportion
of organoclay is greater than a certain value, completely exfoliated structures may
transform into partly intercalated ones, accompanied by a reduction in Young’s mod-
ulus (Abulyazied & Ene, 2021). Researchers also consider other mechanical quali-
ties, such as tensile strength (MPa) and elongation at break point value (%).

The use of nanoclay often results in a significant improvement in the aforemen-
tioned characteristics. When added to other polymers, nanoclay may increase their
thermal stability (Vyazovkin et al., 2004). In comparison to neat polystyrene, the
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degradation temperature of the polystyrene nanoclay composite was elevated by
30°C-40°C (Vyazovkin et al., 2004). Furthermore, owing to the lateral length of the
layered silicates and the degree of intercalation or exfoliation, layered nanoclay may
improve the gas barrier characteristics of polymer by orchestrating a labyrinth or con-
voluted route that increases the distance traversed by diffusive molecules (Tortora
et al., 2002; Koh et al., 2008). The water permeability of a PLA-clay nanocomposite
was reported to be reduced by 95% with a 15 wt% addition of MMT to the polylactic
acid (Zenkiewicz et al., 2010). Nanoclays are fascinating since they diminish the com-
bustibility of rubbers and other polymers once employed as reinforcement (Kiliaris &
Papaspyrides, 2010). Other than that, a mixture between MMT and animal skins can
produce a flame-retardant nanocomposite called hide powder (Hiujian et al., 2012).

4.4 CHITOSAN

Natural biopolymer chitosan is produced by the alkaline deacetylation of chitin, a
structural component of the exoskeletons of crustaceans. The degree of deacetylation
determines the percentage of positively charged primary amines (the ratio between
N-acetyl glucosamine and D-glucosamine units) and, by extension, the charge density
of chitosan (Thomas et al., 2019). Also known as chitin with a deacetylation degree
of 75% or above, chitosan is a linear polysaccharide comprised of D-glucosamine
and N-acetyl-glucosamine units connected by (1-4) glycosidic linkages (Figure 4.2)
(Thomas et al., 2019). The chitosan structure may be altered at either the amine or
hydroxyl groups (Pillai & Ray, 2012). Crystallinity, solubility, and degradation are
among the physicochemical characteristics of chitosan that may be affected by its
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FIGURE 4.2 Chemical structure of chitin and chitosan.
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wide range of molecular weights and degrees of deacetylation (Levengood & Zhang,
2014). As a semicrystalline polymer in its solid state, the molecular weight of indus-
trially produced chitosan can range from 5 to 1,000 kg/mol, and its ability to exist
in a variety of allomorphs is dependent on the degree of acetylation, the distribution
of acetyl groups along the carbohydrate chain, and the chitosan preparation method
(Chivrac et al., 2009). Chitosan’s unique biological features, including biocompat-
ibility, biodegradability, anti-bacterial activity, and release mechanism, make it
especially appropriate as a carrier in a variety of industries, including biomedicine,
biotechnology, pharmaceuticals, packaging, wastewater treatment, and cosmet-
ics (Peniche et al., 2008). Chitosan, for example, has been used to make enzymatic
biosensors for the analysis of metals, proteins, and lipids; its hemostatic property
makes it suitable for blood anticoagulants and anti-thrombogenic purposes; and it
can be shaped into a wide variety of forms, including gels, membranes, beads, micro-
particles, nano-fibers, scaffolds, and sponges (Nagahama et al., 2008; Madhumathi
et al., 2009; Peter et al., 2010). It was also used by the textile industry to preserve
and strengthen textile fibers and by the food packaging industry to coat paper and
paperboard (Liu et al., 2001).

Cross-linking with reagents like glutaraldehyde, tripolyphosphate salts, genipin,
epichlorohydrin, ethylene glycol, or diglycidylether can stabilize chitosan in acid
solutions and increase its mechanical properties, and they can also improve its
adsorption performance for metals (Fan et al., 2011; Monier et al., 2012). According
to Kyzas et al. (2014), chitosan (CS), and magnetic chitosan (mCS) serve as nano-
fillers of graphite oxide (GO) for enhanced removal of hazardous mercury ions,
Hg(II). Analyses evidenced that the oxygen moieties of GO interacted with amino
groups of chitosan had created emerging binding sites for Hg(II) adsorption (Kyzas
et al., 2014). Interestingly, the research also demonstrated that, in contrast to GO
(i.e., unmodified), the adsorption behavior of the GO/CS and GO/mCS was highly
impacted by pH settings (Kyzas et al., 2014). The combination of chitosan with mag-
netic nanoparticles, including Fe,O, and CoFe,O, has found usage in a variety of
bio-applications, such as the immobilization of proteins, peptides, and enzymes; bio-
affinity adsorbents; and drug delivery (Ngwuluka et al., 2016). The exceptional pho-
tocatalytic efficiency and stability of composites combining chitosan and metal oxide
nanoparticles (e.g., TiO, or ZnO) have been shown in both acidic and basic conditions
(Zhu et al., 2009; Zainal et al., 2009).

Table 4.2 summarizes the several ways in which chitosan nanoparticles may be
prepared: through emulsification, precipitation, ionic gelation, covalent cross-linking,
reversed micelles (micro-emulsion), and other processes. Aqueous chitosan solution
is emulsified with the oil phase, utilizing Span 80 as a stabilizer and toluene and glu-
taraldehyde as cross-linker (Ohya et al., 1994; Yanat & Schroén, 2021). After inten-
sive mixing, chitosan nanoparticles are produced, which are then separated from
the emulsion through centrifugation, purified with petroleum ether, acetone, sodium
metabisulfite, and water, followed by vacuum- or freeze-drying (Yanat & Schroén,
2021). Glutaraldehyde was formerly employed in this method, but it was phased
out due to safety concerns and issues with maintaining the integrity of the drugs.
Producing chitosan nanoparticles requires combining chitosan and glutaraldehyde
in the inorganic phase with a lipophilic surfactant (e.g., cetyltrimethylammonium



TABLE 4.2

Overview of Chitosan Nanofiller Preparation Methods

Technique Fundamental Benefits

Emulsification and cross-linking  Covalent cross-linking Easy procedure

Reversed micelles Covalent cross-linking  Produce fine nanofillers <100 nm

Phase inversion precipitation Precipitation High encapsulation capacity for specific compounds

Emulsion-droplet coalescence ~ Precipitation

Ionic gelation-based Tonic cross-linking 1. Easy procedure
2. Use of non-hazourdous chemicals
3. Tunable nanofillers size

Drawbacks

Exposure to harmful chemicals

1.

Laborious operation

2. Application complexity

N = N = W

. Exposure to harmful chemicals
. Exposure to harmful chemicals
. Demand exceptional shear force
. Laborious operation

. Application complexity

References

Gan et al. (2005)
Kafshgari et al. (2012)

Ana Grenha (2012)
Tokumitsu et al. (1999)
Fan et al. (2012)
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bromide (CTAB) or sodium bis (2-ethylhexyl) sulfosuccinate (AOT)) and an organic
solvent (e.g., n-hexane) (Kafshgari et al., 2012). For many uses wherein a particular
surface area is deemed vital (for example, loading capacity and sustained release),
the fact that this technology made the production of ultrafine nanoparticles (size less
than 100nm) feasible is noteworthy (Grenha, 2012). Micelles containing chitosan
at their center serve as nanoreactors, producing cross-linked chitosan nanoparticles
that are then separated by three consecutive steps: (1) surfactant precipitation with
CaCl,, (2) dialysis to remove unreacted components, and (3) freeze-drying (Yanat &
Schroén, 2021). It’s also worth noting that alternatives to glutaraldehyde have been
developed, including non-harmful solvents and cross-linkers, such as glutaric acid
(Grenha, 2012).

Alternatively, nanometer-sized, uniformly distributed emulsion chitosan drop-
lets can be obtained via phase inversion precipitation, which involved high-pressure
homogenization of the organic phase (e.g., dichloromethane and acetone) and an
aqueous solution of chitosan stabilized by polyoxamer (El-Shabouri, 2002). During
the evaporation process at room temperature and low pressure, methylene chloride
will be removed from the emulsion, resulting in acetone diffusing out of the drop-
lets and the simultaneous precipitation of chitosan nanoparticles (Yanat & Schroén,
2021). This technique, however, is less favored since it requires organic solvents and
a high intensity homogenization stage to form chitosan nanoparticles of 600—800 nm
in size (El-Shabouri, 2002). In spite of this, hydrophobic pharmaceuticals like cyclo-
sporin A have benefitted greatly from the method’s high encapsulation efficiency,
hence, it is still widely used (El-Shabouri, 2002). The process of ionic cross-linking,
also known as ionic gelation, begins with the addition of chitosan to an aqueous
solution of an acid, such as acetic acid. Subsequently, an aqueous solution of sodium
tripolyphosphate (TPP) is added to the mixture while it is vigorously stirred and
completed after the mixture reached the desired consistency (Fan et al., 2012).
Spherical nanoparticles are formed when negatively charged anionic TPP molecules
diffuse into a solution containing positively charged amino groups of chitosan mol-
ecules, causing cross-linking between the two molecules (Yanat & Schroén, 2021).
It is worth noting that this procedure does not require the use of a hazardous cross-
linker or solvent and may be performed at ambient temperatures (Liu & Gao, 2009).
The effectiveness of drug encapsulation and delivery is also influenced by the final
nanoparticle size, which may be altered by modifying the chitosan/TPP ratio (Hejjaji
et al., 2018).

4.5 CARBON NANOTUBES

Long-distance electricity transmission results in energy losses of 8%—15% as heat.
Conductive nanotubes are able to conduct electrical currents with such efficiency
that they barely lose any heat. All of this is possible as a direct consequence of their
one-of-a-kind topologically tuned electrical behavior, which also enables them to
serve as the functional semiconductor in nanodevices. CNTs (carbon nanotubes)
had previously been the discipline for researchers who were intrigued mostly in
the distinct morphological qualities they had; nonetheless, well over course of the
last few years, emphasis has began to center on the surface chemistry of CNTs.
Because of their low cost, high aspect ratio, and exceptional physical features, most
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notably their conductivity, CNTs are widely recognized as excellent reinforcement.
However, CNTs aggregation limits their applicability. Improving CNTs’ perfor-
mance as a nanofiller in nanocomposites products is feasible by either non-covalent
or covalent alterations with regards to reducing their inherently erratic clustering
and bolstering their dispersibility. This is essential to devising nanoarchitectures by
modulating their interplay with polymeric materials or even biological species like
proteins and DNA for next generation CNTs medicate composite materials (Dubey
et al., 2021).

CNTs, or tubular fullerenes, are sp?-bonded carbon sheets rolled into a cylin-
der. Multi-walled carbon nanotubes (MWCNTs) and single-walled carbon nanotubes
(SWCNTs) are both allotropes of CNTs formed by rolling a flat 2D-graphene sheet
on top of itself (SWCNTs). Depending on the number of layers of graphene, the diam-
eter of a single MWCNT may be anywhere from 7 to 100nm (Marina, 2022). The
average spacing between adjacent layers in these tubes is around 0.34 nm. Contrarily,
SWCNTs are composed of a single graphene sheet wrapped onto itself and have a
diameter of 1-2nm. Depending on the preparation techniques, the length might vary
(Ibrahim, 2013). Both the archways (terminals) and the sidewalls of CNTs may be
functionalized, where the terminals being considerably more reactive than the side-
walls, and they are easily removed during chemical treatments, perhaps as a result
of the extent contours (Rathinavel et al., 2021; Dubey et al., 2021). An overview of
CNTs and their derivatives is illustrated in Figure 4.3.

The mechanical strength, surface area, and aspect ratio of CNTs are said to be
exceptional. CNTs have a Young’s modulus of 0.3-1.8 TPa, which is up to five times
more than steel and twice higher than carbon fibers, and a tensile strength of 11-63 GPa,
which is nearly 100 times stronger than that of steel while being six times lighter

2D-graphene sheet

Carbon atoms Molecular bonds

~ 0.142nm
—

0.5-2.5 nm

FIGURE 4.3 Graphene sheets are building blocks for CNTs, MWCNT, and SWCNT.
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(Hassanzadeh-Aghdam et al., 2019). Because of their distinctive qualities, CNTs may
be used as additives in a wide selection of polymers and ceramics to produce high-
quality consumer goods, especially those that need superior mechanical resilience.

According to the existing findings, MWCNTs are pliable and may be bent at acute
angles without suffering structural fractures. Also, the CNTs are notoriously soft in
the radial direction (Ruoff et al., 1993) while exhibiting tremendous axial strength
(Yu et al., 2000a). It was formerly anticipated that SWCNTs may reach a Young’s
modulus as high as diamond’s 1.22 TPa (Sinnott et al., 1998). To this end, CNTs’
radial direction elasticity is crucial, particularly in the context of CNT nanocom-
posites and their mechanical characteristics, where embedded tubes experience sub-
stantial deformation in the transverse direction when a load is applied to a composite
structure (Ibrahim, 2013). There is a strong theoretical consensus that the diameter
of SWCNTs plays a crucial role in determining their mechanical characteristics.
Theoretical calculations by Gao et al. (1998) suggest that nanotubes with a diameter
of >1 nm have a Young’s modulus of 0.6-0.7 TPa. According to Hernandez et al.
(1998), the Young’s moduli of the tubes approach those of planar graphite (45.4 GPa)
after their diameters reach a particular threshold value, suggesting that the increase
in diameter is related to the strengthening of the mechanical characteristics. (Yu
et al., 2000b) determined the breaking strength of SWCNTSs on the perimeter of each
rope to be anywhere from 13 to 52 GPa by measuring the Young’s modulus of indi-
vidual SWCNTSs and reported results between 320 and 1,470 GPa.

CNTs also exhibit desirable electrical characteristics, which are variant-dependent:
chiral, armchair, or zigzag. Resistivity measurements for SWCNTs fall between 0.34
and 1.0x 10~* Q-cm (Ebbesen et al., 1996). Each carbon atom in CNTs forms covalent
bonds with its three nearest neighbors using sp?> molecular orbitals. Therefore, all of
the valence electrons in each unit remain unpaired and free, and these free electrons
are dispersed throughout all of the atoms, giving CNTs their electrical properties
(Ibrahim, 2013).

The low temperature specific heat and thermal conductivity of CNTs provide a
clear proof of their 1-D quantized phonon subbands, demonstrating the significance
of quantum effects despite their tiny size (Hone et al., 2000). With an aspect ratio
equal to 102, CNTs have a longitudinal thermal conductivity of 2,800-6,000 W/m K
for a single nanotube at ambient temperature, making them similar to diamond and
greater than graphite and carbon fibers (Han & Fina, 2011). Nanotube composite
materials may be valuable for thermal management applications in industries since
incorporating pristine and functionalized nanotubes into diverse materials may
double the thermal conductivity with a loading of ~1%. It was discovered by Kim
et al. (2001) that at room temperature, the thermal conductivity of single MWCNTs
is 3,000 W/m K, which is much greater than graphite. The researchers also found that
this value is two orders of magnitude larger than the ones obtained for MWCNTs in
bulk. For SWCNTs, a comparable investigation yielded a value more than 200 W/m K.
Many parameters, including the number of phonon-active modes, the phonon free
route length, and boundary surface scattering, all play a role in determining the ther-
mal characteristics (Yu et al., 2005). To a lesser extent, the mimetic patterns, tube
dimensions, structural flaws, and impurities all have a role in the manifestation of
these features in CN'Ts (Maeda & Horie, 1999).
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4.6 CONCLUSION

As discussed in this article, nanocellulose, nanoclays, chitosan, and carbon nanotubes
could contribute as natural nanofillers and served as alternatives to the conventional
ones. On top of their abundance in nature, making them reliable and renewable sources,
their physical and chemical properties matched and sometimes even surpassed those of
conventional fillers. Each natural nanofiller discussed has a significant contribution in
the enhancement of the physical and mechanical performance of the polymer matrices.
In conclusion, the utilization of the aforementioned natural nanofillers has the huge
ability to partially substitute or replace the current synthetic nanofiller, which would
be beneficial in many applications such as medical, packaging, industrial, structural
engineering, and military fields.
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5.1 INTRODUCTION

Polymer nanocomposites (PNCs) are a blend of two or more materials with a polymer
matrix and a dispersed phase of at least one dimension less than 100nm (Miiller et al.,
2017). In recent decades, it has been discovered that incorporating small amounts of
these nanofillers into polymers can increase their mechanical, thermal, barrier, and
flammability properties without compromising their processability (de Oliveira &
Beatrice, 2018). Individual nanoparticles (NPs) need to be homogeneously scattered
in a matrix polymer to make up an ideal nanocomposite. In fact, the dispersion state
of NPs remains a key indicator to unlocking the real potential of PNCs (Miiller et al.,
2017). The homogeneous dispersion of nanofillers can result in a large interfacial
area between the constituents of the nanocomposites (de Oliveira & Beatrice, 2018).
The enhancement of the nanocomposite by the filler as reinforcing materials is asso-
ciated with a number of variables, including the nature and type of the nanofiller, its
concentration, particle aspect ratio, particle size, particle orientation, particle distri-
bution, and polymeric properties of the matrix (de Oliveira & Beatrice, 2018; Guchait
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et al., 2022; Wongvasana et al., 2022). Various types of NPs have been used as a filler
to obtain nanocomposites with different polymers that include clays (Naidu & John,
2020), graphene (Alkhouzaam et al., 2021), carbon nanotubes (CNTs) (Cho et al.,
2018), and nanocellulose (NC) (Mamat Razali et al., 2021) among others.

The mechanical and thermal properties are strongly related to the morphologies
formed, therefore, evaluating the nanofiller dispersion in the polymer matrix is cru-
cial. Three phases of nanocomposite morphologies are available depending on the
degree of separation of the NPs: conventional composites (or microcomposites), inter-
calated nanocomposites, and exfoliated nanocomposites (Alexandre & Dubois, 2000).
When the polymer fails to intercalate between the silicate layers, a composite of dif-
ferent phases is formed, with properties similar to those of conventional composites.
A well-ordered multi-layered structure with intercalated layers of polymer and clay is
formed by an intercalated structure between the layers of the silicate, either a single or
multiple extended polymer chains. An exfoliated structure is obtained when the sili-
cate layers are completely and uniformly dispersed in a continuous polymer matrix.
The large surface area of contact between the matrix and NPs provides maximum
reinforcing effect on the exfoliated composites (de Oliveira & Beatrice, 2018). This is
one of the key differences between nanocomposites and traditional composites.

The aim of this chapter is to review the interactions of polymer matrix interfaces
with supplementing organic nanofillers [i.e., (NC) and poly-(lactic acid) (PLA)], inor-
ganic nanofillers [i.e., nanoclays, calcium carbonate, silver nanoparticles, and fer-
rous (II1) oxide (Fe,0,), and carbon-based nanofillers (CNTs and graphene)]. Recent
studies that evaluate the electrostatic interactions among the constituent materials
and their role in creating a distinct functionalized composite that is attributable to
its characters will be detailed. Also, some properties achieved in recently developed
natural nanofiller-added composites are highlighted and their potential applications
are envisioned. The characteristics of nanofiller will be initially discussed to provide
further understanding of their unique attributes.

5.2 CLASSIFICATIONS AND CHARACTERIZATION
OF NANOFILLERS

Nanofillers are mainly categorized based on their dimensions (Figure 5.1), which are
classified as one-dimensional nanofiller or nanoplatelet, two-dimensional nanofillers
or nanofibers, and three-dimensional nanofillers or nanoparticulates.

Generally, the dimensions for 1D nanofillers are less than 100nm, and they are in
the form of sheets that are one to a few nm thick to 100 and 1,000nm long (Akpan
et al., 2019). They are also in the shape of nanosheets, nanowalls, nanodisks, nano-
prism, nanoplates, and branced structures, for example, montmorillonite (MMT) clay
(Sharma & Kaith, 2021) and nanographene platelets (Jamréz et al., 2019). Some of the
well-known 1D nanofillers are zinc oxide (ZnO) nanosheets, carbon nanowalls, Fe;O,
nanodiscs, and graphite nanoplatelets (GNP) (Mutiso & Winey, 2015; Russo et al.,
2017; Zhang et al., 2018). Normally, 1D nanofiller show unique forms that make them
suitable and fix into the main components of nanodevices. Tremendous applications by
1D nanofillers such as biomedical (Yang et al., 2015), biosensors (Muiioz et al., 2016),
coating (Shafiq et al., 2020), and microelectronics (Mutiso & Winey, 2015; Russo et al.,
2017) because of their exceptional magnetic, electric, and optic properties.
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1D Nanofiller

2D Nanofiller

Thickness < 100nm Diameter < 100nm

3D Nanofiller

All dimensions < 100nm

FIGURE 5.1 Classification of nanofillers. Adapted from Sharma and Kaith (2021).

Two-dimensional (2D) nanofillers, on the other hand, have a measurement of less
than 100nm and are usually in the form of tubes or fibers (Bhattacharya, 2016).
Examples of 2D nanofillers include gold (AuNTs) or silver nanotubes (AgNTs), clay
nanotubes, CNTs, cellulose whiskers, and black phosphorus. Most 2D nanofillers
are in nature of PNC such as ZnO, titanium dioxide, silica, carbon fibers, and copper
oxide (Sun et al., 2018; Xie et al., 2018). Their purpose is mostly in catalysis, sensors,
energy, nonareactors, and electronics. 2D nanofillers also give a superior character in
flame-retardant properties (Mufioz et al., 2016; Shen et al., 2020).

Three-dimensional (3D) nanofillers exist in a nanometer scale with relatively equal
dimensions in all directions (Gomathi et al., 2019). Cubical and spherical shapes
are the most common forms of 3D nanofillers. Generally, they have been known as
zero-dimensional or isodimensional NPs. 3D nanofiller are also named nanocrystal,
nanogranules, and nanospheres. An instance of 3D nanofillers is nanosilica, nanoti-
tanium oxide, carbon black, silicon carbide, and nanoalumina (Panse et al., 2016; Xu
et al., 2016). They are essential in the development of PNC as they exhibit excellent
stability, hydrophilicity, ultraviolet resistance, a high refractive index, nontoxicity,
and low cost (Paszkiewicz et al., 2020). These fantastic features make them useful
in applications such as coatings, separation and purification, and biomedicine (Panse
et al., 2016; Paszkiewicz et al., 2020; Vashist et al., 2018).

5.3 PROCESSING METHODS OF NANOFILLER-
REINFORCED POLYMER COMPOSITES

Poor hydrophilicity, mechanical properties, and low electrical conductivity are the
disadvantages of bio-based materials during processing (Viisdnen et al., 2017).
Nanofillers are the key to rectifying the above disadvantages and enhancing the
properties of composite materials. Therefore, nanofillers are used to improve
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biodegradable materials, with many advancing methods for processing and
preparing the nanofiller biodegradable composite materials. This chapter mainly
discusses the processing of NC-based biocomposites, nanoclay-based biocompos-
ites, and polymer-CNT-based biocomposites.

Currently, solvent casting and melt processing are the leading treatment methods
for using NC reinforced into biocomposites (Abhijit et al., 2020; Bharimalla et al.,
2017). Both treatments are the solutions to overcome the hard dispersion of NC into
a non-polar medium. The polarity of a solvent has become the main problem that
affect the dispersion of NC due to its hydrophilicity nature. Solvents with a high
polarity, such as water, will generally result in better dispersion of NC than solvents
with low polarity, such as hydrocarbons (Dufresne, 2013). Additionally, the type of
NC (such as CNC or CNF) can also affect the dispersion in different polar solvents.
So, the best solvent to disperse NC will depend on the specific type of NC being
used and the desired properties of the final product (Zhang et al., 2022). For solvent
casting, three types of polymers are used frequently: first is a water-soluble polymer;
the second is a polymer emulsion; and the third is a water-insoluble polymer. Melt
extrusion is the most common method used in the industry. It refers to the process of
adding the plasticized material to the extruder for forming. Nevertheless, this method
facing the biggest problems, the use of dry NC is the issue. The NC particles easily
form hydrogen bonds in the amorphous state during the extrusion process. Due to
the strong adsorption force of these bonds, the material is likely to aggregate when it
is dry, which will cause problems to evenly disperse in the polymer (Kedzior et al.,
2020). Currently, the feed process has been studied to overcome this matter. Better
dispersibility has been obtained by using the pumping suspension method and creat-
ing nanocomposite-enhanced PLA biodegradable composites. Another technique is
wet extrusion. Compared to melt extrusion, wet extrusion has a lower temperature
and is suitable for applying in biomedical applications (Peterson et al., 2019).

Nowadays, there are three methods to mix nanoclay into biocomposites: (1) poly-
mer solution embedding; (2) in situ polymerization; and (3) melt embedding method.
The polymer solution embedding method works by macromolecule clay intercala-
tion solvent in the polymer. By this mechanism, the nanoclay can be embedded in the
polymer and will not deteriorate the internal structure of the polymer. Nevertheless,
this process needs a large amount of solvent, thus resulting in a large amount of
waste liquid, which caused pollution on the environment (Taghaddosi et al., 2017).
In situ polymerization uses the polymerization of monomers in phyllosilicates
(Bumbudsanpharoke et al., 2017; Eckert et al., 2020). The nanoclays expand in liq-
uid monomer during this method. They are effectively embedded in the polymer, a
process requiring catalyst initiation of polymerization. Melt embedding is currently
widely used method in industrial production. The nanoclay is annealed, and once
the temperature reaches the melting point, the polymer chains can penetrate the
silicate interlayer and form a sandwich structure (Herrero et al., 2019). This method
does not produce waste liquid and is more environmentally friendly (Torres-Giner
et al., 2016).

CNTs are used to enhance biodegradable composites, their enhancement
depends mainly on their molecular orientation and degree of dispersion. Currently,
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single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) are mostly
dispersed in polymer composites (Anzar et al., 2020). The van der Waals actions
are applied to allow the polymer matrix to condense CNTs. These forces are rela-
tively weak interactions between molecules, but they can be significant when the
molecules are in close proximity (Alosfur et al., 2021). The van der Waals forces
can help hold the CNTs in place within the polymer matrix, which can improve
the mechanical properties of the final composite material (Jiang et al., 2006).
Additionally, other types of interactions such as covalent or chemical interactions
can also be applied to enhance the dispersion and stability of CNTs in the polymer
matrix. The ability of dispersion depends on the network structure, while uni-
formity depends on the molecular orientation of the matrix and its compatibility.
Moreover, the differences in size of the SWCNTs and the larger surface energy
caused polymerization of the MWCNTSs. Hence, it is difficult to uniformly dis-
tribute the surface of polymers (Anzar et al., 2020). The existing methods of uni-
formly dispersing CNTs, such as in situ polymerization, coating of CNTs, chemical
modification, addition of surfactants, melt processing, and crystallization. Uniform
dispersion of CNTs can expressively improve the strength and electrical conduc-
tivity of composites. It is an important measure for degradable biocomposites
(Morimune-Moriya, 2022).

5.4 COMPATIBILIZATION OF NANOFILLER-REINFORCED
POLYMER COMPOSITES

Nanofilling technology involves adding many fillers in relatively small quantities
(<10%) of specially processed nano-size clay particles (Rothon, 2017). It can dra-
matically improve polymer performance, including heat strength, barrier strength,
rigidity or dimensional stability, and fire retardance (Wong et al., 2022). All of
these performance benefits are offered without increasing density or reducing the
base polymer’s light transmission properties. Traditional microscale fillers are
being replaced by nanofillers. Fillers are important (Anzar et al., 2020) compo-
nents that contribute to the formation of particles, fragments, fiber, sheets, and
whisker forms of NPs. Nanofillers are basically understood to be additives in solid
form that improve in mechanical or physical properties. The activity of active fill-
ers involves filling of a certain volume, disruption of the conformational position
of a polymer matrix, immobilization of adjacent molecule groups, and possible
orientation of the polymer material are the key contributors of its performance.
Compatibilization is the addition of a material to a mixture of polymers that will
improve its stability. The purpose of this section is to review the common types
of nanofillers used in PNC, explain the current production and characterization of
nanocomposites, and make known their applications. Figure 5.2 listed different
type of nanofillers.

Polymer blends can be compatibilized in a variety of ways. The industrial suit-
ability of compatibilization techniques is determined by a number of factors, includ-
ing cost, final efficiency, recyclability, and potential biodegradability (Ajitha et al.,
2020). The following Figure 5.3 depicts some compatibilization strategies.
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5.4.1 ORGANIC NANOFILLERS

In both the academic and industrial worlds, biopolymers prepared from renewable
organic materials have drawn considerable interest in recent decades. Scientists and
engineers have worked together in recent years, and in conjunction with natural green
polymers, the intrinsic strength and performance of the fibers and NPs was used
to create a new class of bio-based composites. For this sort of bio-composites, the
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unique problems are their eco-friendly qualities, which make them environmentally
friendly, fully degradable, and renewable.

5.4.1.1 Cellulosic Nanofiller

NC is a product of natural cellulose consisting of nanoscale basic materials, and it
can be divided into three groups: first is the cellulose nanocrystals (CNC), second is
the nanofibrillated cellulose (CNF), and third is the bacterial cellulose (BC) (Blanco
et al., 2018). They originated from flour, algae, beets, potato tubers, algae wood, and
other plants. For example, BC can be reproduced rapidly by changing size under
acclimatization conditions. It is secreted by microorganisms and has been proved
as an artificial blood tube in tissue engineering (Tang et al., 2017). Good mechani-
cal properties and biocompatibility, ultrafine fiber, and high porosity make BC an
excellent nanofillers. The process of BC production, which is naturally synthesized
by bacteria in a pure form (de Oliveira Barud et al., 2016). CNF can be extracted by
using thermochemical treatments (alkali treatment) and mechanical processes, such
as grinding, to defibrillate the cellulose into nanofibrils (Fareez et al., 2018). The opti-
mization of the grinding process can greatly save time and energy. Meanwhile, CNC
undergo further chemical processes (called acid hydrolysis) to extract them from
natural cellulose in order to maintain their crystalline structure (Dufresne, 2018).
The diversity of properties in NC makes them better suited for specific applications.

NC-based materials have a low carbon footprint, are affordable, renewable, recy-
clable, and nontoxic, and have the potential to be green nanofillers with a wide range
of useful and unforeseen properties. For instance, rice husk and rice husk ash from
agricultural waste were prepared as organic nanofillers for the production of PNC by
Arifin et al. (2018), in which XRF analysis showed that rice husk ash has the high-
est silica (SiO,) content of 89. 835%, while rice husk has SiO, contents of 82.540%.
Many other previous findings were tabulated in Table 5.1. The effect of integrat-
ing arecanut nanofiller on the tribological behavior of a coir-reinforced epoxy-based
polymer matrix composite has been investigated by Vishwas et al. (2020). The find-
ings showed that the inclusion of areca nut nanofiller improved the microhardness of
the composite. The tensile strength increased up to 5% with the inclusion of arecanut
filler, but then decreased. Flexural intensity increases dramatically as the filler per-
centage increases from 0% to 5%, but the difference from 5% to 10% is negligible.
The presence of filler has no impact on the interlaminar shear strength of composites.
The composite’s impact strength and wear resistance were increased.

5.4.1.2 PLA Nanofiller

PLA is a group of crystalline biodegradable thermoplastics known for their rela-
tively high melting points and outstanding mechanical properties. Lately, the PLA
nanofiller has been reported because of its convenience from renewable resources.
High-advanced technologies have been used to develop the high-molecular weight
and pure PLA, which have a long enough lifetime to maintain mechanical proper-
ties without fast hydrolysis. The PLA is widely being studied as a biomaterial in
medicine. Due to growing environmental issues, interest in biodegradable poly-
mers and natural fiber-reinforced polymers has increased lately. Natural fiber rein-
forcements could substantially lower the level of the price of bio-based composites,
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TABLE 5.1

Different Class of Nanofillers and the Inclusion Study with Different Type of

Polymers

Reinforcement

Rice husk and rice husk ash
Coconut coir

Improvements

Organic Nanofiller
Increased crystallinity and strength
Improved the microhardness of the composite.

Inorganic Nanofiller

References

Arifin et al. (2018)
Vishwas et al. (2020)

CaCO;, Precipitation filling to conserve the binding of ~ Ortega-Villamagua
structural materials et al. (2020)
AgNPs Lower percolation threshold in electrical Fang and Lafdi
conduction (2021)
Clay Nanofillers
MMT Better mechanical property Mat Yazik et al. (2021)
Carbon-Based Nanofillers
GO Increased mechanical attributes Daniel and Liu (2021)
CNTs Decreased domain coalescence Guo et al. (2017)
Hybrid Nanofiller
PLA+AgNPs+TiO,+ZnO  Activation values of PLA decreased Tarani et al. (2021)
Fe,0;+PCL Improves its complex permittivity properties Mensah et al. (2020)

but their broader use is now the greater hurdle. Since they come from recycled
materials, they may be environmentally sustainable alternatives to synthetic fiber
reinforcement. Good basic mechanical properties, reduced tool wear, improved
energy recovery, and biodegradability are further benefits of natural fibers over
synthetic fibers. Besides this, the mechanical properties of bio-matrices can also be
affected by natural fibers such as hybrid PLA nanofiller, which have been reported
to be more superior and advanced in terms of their performance (Amjad et al.,
2021; Mofokeng & Luyt, 2015; Norrrahim et al., 2022). Tarani et al. (2021) dem-
onstrated that incorporation of 1wt.% of ZnO nanofillers catalytically affects the
thermal degradation and crystallization of PLA samples when compared to TiO,
and AgNPs, while all these nanofillers cause a decrease in the activation energy
values of PLA.

5.4.2 INORGANIC FILLERS

Mineral or metallic fillers are reviewed as inorganic fillers. Clay, nanoclay MMT,
AgNPs, and calcium carbonate (CaCO;) are the most common inorganic reinforce-
ment material-based composites. As an inorganic filler, clay is frequently used as a
filler in an area of the composite field because of the prehistoric civilization due to
its high natural abundance.
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5.4.2.1 Calcium Carbonate

The other standard inorganic filler widely used in industry and labs is CaCO;. CaCO,
is acquired from carbonatite-lava, stalactites, stalagmites, skeletons, and the shells
of some animals. It is also procured from excavating carbonate-containing rock,
causing sound, air, and water pollution (Abdul Khalil et al., 2019). Recent studies
have indicated an alternative way to enhance compatibility features and decrease the
environmental affect by developing CaCO; with biological agents or bacteria such
as Bacillus sphaericus and B. subtilis. This process is termed biomineralization,
the formation of minerals by a living organism. Biologically induced mineraliza-
tion is the organism’s mechanism to synthesize minerals; the metabolic activity of
the organism adjusts the local environment, hence giving rise to mineral precipita-
tions (Ortega-Villamagua et al., 2020). The foremost biological pathway of bacterial
activities in carbonate precipitation is dependent on the hydrolysis of urea, catalyzed
by the enzyme Urease.

5.4.2.2 Silver Nanoparticles

AgNPs are also a popular metallic filler due to their physicochemical properties,
including optical, electrical, catalytic, antimicrobial, and therapeutic properties. It can
be synthesized either chemically or biologically. Conventional physical and chemical
methods are more costly and toxic than biological methods that can produce NPs in high
yields, with good solubility and stability (Zhang et al., 2016). The biological method
is most preferred and is very simple, cost-effective, fast, environmentally friendly, and
non-toxic. The green approach is preferred for synthesizing AgNPs because it uses
bacteria, plant extracts, fungi, vitamins, and amino acids far from chemical methods.

5.4.2.3 Ferric Oxide (Fe,O;) Nanofillers

Fe,0; also known as iron oxide or hematite, is a common inorganic compound con-
sisting of an inorganic magnetic element in particles, lamellae, or fiber form, with
1-D in nanometer range incorporated in an organic polymer. Fe,O, has a high surface
area, which can increase the overall surface area of the composite and improve its
mechanical properties (Lopez Maldonado et al., 2014). These magnetic materials are
applied in several technological applications, such as microwave absorbers (Wang
et al., 2019), sensors (Koli et al., 2022), reflectors (Balachandran et al., 2020), opti-
cal filters (Balachandran et al., 2020), and polarizers (Tripathi et al., 2023). They
are very familiar because of their potential characteristics, including magnetic, elec-
trical, thermal, dielectric, mechanical, electronic, and optical, the viability of pro-
cessing, and nonetheless, their structural flexibility (Lopez Maldonado et al., 2014).
Fe,0; is biocompatible and has been used in various biomedical applications such as
bone repair, drug delivery, and cancer therapy (Lunin et al., 2019).

5.4.3 CLAY NANOFILLERS

Originating in the late 1980s at Toyota Central Research Laboratories, Japan. Toyota
developed the first nanoclay-based nanofiller (Arifin et al., 2018). Clay has an atom’s
thickness relative to or below 1 nm. It has a 1000:1 aspect ratio and is hydrophilic.
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It is not compatible with most ammonia cation applications. MMT is already a
polymer that is being treated and chemically modified. These are phyllosilicate
minerals produced from the chemical weathering of other silicate minerals on
earth. It has a right intercalation property, and it can swell upon absorption of water
(Mekhemer et al., 2000). MMT is a member of the smectite group used widely in
composites because of its abundance, eco-friendliness, and well-documented lit-
erature. The MMT has become a promising candidate because of its large surface
area and aspect ratio as a reinforcement material in polysaccharide-based matrices
(Daniel & Liu, 2021). MMT, consisting of two tetrahedral silica sheets that are sand-
wiched by weak dipolar forces between the central aluminum octahedral sheet, gives
rise to interlayer galleries. Graphene, on the other hand, is a single layer of hybridized
carbon atoms arranged in a 2D matrix. It can be manufactured by the peeling off of
graphite nanosheets (Ferrari et al., 2015). In general, the surface area of graphene
sheets is between 2,600 and 3,000 m?, and the aspect ratio is more than 2,000 (Sun
et al., 2018). With this unique structure, graphene makes good nanofillers in terms
of mechanical and thermal properties. However, poor solubility and van der Waals
bonding are their main weaknesses in most cases due to their large surface area (Seo
et al., 2019). Therefore, graphene has good optical activity that can be monitored
by simple optical methods. Different numbers of atomic layers of graphene can be
notable using transmission optical microscopy (Gass et al., 2008).

Clay is synthesized in the laboratory by tuning controlled conditions such as
pH, temperature, composition, and starting materials. It is differentiated into many
groups consisting of kaolinite, MMT chlorite, and fibrous silicate (e.g., sepiolite
and palygorskite), which is termed attapulgite (Pozo & Calvo, 2018). Clay consists
of hydrated alumina silicate with neutral or negatively charged layers and positive
counterions in the interlamellar space organized and connected by weak electrostatic
forces in the parallel form (Luckham & Rossi, 1999; Pozo & Calvo, 2018). MMT/
smectite is the most commonly used clay group in recent years because of its stabiliz-
ing and rheological properties in water. Smectite particles have thousands of platelets
attached like a sandwich.

Nonetheless, the separation of the sandwich structure takes place in aqueous dis-
persion, resulting in the weakly positively charged platelet edges connecting with the
negatively charged platelet, hence forming a three-dimensional colloidal structure that
provides its rheological properties (Bailey et al., 2015). Sepiolite is also among the clay
group, has acquired attention, especially in preparing polysaccharide-based nanocom-
posites materials, due to its vast range of industrial applications ranging from its sup-
portive, rheological, and catalytic properties. It is a hydrous magnesium silicate having
the chemical formula Mg,Si;O,s (OH) 6H,0O (Mekhemer et al., 2000). It has a needle-
like morphology with a high aspect ratio and has been reported earlier to enhance
mechanical properties and increase resistance in aqueous media. The field of nano-
technology has shepherded the development of nanoclays, most chosen in industries.

5.4.4 CARBON-BASED NANOFILLERS

5.4.4.1 Graphene Oxide

Apart from mineral fillers, a carbon-based material, especially graphene oxide (GO),
has also gained attention as a reinforcing material in the polysaccharide-based matrix.
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Graphene can be viewed as a single flat layer of carbon atoms bonded covalently with
each other and packed densely in order of 2D honeycomb structures. The GO appli-
cations in the industries are still in their deficiency, yet they have been widely used
for research purposes as reinforcing filler in polymer matrix composites/nanocom-
posites due to their significant enhancement in mechanical, thermal, and electrical
properties (Del Castillo, 2013).

Graphene is a single layer of hybridized carbon atoms arranged in a 2D matrix.
It can be manufactured by peeling off of graphite nanosheets (Ferrari et al., 2015).
In general, the surface area of graphene sheets is between 2,600 and 3,000 m?, and
the aspect ratio is more than 2,000 (Sun et al., 2018). With this unique structure,
graphene makes good nanofillers in terms of mechanical and thermal properties.
However, poor solubility and van der Waals bonding are their main weaknesses in
most cases due to their large surface area (Seo et al., 2019). GO also has unique
optical properties due to its unique electronic structure, which includes a very
high electron mobility and a very high optical absorption coefficient. The opti-
cal absorption coefficient of graphene is about 2.3% per layer, which is about 200
times higher than that of silicon which can be observed using transmission optical
microscopy (Gass et al., 2008). This makes it an ideal material for use in optical
applications such as sensors, photodetectors, and optoelectronics with atomic lay-
ers of graphene.

The developments in the thermal conductivity of composites based on GO must
be checked and summarized. More researchers are attempting to use GO as a filler
to prepare high composites with thermal conductivity due to the excellent thermal
transfer properties of graphene (Akbari et al., 2020; Liang et al., 2019). According
to the thermal conductive mechanism discussions, graphene dispersion in the poly-
mer matrix is crucial to achieving high thermal conductivity in graphene/polymer
composites. Popular techniques include powder blending, melt blending, and solu-
tion blending, and many other techniques are commonly used to produce graphene-
based polymer composites with high thermal conductivity (Terzopoulou et al.,
2015). Many polymer materials are well known to have the benefits of low density,
fast handling, and low cost (Chen et al., 2018). Due to their varying intrinsic proper-
ties, various polymer matrices are used in composites that are thermally conductive.
The GO interface bonding effect, however, is not optimal. As well as outstanding
electrical, electronic, and chemical properties. In order to produce products with
excellent properties, graphene is functionalized and then compounded with a poly-
mer matrix. It demonstrated comparatively excellent properties and choices for the
production of modern materials used under extreme conditions such as high speeds,
fluctuations in temperature, and efficient protection of the environment (Daniel &
Liu, 2021).

Maintaining the consistent qualities of the GO-based PNC in large-scale pro-
duction remains a challenge. This is because the characteristics of the polymer
composites depend solely on the distribution in the polymer matrices. Since GO is
hydrophilic and tends to aggregate in aqueous solutions, making it challenging to
disperse in a polymer matrix (Zhao et al., 2020). Furthermore, GO is a highly aniso-
tropic material, and it is difficult to achieve homogeneous dispersion in the polymer
matrix using conventional processing techniques (Zhao et al., 2020). GO is also rela-
tively expensive, and scaling up the production of GO nanocomposites can be costly.
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Another challenge in the production of the GO nanocomposites is related to their
technical barriers, which include the control of structures, graphene matrix disper-
sion, graphene and composite matrix interfacial interaction, and individual graphene
contact (Zhao et al., 2020). Since GO can have a wide range of properties depending
on the synthesis method, quality control of GO is a critical aspect in the production
of GO nanocomposites.

5.4.4.2 CNTs

There are many ways to synthesize nanotubes, for instance, arc discharge, laser abla-
tion, and chemical vapor deposition (Das et al., 2016; Hou et al., 2022; Manawi et al.,
2018; Salah et al., 2022). CNTs are a perfect material for super-strength polymers
because of their tremendous abilities in mechanical, electrical, and magnetic aspect.
Nevertheless, CNTs are stable structure and are really hard to disperse in the polymer
due to van der Waals bonds. (Ghavaminezhad et al., 2020). This is the major concern
with the manufacturer to integrates CNTs and polymers, which is their capability to
disperse, arrange, and control the CNTs in the matrix. There are solutions to over-
come this problem, such as solution mixing and melt mixing (Faraguna et al., 2017).
Both processes have developed the construction of CNTs, which has stimulated the
widespread industrial application of this process.

CNTs have similar mechanical to graphene properties. The quality of the poly-
mer matrix nanofiller dispersal is directly linked to its performance in enhancing
mechanical, electrical, thermal, waterproofing, and other properties. CNT is a het-
erophasic polymer-based material where the dispersed phase, i.e., nanofiller(s), has
at least one of its three dimensions in the order of a few nanometers. The formation
of CNT networks decreases the rate of domain coalescence (Ajitha et al., 2020).
Research done by Guo et al. (2017) prepared dyestuff based through a dye-printing
methodology. The polyester yarn was treated with MWCNT-based dyestuff (40°C)
via a dye-bath. The CNT-dyed polyester yarn was treated at 170°C, resulting in black
dye-stuff (Fugetsu et al., 2009). Polyester has been extensively used for biomedical
applications due to its greater physical characteristics. Carbonaceous nanofillers are
valuable polyester nanofillers in biomedical engineering due to their cytocompat-
ibility, biocompatibility, non-toxicity, and increased resistance to erosion. In order to
improve interactions with cells and proteins in vivo, graphene and GO NPs have been
chemically modified, thereby increasing cell adhesion and proliferation (Kausar,
2019). Nanofiller composites have also generally been used in many fields and have
led to many advanced developments in electronics, including electromagnetic appli-
cations, solar cells, and diodes. Most of the electronic devices cause environmental
pollution, and the occurrence of biodegradable bio-composites successfully relieves
the environmental pressure (Lee et al., 2011).

5.5 EMERGING APPLICATIONS

Nowadays, an emerging hybrid nanofiller application is Electromagnetic Interference
(EMI) shielding (Jin et al., 2021; Lee et al., 2022; Sun et al., 2018). Several carbon-
based nanomaterials, including graphene, graphite, carbon black, carbon nano-fiber
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and CNTs, have been used to improve the electromagnetic interference shielding
performance (EMISE) of PNC (Avella et al., 2009). Furthermore, in nanocomposite
membranes, GO and sulfonated GO applied to the Nafion membranes enhance the
bond water content and proton conduction. The mechanical efficiency and proton
conductivity have also been improved by GO, with reduced methanol permeabil-
ity for polyimide membranes. Modified GO self-assembly was produced through
layer-by-layer technology on polyester fiber mats. Interactions with the polyester
were formed by the updated GO. With growing assembly layers, the nanocomposite
proton conductivity and methanol resistance grew. The mechanical properties were
also enhanced by the layered GO structure (Daniel & Liu, 2021). Flexible solid-
state supercapacitors with fine charge-discharge capability, stability, and improved
cyclic performance can be provided by polymer/nanocomposites (Ashraf et al.,
2014). To achieve high performance, low power consumption, rechargeability, and
energy storage, these devices may be configured (Sun et al., 2016). Form memory
goods are intelligent materials that can memorize a temporary shape with an exter-
nal stimulus such as heat, light, pressure, pH, and solvents and restore their perma-
nent form (Kausar, 2019). The latest research focuses on high recoverable strain
and low density above the temperature of transition (7,, or T,). Still, shape memory
materials have convinced shortcomings for several advanced applications. The PNC
filled with carbonaceous nanofillers has been investigated to fix its shortcomings
(Yang & Mai, 2014). As studied by Song et al. (2014), vapor-grown carbon nanofi-
ber (VGCF-G)-prepared graphene is coated and hardened into bio-based polyester.
Moreover, polyester and carbonaceous nanofiller-based materials also used in the
textile industry.

5.6 CONCLUSION AND FUTURE CONCERNS

PNC provides a tremendous opportunity to discover additional functionality that is
not available in traditional materials. PNC has indeed been one of the most promising
and emerging study fields because of its unique qualities, such as light weight, ease
of production, and flexibility. A defining criteria of PNC is that the small amount of
nanofillers leads to a significant increase in interfacial area as compared to traditional
composites. The interfacial area produces a significant volume fraction of interfacial
polymer with properties different from the bulk polymer, even at low loadings of the
nanofiller. There are several ways to mitigate issues related to the incompatibility of
the nanofiller in a nanocomposite, which include the use of compatibilizers, surface
modification of the nanofiller, the right selection of processing techniques, and the
filler materials. Furthermore, it is also possible to improve the compatibility between
the nanofiller and the matrix by controlling the size and distribution of the nanofiller
in the composite. Nevertheless, more research is still needed to explore the poten-
tial risks of inorganic metallic fillers (e.g., AgNPs) toward ecological, human, and
animal activities. Inorganic fillers are not biodegradable, and it varies with different
synthesis approaches and methods for the quality. Hence, clay and calcium carbonate
are the most common inorganic fillers used in research since they are usually envi-
ronmentally friendly and inexpensive.
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6.1 INTRODUCTION

The need to create novel composite goods with superior mechanical and structural
performance for structural applications was recognized by customers in the mod-
ern era. Several problems, including high impact, creep, and fatigue loads from
external environments, could compromise the structural integrity and shorten the
serviceable lifespan of power transmission, marine, automotive, and aerospace
structures [1-5]. These impacts can result in significant delamination, leading to
a decline in the structural performance of the composite [6—8]. This is in addition
to the possibility that the composite will be penetrated. The product’s primary
goal is to have a high ratio of strength-to-weight structure for efficacious high-
performance applications, including extinguishing purposes, aircraft, medical
applications, manufacturing tools and armored vehicles [9-12]. Composite materi-
als often have excellent strength characteristics but limited damping capacities.
Since the polymer matrix exhibits outstanding viscoelastic properties, it can enable
high strength and good damping capabilities for polymeric composites such as
thermoplastic composites [13—15]. This might result in valuable qualities that could
be used for structural purposes.

The expanding market demand for and popularity of lignocellulosic fiber-based
composites can currently be seen as a result of its benefits of affordability, lightweight,
and flexibility [16,17]. Nevertheless, when reinforced in polymer composites, ligno-
cellulosic fiber, such as kenaf, sugar palm, coir, and others, display inferior mechani-
cal characteristics due to their hydrophilic properties and high moistness. [18-20].
The insufficient surface adhesion between lignocellulosic fiber and polymeric resin
may cause the biocomposite laminate to have limited capabilities. [21-23].

Modifiable fiber loading, orientations, stacking order, treatment, and nanofill-
ers additives can all be used to overcome the shortcomings mentioned above of
lignocellulosic fiber composites [24—27]. There have been reports of several dif-
ferent ways of treating fibers, some of which are physical, such as steam explosion
[16], plasma or corona treatment, and others which are chemicals, such as alka-
line treatment and acetylation procedures [28—30]. The addition of synthetic fibers
like E-glass significantly reduces the water absorption of jute-reinforced polyester
composites [31]. According to a study, one important way to reduce the moisture
absorption of composite materials is to include impermeable fillers and lignocel-
lulosic fiber. Filler content, distribution, size, and shape are filler factors that may
affect a composite product’s mechanical, thermal, and water barrier properties.
Novel platy-structured, nanofiller-filled materials known as nanocomposites have
lately seen an upsurge in attention and advancement mainly because of their high
aspect ratio [32].

Due to their capacity to significantly alter the general properties of polymer com-
posites, nanoparticle fillers are currently experiencing an increase in demand on a
global scale [33,34]. The hydrophilicity of most nano-filler, such as nano clay and
MMT, led to difficulty in homogenously distributing in polymer matrix despite the
numerous promising advantages of nano-filler in the composite. As a result, the elec-
trical field distribution within the material would be uneven, and nano composites’
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electrical performance would be substandard. Therefore, appropriate adjustments
to the nanoclays must be made to encourage the improvement of the nanoparticles
inside lignocellulosic fiber composites.

Since it greatly improves composites’ mechanical performance and strong electri-
cal resistance performance, nano-filler can be utilized as an add-on for the transmis-
sion tower’s cross-arm structure, as described in the previous paragraph [35-37].
The properties of lignocellulosic composites must be simpler to modify and more
adaptable to change in order to match the desired performance of varied applications
[38—42]. This article focused on the overview and applications of hybrid nano-filler/
lignocellulosic fiber-reinforced polymer composites. This study reviews recent devel-
opments in lignocellulosic fiber-reinforced polymer composites that use nano-fillers
for enhanced applications.

6.2 LIGNOCELLULOSIC FIBER

Natural fibers are obtainable from many sources in the world and can be classified
according to their origin. The vegetable or plant fiber class, animal fiber class, and
mineral fiber class. Figure 6.1 shows the classification of natural fiber.

Plant extractions yield lignocellulosic fiberes, which can be further broken down
into smaller groupings according to where in the plant they originated. Seed and
fruit fibers produce cotton and coir, respectively, whereas bast fibers consist of sin-
gle, long and narrow cells such as jute, hemp, flax, and ramie. All plant fibers are
mainly made of cellulose and other substances like hemicellulose, lignin, pectin,
and wax that must be removed or reduced during the process. Plant fibers are much
easier to access than other natural fibers due to their wide availability worldwide
[44]. The plant fibers’ chemical characteristics, including cellulose, hemicellulose,
and pectin, are shown in Table 6.1, whereas Table 6.2 displays the mechanical char-
acteristics of plant fibers.

Natural fiber ‘
) . ) Mineral fiber ‘
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{ —
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FIGURE 6.1 Classifications of natural fibers. (Reproduced from ref [43].)
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TABLE 6.1
Chemical Properties of Lignocellulosic Fibers from Different Parts of Plants
[43,45,46]

Fiber Type Cellulose ~ Hemicellulose Lignin Pectin Waxes Moisture

Bast Fiber (Surrounds the Central Core of the Plant)

Flax 64.1 16.7 2 1.8 1.5 10
Banana 31.26-63.9 12.04 13.88 - - 12.43
Hemp 55-80.2 12-22.4 2.6-13 0.9-3.0 0.2 6.5
Ramie 68.2 13.1 0.6 1.9 0.3 10
Kenaf 37-49 18.24 15-21 8.9 0.5 -
Jute 64.4 12 0.2 11.8 0.5 10

Leaf Fibers (Extracted from the Leaf of the Plant)

Sisal 65.8 12 9.9 0.8 0.3 10
Cabuya 68-77 4-8 13 - 2 -
Abacca 56-63 15-17 7-10 - 3 -

Fruit Fibers (Collected from the Fruits)

Coir 20-36.7 12-15.4 32.7-53 4.7-7 - 0.2-0.5
Banana 48-60 10.2-16 144.4-21.6 2.1-4 3-5 2-3
Betelnut 35-64.8 29-33.1 13-26 92-15.4 0.5-0.7 -

Stalk Fibers (Collected from the Stalk of the Plant)

Rice 28-48 23-28 14 - 20 -
Wheat 29-51 26-32 16-21 - 7 -
Oat 31-48 27-38 16-19 - 7.5 -

Grass Fibers (These Fibers Are Cells Which Occur in Different Parts of Plants)
Sea Grass 57 38 5 10 - -

Cane Fibers (Cane Fiber Is a Natural Fiber Obtained from Fiber-Rich Parts of Plants)

Bagasse 28.4-56 20-36.4 21.4-24 - 0.9 -
Bamboo 48.1-73.8 12.5-73 10.2-21.4 0.37 - 11.7
TABLE 6.2
Mechanical Properties of Lignocellulosic Fiber [47-49]
Specific Specific
Tensile Tensile Tensile Tensile  Failure
Fiber Density Modulus  Modulus ~ Strength  Strength  Strain
Bast  Flax 1.45-1.55 28-100 19-65 343-1,035 237-668 2.7-3.2
Banana 0.75-0.95 27-32 20-24 529-914 392-677 1-3
Hemp 1.45-1.55 32-60 22-39 310-900 214-581 1.3-21
Jute 1.35-1.45 25-55 19-38 393-773 291-533  1.4-3.1
Sisal 1.4-1.45 9-28 6-19 347-700 248-483  2.0-2.9

(Continued)
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TABLE 6.2 (Continued)
Mechanical Properties of Lignocellulosic Fiber [47-49]

Specific Specific
Tensile Tensile Tensile Tensile  Failure
Fiber Density Modulus  Modulus  Strength  Strength  Strain
Leaf  Pineapple 1.44-1.56 642 4-27 170-727 118-466  0.8-1.6
Banana 1.3-1.35 8-32 6-24 503-790 387-585 3.0-10.0
Seed  Cotton 1.5-1.60 5-13 3-8 287-597 191-373  6.0-8.0
Coir 1.10-1.20 4-6 3-5 131-175 119-146 15-30
Oil Palm 0.7-1.55 3-4 2-4 248 160-354 25.0
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FIGURE 6.2 Schematic structure of the lignocellulosic natural fiber. (Reproduced from
ref. [52].)

6.3 MAJOR COMPONENTS OF LIGNOCELLULOSIC FIBERS

The world’s greatest source of renewable bioresources is lignocellulosic fibers. A
schematic representation of the architecture of lignocellulosic fibers is shown in
Figure 6.2. It is made up of a variety of chemical components, the composition of
which varies according to the region where the crops are grown. It is made from sev-
eral chemical constituents, which is also depending on the geographical area where
the crops are sown [50]. Along with extracts like pectin, resins, and wax, the ligno-
cellulosic components consist of 35-55 cellulose, 10-25 lignin, and 20—40 hemicel-
lulose weight percentages, respectively [51].

Typically, fibers with higher cellulose content may have better mechanical and
thermal qualities [50]. Lignin helps to improve the polymer matrix’s thermal stabil-
ity, reduce water absorption, and ensure proper cellulose dispersion in biopolymers,
all of which contribute to the enhanced mechanical strength of composites [51].
Previous research demonstrates that the amount of cellulose, starch, and lignin in
bio-composites affects their mechanical strength [53]. The flexural test also demon-
strated that holo-cellulose modulus bio-composites of pecan nutshell fiber increased
by 25% compared to pure biopolymer [53]. Another research covered the mechanical
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characteristics of cellulose-reinforced bioplastics made from maize starch with lignin
acting as a plasticizer. It demonstrates that 1% cellulose and lignin will increase
the maximum stress and elastic modulus by around 1400% and 250%, respectively,
compared to the composite without cellulose and lignin [54]. High hemicellulose
concentration, on the other hand, increases moisture absorption and accelerates fiber
disintegration at low temperatures [50-52]. Lignin is different from cellulose and
hemicellulose in that it has aromatic rings instead of lengthy molecular chains. It
comprises a polyphenolic macromolecule made up of sinapyl alcohol, coniferyl alco-
hol, and three monomeric phenylpropane units. Hot water and low pH solutions do
not cause lignin to dissolve (acid).

6.3.1 CELLULOSE

Cellulose is the major constituent of lignocellulosic fibers [50]. Long, unbranched
chains comprised entirely of glucose and bound together by hydrogen bonds con-
stitute cellulose. The cell shape of cellulose fibrils is a factor that affects the fiber’s
characteristics. The chemical formula for cellulose is (C;H,,0s5),, whereby n repre-
sents the number of glucose groups. Cellulose has both crystalline and amorphous
areas in its overall structure. Cellulose has 44.44% of carbon, 6.17% of hydrogen,
and 49.39% of oxygen [55]. The number of chains of glucose molecules is between
4,000 and 8,000. At positions C1 and C4, cellulose’s polymer chain was connected
by glycosidic linkage. Three hydroxyl groups are present in each repeating unit. The
hydroxyl group on cellulose gives it its hydrophilic property. It is worth highlight-
ing that the physical properties, as well as the crystalline packing of cellulose, are
significantly influenced by hydroxyl groups and the ability of hydrogen bond estab-
lishment. Numerous cellulose molecules make hydrogen bonds to create microfiber,
which can then combine to form a fiber. More than 500,000 cellulose molecules
are typically present in cellulose fiber. Hence, cellulose fiber has between 7,000 and
15,000 molecules of glucose per polymer [56]. The sturdy bond of hydrogen between
the individual chains in cellulose microfibrils affects the overall mechanical proper-
ties of cellulose, particularly the tensile strength. Despite the fact that they might not
be as strong as covalent bonds, 2.5 billion hydrogen bonds have a surprising amount
of bonding energy.

6.3.2 HEMICELLULOSE

In contrast to cellulose, hemicelluloses are polysaccharides that include several
sugar moieties. Glucose and monomers like hexoses (galactose, mannose), pentoses,
and hexoses are among these sugars (xylose and arabinose). Hexoses and pentoses
comprise the bulk of hemicellulose’s structure, a branching carbohydrate with a low
molecular weight [56]. Through hydrogen bonding, it is firmly attached to the cel-
lulose fibrils. Both the hydroxyl and acetyl groups are present in its open structure
and thus, making it hygroscopic and only partially soluble in water [57]. The natu-
ral fibers absorb much water due to this feature, making them weaker compared to
cellulose. Hemicellulose also possesses an amorphous structure, and its breakdown
temperature is also relatively low [58]. Hemicelluloses’ interaction with cellulose
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and, in certain walls, lignin strengthens the cell wall, which is generally their most
significant biological function. These characteristics are examined in connection to
popular theories about the main wall.

6.3.3 LIGNIN

Lignin is a phenolic substance also known as the second essential source of organic
material [59]. It is a complex copolymer of aliphatic and aromatic components that is
amorphous in form, hydrophobic in nature, and very difficult. Hydroxyl, methoxyl,
and carbonyl groups are in lignin [57,60]. Lignin is likely extremely unsaturated or
aromatic due to its high carbon and low hydrogen contents. The presence of hydrox-
yls and several polar groups leads to the formation of strong intramolecular and
intermolecular hydrogen bonds, causing lignin to be insoluble in solvents. Yet, lignin
can dissolve in an alkaline solution due to the hydroxyl and carboxyl groups of phe-
nols. Lignin is the cement that holds the fundamental fibers together with hemicellu-
lose. Lignin covers the gap between hemicellulose and cellulose and gives cell walls
their stiffness [61]. Lignin works as a water repellent, a defense against biological
strikes, and a support and stiffener to the fibers because of its hydrophobic nature
[62,63]. Additionally, lignin can potentially strengthen the interface between fibers
and matrix by acting as a compatibilizer between hydrophilic fibers and hydrophobic
polymers [64]. In a typical lignocellulosic, cellulose, hemicellulose, and lignin con-
centrations vary from 30% to 60%, 20% to 40%, and 15% to 25%, respectively. The
mechanical characteristics of the fibers were greatly influenced by the lignocellulosic
content, which also significantly impacted the mechanical and thermal performance
of the polymer nanocomposites.

6.4 CURRENT PROSPECTS OF LIGNOCELLULOSIC
FIBER-REINFORCED COMPOSITES

Lignocellulosic fiber-reinforced polymer composites are essential in creating environ-
mentally responsible products. These fibers may be found in these plant parts, which
are utilized to strengthen polymer composites. The current state of knowledge on
lignocellulosic fiber-reinforced polymer composites is presented in this paper. Several
researchers have investigated the manufacture and fabrication of concentration-
ranging reinforced using lignocellulosic fiber-reinforced polymer composites and the
mechanical, structural, and thermal characteristics of these composites [22,65—68].
For instance, Mittal et al. [69] discovered that the biodegradability of coir/epoxy com-
posites is improved as modifications of lignocellulosic fibers which potentially can be
applied to food packaging applications.

Generally, lignocellulosic fiber-reinforced polymer composites can be manufac-
tured from thermoplastics and thermosets for various applications, such as agricul-
tural and automotive. It can potentially lessen reliance on petroleum resources, which
is linked to a slew of environmental issues. Natural fibers are renewable and biode-
gradable, which means they have a lower carbon footprint. The lignocellulosic fiber-
based composites can be utilized in the construction and structural sectors, and some
have been proven by Singh et al. [70] to have qualities equivalent to other mineral
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fillers. Other than that, industrial sectors such as construction, automotive, energy,
and aerospace, are being pushed by society and authorities to produce more eco-
logically friendly goods to reduce the reliance on the usage of fossil fuels. In order
to realize and emphasize the effort, the European Commission issued “European
Guideline 2000/53/EG,” aimed to increase automobile recycled content to 85% by
weight in 2005. By the year 2015, the ratio had increased to 95% [71]. The regulation
created a significant motivation for lignocellulosic fiber-based composites utilization.

In this situation, lignocellulosic fiber-based composites are a desirable option for
businesses to address socioeconomic and environmental problems. Additionally,
the use of lignocellulosic fiber-based composites would generate jobs in rural and
underdeveloped areas, assisting in the achievement of the UN’s sustainable develop-
ment goals, which include reducing poverty level, fostering inclusive and sustainable
industrialization, encouraging innovation, building sustainable cities and communi-
ties, and promoting responsible production and consumption [72,73]. As a result,
natural fibers will be crucial to the socioeconomic growth of our civilization. The
uses of natural fibers in many industries that are already in use, those that they may
be employed in the future, and future prospects are shown and discussed in this part.

6.5 NANO-FILLERS IN LIGNOCELLULOSIC FIBER-REINFORCED
POLYMER COMPOSITES

Nano-filler has emerged as promising candidates in lignocellulosic fiber-reinforced
polymer composites because they provide specific properties to the composites
besides improving interfacial adhesions of fiber/matrix. This kind of filler is con-
sidered material in solid form and exhibits various properties such as structures and
compositions, which influence the final properties of the composites. Numerous
shapes, including plates, laminas, and two-dimensional structures such as nano-
tubes and nanofibers. Other shapes such as iso-dimensional nanoparticles and are
considered as three-dimensional shapes are possible for the nano-filler in terms of
its physical structure. This nanomaterial can also be composed either from inorganic
substances or organic., Nano-SiO, [23,24], MMT [74,75], nano-TiO, [76], and gra-
phene [77,78] as well as CNT [24,79] are some of the different nano-fillers employed
in lignocellulosic fiber-reinforced polymer composites. Other than these common
traditional nano-fillers, the nano-fillers can also be extracted from biomass waste
such as oil palm, known as oil palm nano-filler [80]. For a variety of cutting-edge
applications, a tiny addition of these fillers can dramatically improve the mechanical,
thermal, and water absorption qualities.

6.6 APPLICATIONS AND POTENTIAL USE OF
NANO-FILLER/LIGNOCELLULOSIC FIBER-
REINFORCED POLYMER NANOCOMPOSITES

Lignocellulosic fiber-based composites hybridized with nano-fillers have been the
subject of substantial research to date and are becoming more well-liked as high-
tech building and structural materials with excellent performance at an affordable
price [33]. For example, Islam et al. [81] discovered that, when compared to wood/PP
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and coir/PP composites, hybrid composites (coir/wood/Polypropylene (PP)) had the
highest tensile strength and modulus. The nano-filler enhanced the composites’
mechanical characteristics by increasing the adhesion and interfacial contact of
the fiber-polymer matrix. In addition, Majeed et al. [32] investigated the effect of
the hybridization of nano-fillers such as montmorillonite (MMT) and rice husk ash
(RHA) toward PP nanocomposites’ mechanical and thermal properties. It was found
that when the MMT and RHA were introduced into the PP matrix simultaneously,
the tensile modulus of PP increased by 63%, and the flexural modulus increased by a
staggering result of 92%. The research also found that the addition of RHA alone to
the PP matrix caused a decrement in thermal stability. However, adding MMT to the
PP/RHA composite improved its thermal stability. Based on the DSC experiment,
adding RHA and MMT to the PP matrix enhanced the composite’s crystallinity
while constantly retaining the melting and crystallization temperatures. The intro-
duction of hybrid nanotechnology triggers a new era in material science, assisting the
creation and innovation of ultra-high-tech superior composites for future engineering
applications. The material researcher intends to widen the utilization of MMT/lig-
nocellulosic fiber nanocomposites in several fields, such as automotive, adsorbents,
electronics, packaging, and outdoor.

6.6.1 PACKAGING APPLICATIONS

The rising need for environmentally friendly packaging materials, particularly for
food packaging, reflects a change in lifestyle concerning the mobility and availability
of goods from food companies. Therefore, the materials used for packaging must be
trustworthy and safe enough to keep the food safe till it is consumed. It is projected
that the use of nanotechnology in food packaging will increase dramatically due to
the rising need for packaging that might lengthen the shelf life of goods brought on
by globalization. During handling, shipment, and storage, packaging is intended to
safeguard food products against physical damage such as crushing, abrasions, and
shocks, chemical and ultraviolet radiations, as well as biological damage by micro-
organisms which lead to contamination [82]. Therefore, the optimal packaging mate-
rial should possess outstanding mechanical properties, water resistance, thermal
stability, and degradation resistance.

Lignocellulosic fiber and nano-filler are currently garnering attention as promis-
ing advanced composite materials due to their unique properties. High-performance
natural fiber-based composites can be synthesized at low filler loadings, high aspect
ratio, high surface area, high strength, high stiffness, rich intercalation chemistry,
economic, and abundance in nature. Compared to nanocomposites with single fill-
ers, hybridized nano-filler MMT with lignocellulosic fiber has synergistic effects
that lead to superior mechanical performances, good water resistance, and decreased
water absorption [83]. According to Huang et al. [84], the addition of the nanofill-
ers improved the surface water contact angle of the nanocomposite, showing better
hydrophobicity and making it a functional barrier material for packaging applications.

Separate investigations found that adding nano-filler to natural fiber hybrid com-
posites improved application quality for existing packaging materials. Hemicellulose
is one of the popular materials used as an environmentally friendly alternative to
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packaging materials. However, it has poor mechanical and thermal qualities. The
hemicellulose-based film has been widely utilized to create polarising sheets and as
materials for moisture and oxygen barriers [85]. Kassim et al. [86] reported on improv-
ing hemicellulose-based film-reinforced carboxymethyl cellulose (CMC) with nano-
filler. The study discovered that the 60H-40CMC-MMT nanocomposite film had the
best tensile strength and modulus values, which were 47.5 and 2.62 MPa, respectively.
This can be attributed to the excellent compatibility between blended MMT/hemicel-
lulose and CMC mixture ascribed to the electrostatic interaction and hydrogen bond-
ing. With more hemicellulose loading, this mixture demonstrated the best results for
good barrier characteristics. The thermal stability of the nanocomposite film is also
improved by adding 2% of the nanofiller loading. The melting point of hemicellulose
film, which was previously reported to be between 200°C and 250°C, increased to
higher ranges between 250°C and 290°C with the addition of nano-filler.

6.6.2 AUTOMOTIVE APPLICATIONS

Manufacturing industries are transforming into more environmentallyfriendly and
sustainable economic production as a result of considerable developments in science
and technology. Researchers are concentrating on creating novel materials to aid
society in this regard. With just a small percentage (5%) of nanoparticles, ligno-
cellulosic fiber hybridization has the potential to outperform traditional composites
in terms of properties like improved mechanical strength, higher elastic modulus,
excellent thermal stability, and fire resistance [87]. Due to their simple production
and general property enhancements, hybridized nanocomposites have created new
opportunities in the automobile industry.

The main aspects affecting the adoption of clay polymer nanocomposites in
the automotive industry are summarized by Galimberti et al. [88]. These factors
include lighter vehicles, which result in lower fuel consumption and CO, emissions,
enhanced safety, improved handling, and increased convenience. The polymer nano-
composites used in the car’s construction can be given a nano-filler to achieve these
goals. The nano-filler hybridized with polymer composites can be used in a variety
of auto parts, including exhaust systems, suspension and braking systems, engine and
powertrains, catalytic converters, body parts and frames, tyres, paints and coatings,
lubrications, and electrical and electronic components. These materials provide bet-
ter physical, chemical, and electrical properties than traditional materials because
their nanoscale particles have these qualities. The aforementioned has a direct impact
on the ability to produce vehicle parts in a lighter, safer, and more affordable way.
More importantly, nanoparticles have the prospect of being applied in automotive
applications for tribological, rheological, electrical, and optical functions. It results
in improvements to the tyres, vision systems, surface coating, and powertrain and
exhaust systems of the vehicle, which reduces the weight of the automobile, the
amount of greenhouse gas it emits, and its overall carbon footprint. As indicated
in Table 6.3, several thermoplastic or elastomeric polymers have been applied for
hybridized nanocomposites, comprising around 80% clay particles

The automotive parts’ flammability characteristics must be emphasized as
another significant element. To make automobiles lighter and more fuel-efficient,
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TABLE 6.3
Automotive Parts and Polymer Matrices for the Application of Clay
Polymer Nanocomposites [88]

Automotive Parts Polymer
Inner liner Isoprene isobutylene copolymer, NBR
Timing belt/engine cover Nylon-6
Internal compounds NBR
Step-assist, doors, center bridge, sail panel, PP, thermoplastic olefin
seat backs, and box-rail protector
Thread SBR, NBR, BR
Tire SBR
Rear floor Thermoset polymer matrix (with glass fiber)

SBR, styrene butadiene rubber; NBR, nitrile butadiene rubber; BR, butadiene rubber.

the majority of automotive parts have been replaced in contemporary times with
plastic-based components. However, for some reason, it’s possible that the severity
of auto fires related to collisions and those that weren’t. Despite the Federal Motor
Vehicle Safety Standard and Flammability of Interior Materials standards that were
introduced by the National Highway Traffic Safety Administration (NHTSA) in 1968
and 1972, respectively, fires have remained a serious risk. Electrical wiring, uphol-
stery, and other flammable plastic components make up the majority of the items that
ignite in car fires (by 47%), and their severity is increased by the presence of fuel (by
27% for ignitions). Plastic materials in motor vehicles have fire risks relating to the
spreading speed of the smoke, flame, and combustion to the car’s inner or passenger
compartment, automobile industry has put forth massive efforts in finding ways to
reduce the fire risk occurrence instead of depending on the rescue efforts when the
fire ignites or started [89]. Bamboo/kenaf/epoxy nanocomposites were employed by
Chee et al. [90] to strengthen several varieties of nano clay. The use of nano-filler to
enhance the flammability qualities of lignocellulosic reinforced polymer compos-
ites is demonstrated by MMT and O-MMT. The UL94 horizontal burning test was
passed by all hybrid nanocomposites in the study with an HB40 rating. Nonetheless,
it was discovered that the limiting oxygen index (LOI) value of the nanocomposites
increased from 20% to 28% with the addition of the nano-filler. In this instance, add-
ing nanofiller to polymer composites might offer a high degree of grafting and leave
behind a significant amount of active hydroxyl groups (CH-OH), which could cova-
lently react with adscititious compatibilizer to encourage its dispersion and contact
with polymer matrix. The resulting polymer nanocomposites demonstrated notice-
ably better flame retardancy and dramatically reduced smoke output.

6.6.3 OUTDOOR APPLICATIONS

Commonly, composite materials are created and manufactured for outdoor usage.
Over the past few decades, various composite technology types have become avail-
able. However, not all are appropriate for incorporation or integration in building
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envelopes. In order to be suitable for outdoor applications, these materials must
tolerate temperatures of at least 60°C [91]. Composite materials must adhere to strict
guidelines such as good mechanical stability, great fire resistance, excellent acoustic
properties, and good thermal insulation for construction or building materials imple-
mentation. Most polymers are photosensitive and exposed to weathering for almost
their entire life cycle, making them vulnerable to deterioration in outdoor applica-
tions. Weathering aging such as photo-oxidation is one of the aging mechanisms
that can significantly affect the lifespan of polymeric materials in elevated tempera-
ture settings, especially in outdoor applications [92]. Weathering aging happens due
to chain crosslinking and chemical bond scission of the polymeric structure when
exposed to the stated condition previously, which eventually leads to discoloration
and further deterioration of mechanical properties when the polymer is exposed to
UV sunlight, photos, and air [93]. All polymer materials ultimately suffer weather-
ing aging, which first begins on the surface and depends on their chemical makeup,
environmental conditions and variables, and of course, the time of exposure [94].
However, it must be emphasized and noted that even though the degradation can
be postponed, it is inevitable that the process cannot be stopped completely. This
exposure considerably decreases the overall thermomechanical characteristics of
composite materials and jeopardizes their structural integrity or makes them cata-
strophically collapse [95].

According to Kord et al. [96], exposing weathered samples (virgin polymers) to
an accelerated weathering environment for a more extended period increased the
likelihood of color alteration, lightness, and rate of water absorption. Besides, hybrid
nanocomposites only little changed regarding their ability to absorb water. Indirect
weathering protection is provided by filling micro-voids and fiber lumens with nano-
sized filler, which prevents water from further penetrating the composite and reduces
oxidative activity and lightening [97]. They are therefore resistant to the sun, rain,
and other weather elements. A similar discovery was made by Zahedi and his co-
workers [98]. These materials can potentially be utilized for building enclosures such
as walls, windows, roofs, and even shadings as the hybridization of the nano-filler
with lignocellulosic fiber enhance the electricity chemical, heat, and flame resistance
of the nanocomposite [99,100].

The overwhelming lignocellulosic fiber-based composites are applied in outdoor
usages like building materials and construction items to meet fire safety standards like
EN 13501-1-2009, which emphasize fire resistance qualities. It is essential to create
and improve the materials at a laboratory scale in order to analyse the fire-retardant
composite materials using a standard approach, such as TGA, Cone calorimetry based
on ISO 5660-1 standard, LOI, burning test (UL 94 vertical or horizontal burning test)
[101,102]. For outdoor applications, studies on composites as a replacement for more
traditional materials, such as for components like roofing and door panels, have been
widely publicized. Additionally, it is essential to ascertain the composite’s thermal
and flame resistance in the event of a fire accident. Rajini et al. [103] demonstrated
how coconut sheath (CS) reinforced polyethelene (PE) composite has improved ther-
mal and flammability qualities through a series of laboratory investigations. By using
the char formation mechanism, it was found that CS/PE composites hybridized with
5wt % MMT nanoclay significantly reduced their heat release and mass loss rate.
The composites’ flammability qualities were reduced due to the char development
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acting as a heat barrier. While treated, CS fiber also impacted the composites’ thermal
characteristics by lowering the temperature at which it degraded because it had more
hydroxyl groups that attracted water. This research demonstrated using hybrid ligno-
cellulosic/nano-filler polymer composites for outdoor applications.

6.7 CONCLUSIONS AND FUTURE OUTLOOK

This chapter delivers that the lignocellulosic fiber-reinforced polymer composites
can be extended in their functionality by including the nano-fillers. The often appli-
cations of nanoparticles to modify the biocomposites especially in structural func-
tions and usages are progressively growing. The nano-fillers occur in pure polymer
and synthetic fiber-reinforced polymer composites and more toward biocomposites
mainly made up of lignocellulosic fibers. Most of these kinds of materials have been
employed to advance the potential of biocomposites toward better mechanical, ther-
mal stability and water barrier properties. Practically, the addition of nanoparticles
with well-dispersion can enhance its homogeneity, consequently, it provides bet-
ter functionality and properties for the biocomposites toward automotive and out-
door products. Additionally, adding the nano-fillers in composites shows that it has
low dielectric permittivity, low dielectric loss, and enhanced dielectric strength in
comparison to the pure polymer. On top of that, the presence of nano-filler in lig-
nocellulosic fiber/polymer composites could provide well in thermal stability and
conductivity due to the compatibility of interfaces between nano-fillers and polymer
matrix. In this point of view, the nano-filled biocomposites are suitable for packing
applications, especially for food industries. In conclusion, the usage of nano-fillers
in biocomposites could potentially advantage the structural industries, especially
such as automotive and outdoor-based products such as electrical transmission tow-
ers. This is due to the nanofilled biocomposites can achieve great mechanical and
thermal properties as well as promoted good electrical insulation properties in the
biocomposites. In future studies, the authors would like to suggest on developing
an optimum concentration or loading is critical to keep a balance of properties with
economic consideration. This would open a gateway for future research of biomass-
based materials to achieve the same quality as current synthetic materials.
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7.1 INTRODUCTION

Polymers’ properties are not particularly spectacular when compared to other mate-
rials, such as most metals. As a result, polymers are rarely utilized by themselves
in the production of products and structures. However, by mixing a polymer (the
matrix) and a reinforcing component (the filler), a composite is formed, and its prop-
erties can be upgraded (Delides, 2016). The properties include improved mechani-
cal properties (Brostow et al., 2008) (such as strength, modulus, and dimensional
stability), improved thermal stability, thermal conductivity (Vaggar et al., 2021),
heat distortion temperature, improved chemical resistance, improved optical clarity,
higher electrical conductivity, better surface appearance, reduced permeability to
gases, water, and hydrocarbons, reduced thermal expansion coefficient, and reduced
smoke emissions.

Minerals, diatomic earths, talc, chalk, silica and clay are examples of particle
material that is added to polymers as fillers (Baird, 2003; Siraj et al., 2022). Fillers
were initially used in composite manufacturing because they were cheap and
employing them potentially bring down the price of polymers (Baird, 2003; Ilyas
et al., 2021). They are also employed in matrix resins for processing improvements,
density control, optical effects, thermal conductivity, thermal expansion control,
electrical properties, magnetic properties, flame retardancy (Ilyas et al., 2021), and
better mechanical properties like hardness and tear resistance (Park & Seo, 2011). In
comparison to conventional fillers used in construction materials, a metal filler has a
variety of benefits. Metal-based materials including metal oxide that have been used
as metal fillers are zinc oxide (ZnO), cadmium oxide (CdO), nickel oxide (NiO) and
titanium dioxide (TiO,) (Munawar et al., 2020; Ullah et al., 2022). These metal fillers
which had their own optical bandgap and exciton binding energy exhibit remarkable
physical, optical, chemical, catalytic, magnetic, and electrical properties (Munawar
et al., 2020; Tabib et al., 2017; Kumar et al., 2014; Paulose et al., 2017; Ullah et al.,
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FIGURE 7.1 Composite filler ranges versus particle size. (Reproduced from ref Cangul &
Adiguzel, 2017.)

2022; Tyagi et al., 2012). The benefits of metal fillers are related to a high level
of plasticity, viscosity, and technical and casting qualities as well as high levels of
strength parameters (Klyuchnikova & Lymar, 2005). The material performance is
influenced by the type, shape, and the number of fillers, as well as the efficient cou-
pling of fillers and matrix (Gajapriya et al., 2020). But, the size of the filler is the most
important factor among filler characteristics (Delides, 2016). Figure 7.1 shows the
scale meter of different particles.

In the past few decades, composites made with fillers of the micro- and nano-scale
have become important materials because of their low weight, high specific stiffness
and strength, high fatigue resistance, and excellent corrosion resistance (Fernandez
et al., 2021; Basavaraj et al., 2013; Jacob et al., 2009; Palza et al., 2011). In con-
trast to nanofiller reinforcement, which offers more ductile fracture under loading,
microscale filler-reinforced composites experience brittle fracture without having
much energy absorption capacity (Fernandez et al., 2021). Ductile and brittle frac-
tures are two different types of mechanical fractures in materials that result from the
rupture of atomic or molecular bonds. The fracture is divided based on the size of
the strain present at the time of fracturing (Wu, 2018). Crack development in materi-
als that have minimal to no ductile deformation at the crack tip is known as brittle
fracture. Contrarily, a ductile fracture involves a plastic deformation of the material
at the crack tip. The preferred failure mode for materials that can tolerate damage
is ductile fracture (Mouritz, 2012). Figure 7.2 shows the illustration of brittle and
ductile fractures on the sample.

Filler with nano-scale referred to as nanomaterials. Four types (zero, one, two, and
three dimensions) of nanomaterials or nano-objects exist (Joudeh & Linke, 2022). Zero-
dimension nanometer-size objects such as quantum dots (Joudeh & Linke, 2022), one-
dimension nanometer-size objects such as thin films, two-dimension nanometer-size
objects such as nanowires, nanorods, and nanotubes, and three-dimension
nanometer-size objects such as nanoparticles or nanoclusters (Domenech et al.,
2012). Figure 7.3 depicts some illustrated nano-sized particles (Mukherji et al., 2018).
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FIGURE 7.3 Various shapes of nano-scale particles. (Reproduced from ref Hamida et al.,
2020.)

The nanomaterials include porous and polycrystalline materials with surface protru-
sions and nanometer-size metallic clusters (Domenech et al., 2012). Despite the unique
electrical, optical, magnetic, and chemical properties of metal nanoparticles (Khan et
al., 2019), this material has attracted scientists” and technologists’ interest compared to
other nano-sized materials (Domenech et al., 2012; Fritea et al., 2021).
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Reduced in size from bulk to nanoscale, metal particles’ behavior also under-
goes notable behavioral changes, including surface-to-volume ratios, changes in
the electronic structure of the particles, associations between the entities that make
up the nanoparticles and their defects, as well as confinement and quantic effects
(Domenech et al., 2012). In conclusion, different size of metal particles have their
physiochemical characteristics, thus, a critical aspect of research. In this manner,
metal nanoparticles were utilized to produce composite materials that performed
better in various tests. Producing composites with metal nanofillers is simpler than
manufacturing composites with metal nanoparticles. However, producing nano-size
filler-reinforced composites is difficult because of their poor dispersion properties in
matrices (Mouritz, 2012). The nanofiller existence and dispersion in the composite
can be determined using spectroscopic techniques.

The objective of this chapter is to provide an overview of the characterization
of metal nanofillers in composite structures using various spectroscopic techniques.
Particular attention is on the distribution of metal nanoparticles inside the composite,
morphology and other properties of the composite structure. In a large majority of
cases, composite filled with metal nanoparticles shows better compatibility in terms
of morphology size than pure composite. Moreover, the formation of a continuous
structure is promoted by the presence of the metal nanofiller.

7.2 CHARACTERIZATION TECHNIQUES

The existence of metal nanofillers in the composite was detected and evaluated
using a variety of techniques. There are X-ray diffraction (XRD), small angle X-ray
absorption spectroscopy (XAS), small angle X-ray scattering (SAXS), X-ray pho-
toelectron spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FTIR),
nuclear magnetic resonance (NMR), Brunauer-Emmett-Teller surface area analy-
sis (BET), thermogravimetric analysis (TGA), low-energy ion scattering (LEILS),
UV-Vis, photoluminescence spectroscopy (PL), Dynamic Light Scattering (DLS),
Nanoparticle Tracking Analysis (NTA), Inductively coupled plasma mass spec-
trometry (ICP-M), Secondary Ion Mass Spectrometer (SIMS), ToF-SIMS, matrix-
assisted laser desorption/ionization (MALDI), MOssbauer, X-ray Magnetic Circular
Dichroism (XMCD), Transmission electron microscopy (TEM), HRTEM, liquid
TEM, cryo-TEM, electron diffraction, STEM, EELS, electron tomography, SEM-
HRSEM, T-SEM-EDX, EBSD, AFM, Fluorescence techniques, UV-Vis spec-
troscopy, Solid-state NMR spectroscopy, WXRD, SAXS, infrared spectroscopy,
Raman spectroscopy and many more (Mourdikoudis et al., 2018; Batool et al.,
2022). Some of these techniques have been discussed on the basis of their acces-
sibility, affordability, precision, non-destructiveness, ease of use, and affinity for
particular compositions or materials (Mourdikoudis et al., 2018). These methods
can be used separately or in combination to study a specific property, depending on
the situation (Mourdikoudis et al., 2018). Furthermore, the development of nano-
technology had a significant impact on how analytical characterization techniques
operated with samples of nanomaterials as opposed to samples of macroscopic
materials (Mourdikoudis et al., 2018). This chapter covered the changes in mor-
phology and surface texture by scanning electron microscopy (SEM), elemental
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content by Energy Dispersive X-ray spectroscopy (EDX), molecular structure by
FTIR, thermal behavior by TGA, and crystallinity by XRD.

7.3 SURFACE MORPHOLOGY OF METAL NANOCOMPOSITES

Incorporating metal nanofillers gave significant change to the surface morphology
of the composite compared to their matrix. The effect of the interaction between
metal nanofillers and polymer matrix on the surface morphology of composites
(Xu et al., 2022) can be identified using SEM at different magnifications (high and
low respectively). This technique also could reveal the size distribution, elemental-
chemical composition, dispersion of nanoparticles in the matrix and agglomeration
state (Mourdikoudis et al., 2018). Under the microscope of SEM, the composite had
crumpled microarchitectures and fishnet-like structures without the formation of any
visible defects and bubbles (Mallya et al., 2022) (Figure 7.4). This surface is obvi-
ously different from the smooth surface with typical bubble-like structures and round

FIGURE 7.4 Scanning electron microscope of composite without (M4) and with metal
nanofillers (M5). Metal nanoparticles were shown in a white circle. (Reproduced from ref
Mallya et al., 2022.)
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protrusions of the matrix (Mallya et al., 2022). Some distribution of metal nanofiller
in the matrix also shows brighter, tiny spots corresponding to the presence of metal
crystallites, compared to the homogeneous porous structure of the polymer matrix
(Jamroz et al., 2020). The homogenous growth of metal nanofiller in the composite
was also found from the formation of spherically shaped metal nanoparticles under
the SEM technique (Sankar et al., 2020). SEM images of NiO-CdO-ZnO nanocom-
posite also have roughly spherical morphology (Munawar et al., 2020). From a cross-
section view of the SEM image, some composites had porous finger-like structures
with minimal macro voids (Mishra & Mukhopadhyay, 2021). SEM technique also
captured the kidney stone monoclinic crystals of microwave-assisted synthesis of
metal oxide CdO-CuO nanocomposite (Kannan et al., 2020).

The addition of metal nanofillers in the development of the composite caused
the spherical crystal structure of the matrix to vanish; hence the smooth surface of
the composite was obtained (Xu et al., 2022). Besides the morphology of the com-
posite altered into stream-like patterns, a few white tiny ZnO nanoparticles may be
seen distributed uniformly over the entire surface of the composite (Xu et al., 2022).
Further addition of metal nanofillers caused the composite surface to become rough
due to the creation of specific protrusions and the formation of agglomeration of
metal nanofiller particles (Xu et al., 2022).

A composite prepared with 10wt % silver nanoparticles (AgNPs) and polymer
inclusion membranes (PIMs) have smooth, homogenous without obvious agglom-
eration of nanoparticles, obvious cracks and imperfections on the surface of the
composite that implied that a uniform distribution of AgNPs on the composite
(Maiphetlho et al., 2020). In addition, the results also confirm that the incorporation
of AgNPs on PIM remains the composite stability (Maiphetlho et al., 2020). But,
composite with higher than 10wt % AgNPs and PIMs showed obvious cracks on
the surface. These cracks became detrimental primarily to the composite stability
and ion transport capacity performance (Maiphetlho et al., 2020). Increasing con-
centration of metal nanofiller also resulting nanofiller agglomeration in pore block-
age (Mishra & Mukhopadhyay, 2021; van den Berg & Ulbricht, 2020) (Figure 7.5).
The single, binary, and ternary nanocomposite also shows different surface char-
acteristics. The surface roughness of nanocomposite increases as compositions of
nanocomposites increase from single to binary to ternary (Domyati, 2022). The
ternary nanocomposite had the lowest grains aggregation tendency compared to
others (Domyati, 2022).

7.4 ELEMENTAL CONTENT IN METAL NANOCOMPOSITES

The existence and distribution of chemical components in material, including com-
posite samples, have to be investigated using EDX since few cases exhibit no evident
changes in the surface morphology of composite with a low and high concentration
of metal nanofiller through SEM images (Liu et al., 2021).

The EDX approach (EDX elemental mapping and EDX analysis) will dem-
onstrate the presence (Jeyabanu et al., 2019), pattern distribution (Mishra &
Mukhopadhyay, 2021), and intensity of elements (Abu-Okail et al., 2021) of metal
nanofillers on the surface of composite materials. Both EDX approaches also can
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ref Mishra & Mukhopadhyay, 2021.)

determine the atomic weight (%) of the constituents in the metal nanofiller com-
posite (Mishra & Mukhopadhyay, 2021) (Figure 7.6).

As an illustration, the element mapping for Al and Ce in metal nanofillers was
chosen, with the colour dots defining the corresponding elements in the 60 pm scan
area (Mishra & Mukhopadhyay, 2021). The distribution of elements from the metal
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nanofiller was uniformly distributed based on EDX elemental mapping, indicating
that the metal nanofiller is uniformly spread in the composite (Liu et al., 2021). The
elements distribution in composite materials with a high metal nanofiller concentra-
tion is denser than that in composite materials with a low metal nanofiller concentra-
tion (Liu et al., 2021). Some works found few clusters and homogenous dispersion
of low metal nanofiller content in the composites (Mishra & Mukhopadhyay, 2021).
Increasing metal nanofiller content from low to optimum concentration gave increas-
ing clusters in the matrix for composites (Mishra & Mukhopadhyay, 2021). Because
further loading metal nanofillers exhibit blockage of pores and a reduction in pure
water flux of composite, metal nanofiller agglomeration on the surface of the com-
posite is obviously revealed using EDX mapping (Mishra & Mukhopadhyay, 2021).
The percentage of elements displayed in EDX spectra of composite for example
0.44% of Al, 22.83% of O, and 76.73% of C from hybrid glass and carbon fibers com-
posite samples confirm the successful loading of Al,O, (metal nanofillers) and other
materials in composite manufacturing (Abu-Okail et al., 2021). From the elemental
data of EDX results of ZnS/ Al,0,/GO nanocomposite, 35.9 wt% of O and 28.93 wt%
of Al originated from the Al,O, nanomaterials (Domyati, 2022). High purity of ter-
nary nanocomposite also identified based on the Ka and Kf characteristic peaks of
Al and O as well as Zn and S (Domyati, 2022). The chemical purity of the composite
also confirms based on the occurrence of all elements in the nanocomposite without
impurities peaks (Kannan et al., 2020).

7.5 FUNCTIONAL GROUPS OF METAL NANOCOMPOSITES

Changes in information in composite structure and matrix can be drawn from the
materials’ FTIR spectra (Kochkina & Butikova, 2019). The possible interactions
between the matrix and other materials able to be interpreted (Jamréz et al., 2020)
based on characteristic peaks of absorption bands appearing in the FTIR spectra
(Jakubowska et al., 2023). Indirectly, it confirms the existence of metal nanofiller in
the composite and the successful development of composite.

Every material had its characteristic peaks of FTIR spectra which indicate the
chemical bonds available in that material (Xu et al., 2022). Therefore, comparing
the FTIR spectra of pure metal nanofiller, pure matrix and composite are crucial
and beneficial to identify the existence of metal nanofillers in the composite and
possible interactions of metal nanofiller and other materials in composite structure
(Xu et al., 2022). For example, the absorption bands located at 505 and 620 cm™! of
the CdO-CuO composite belongs to Cu-O and Cd-O stretching vibration, respec-
tively (Kannan et al., 2020), which obviously confirm the existence of CuO and
CdO in the composite. Other bands located at 1,113 and 1,416 cm™' corresponded
to carbonyl groups, 1,644 and 3,432cm™' corresponded to OH-— group vibra-
tions of water, and 860 and 779 cm™! corresponded to CO, asymmetric stretching
vibration happening in the CdO-CuO composite also revealed by FTIR spectra
(Kannan et al., 2020). The nano copper-alumina (Cu-Al,O,) particles in the poly-
pyrrole (PPy) chain of composite also confirms based on the existence of sharp and
resolved absorption bands of nano copper-alumina (Cu-Al,0O;) in FTIR spectrum
(Sankar et al., 2020). The small alteration in the shape of the FTIR spectrum like
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the presence of a new band in composite which is attributed to the weak interac-
tion of matrix and metal nanofillers is observed in nanoparticles (Bahrami et al.,
2019; Jamroéz et al., 2020). Furthermore, the appearance of new band and traces
of the band (in the counterpart composites) in the composite were not observed
in the matrix (Salari et al., 2018; Kanmani & Rhim, 2014; Jamréz et al., 2020).
Besides, metal nanoparticles may immobilize in composite through physical reten-
tion (Menezes et al., 2019; Jamroz et al., 2020).

However, some works found the FTIR spectrum of the matrix and the metal nano-
fillers are nearly similar (Jeyabanu et al., 2019) which the characteristic peak of the
matrix and the composite did not change in the location but gave different peak
intensities (Xu et al., 2022). These nearly similar FTIR spectra prove that these mate-
rials had similar functional groups (Gaabour, 2020). Similar characteristic peaks
were also observed from the FTIR spectrum of composite manufactured using low
concentrations of metal nanofillers which is probably due to the overlapping bands
(Kochkina & Butikova, 2019). The intensities of the bands grew as metal nanofiller
concentration in the composite increased (Kochkina & Butikova, 2019). The intro-
duction of metal nanofillers causes the other metal ion in the composite released
and the decomposition of any molecule in the composite occur (Xu et al., 2022).
As a result, the electrochemical performance of the composite improved (Xu et al.,
2022). Further information about individual contributions can be measured using
Fityk 0.9.8 software for example (Kochkina & Butikova, 2019). Moreover, a suffi-
cient amount of metal nanofiller loading in the composite for the best complimentary
also can be described from the minimal OH groups availability within the matrix
network (Kochkina & Butikova, 2019).

FTIR spectra of composites with different concentration metal nanofillers may
also show the shifting characteristics peaks due to the chemical interactions between
metal nanofiller and the functional groups present in the matrix. For example, the
strong electrostatic interaction of ZnO of metal nanofiller with the ether oxygen
groups in the polymer matrix is displayed by the movement of the characteristic
peak at 1,072cm™! to left (1,060cm™) at the low contents of ZnO. But the electro-
static interaction decline at a high content of ZnO as shown by the movement of the
characteristic peak at 1,072cm™! to the right due to the uncontrol agglomeration of
nanoparticles in composite structure (Xu et al., 2022). Addition of CuS nanoparticles
in preparation of synthesized sodium alginate-assisted CuS composite also causes
the shifted characteristic peaks at 1,412 and 1,020 cm™! which is due to the stabilizing
CusS in the alginate groups (Jeyabanu et al., 2019).

7.6 CRYSTALLINITY OF METAL NANOCOMPOSITES

Crystallinity properties of composite with metal nanofillers might have different
or similar to the matrix according to XRD pattern results. The crystal and amor-
phous structure of the composite were interpreted by the shape of the peak in XRD
which a sharp and thin peak symbolized the crystal structure while a broad peak
corresponded as an amorphous phase. The XRD patterns of metal nanofiller and
composite greatly help in observing the effect of the existence and amount of metal
nanofillers on the crystallinity properties of the composite.
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Every metal nanofillers have its own crystallites which are identified from their
XRD peaks. For example, the XRD pattern of ZnO shows hexagonal wurtzite crys-
tallites (Sengwa & Dhatarwal, 2021) while TiO, shows a tetragonal anatase-rich
crystal phase (Sengwa & Dhatarwal, 2021) (Figure 7.7). After the introduction of
metal nanofiller in preparation for the composite, new sharp XRD peak positions
signifies the metal nanofiller crystallite structure obviously detected in the XRD pat-
tern of the composite (Sengwa & Dhatarwal, 2021) but the absence in the XRD pat-
tern of the matrix (Xu et al., 2022). This confirms the crystallites of metal nanofillers
maintained their original structures although the metal nanofillers were successfully
dispersed in the matrix (Sengwa & Dhatarwal, 2021).

The amount of metal nanofillers in a composite structure influenced the peak
intensity of crystal and amorphous properties of the metal nanofillers in the com-
posite structure. Less peak intensity related to the low content of metal nanofillers

Hexagonal (wurtzite)

Tetragonal (anatase)

Hexagonal prism Tetragonal

FIGURE 7.7 Hexagonal (wurtzite) and tetragonal (anatase) crystallite structures.
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was found in XRD patterns of composite because the crystallinity value (Xu et al.,
2022) and amorphous areas (Gaabour, 2020) of the polymer matrix are dominant.
Composite loaded with very small amounts of metal nanofiller might also have simi-
lar XRD patterns to the matrix (Jamréz et al., 2020) which probably the crystalline
structure of the polymer matrix did not affect by that amount of metal nanofiller
(Kochkina & Butikova, 2019) or the crystalline structure of metal nanofillers in that
composite still below the detection threshold in the diffraction method (Jamréz et al.,
2020). No alteration and appearance of new diffraction peaks related to the structure
of metal nanofillers in XRD patterns from both materials (composite with low metal
nanofillers and matrix) are very beneficial information in indicating a very good
distribution of metal nanofiller in the matrix (Jamroz et al., 2020). Nevertheless, this
composite still has a good conductivity property compared to a composite without
metal nanofiller content (Gaabour, 2020).

As the content of metal nanofiller increases, the crystallinity of metal nanofiller in
the composite gradually increased (Xu et al., 2022) while the crystallinity and broad-
ness of amorphous nature of the matrix decreased (Jeyabanu et al., 2019; Xu et al.,
2022). As a result, semi-crystalline peaks of the matrix in XRD patterns belong to
the composite became sharp (Gaabour, 2020). Reduction of semi-crystalline behav-
ior may result from complex formation between polar groups in the polymer matrix
with surface groups in the metal nanofiller (Gaabour, 2020). Increasing amounts of
metal nanofillers offer more strong electrostatic interactions and Lewis’s acid-base
interaction between metal ions in metal nanofillers and the oxygen bonds in the poly-
mer matrix (Xu et al., 2022). Electrostatic interactions depend on the number of metal
ions. Because electrostatic interaction involves the opposite ions, increasing metal
nanofillers offer a more positive charge of metal ions to promote electrostatic interac-
tions. In addition, increasing amounts of metal nanofillers in composite inhibits poly-
mer crystallization by increasing free volume and accelerating segment movement.
The electrostatic interactions (Xu et al., 2022) capable of destroying the spherulites
of the polymer matrix cause a reduction in crystallinity of the polymer matrix (Xu
et al., 2022) while Lewis’s acid—base interaction tuning the highest occupied molecu-
lar orbital (HOMO) thermodynamically which contributes to the improvement in the
electrochemical window of polymer electrolytes and enhancing the anti-oxidative
stability of polymer electrolytes. This clarifies that further metal nanofillers load-
ing weakened the polymer matrix’s crystalline zone ordering (Gaabour, 2020) and
brought charge transfer complexes to evolve in composite, hence enhancing electrical
conductivity property (Gaabour, 2020). The ion conductivity of the composite mate-
rial also increases as metal nanofiller concentration increases (Xu et al., 2022). The
peak intensity belongs to the crystal structure of the matrix may also disappear (Xu
et al., 2022) when the amount of crystal structure of metal nanofillers is dominant
in the composite. It can be concluded that the peak intensity of metal nanofiller in
the composite has a linear relation to the concentration or amount of metal nano-
filler which in principle confirms the successful composite formation (Sengwa &
Dhatarwal, 2021). The evenly dispersed metal nanoparticles in the polymer matrix as
shown by the amorphous nature of the polymer matrix confirmed the complexation
between metal nanofiller and the matrix also takes place in the amorphous region
(Jeyabanu et al., 2019).
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However, an excess amount of metal nanofillers loaded in the matrix causes seri-
ous agglomeration of metal nanoparticles (Xu et al., 2022). The crystal structure
belonging to matrix became dominant in the composite structure as confirmed by
the reappearance of peaks related to crystallinity of the polymer matrix in the XRD
pattern (Xu et al., 2022). The ion conductivity of the composite material loaded with
excess metal nanofillers also reduced (Xu et al., 2022) drastically compared to the
composite material loaded with the optimum amount of metal nanofillers. Therefore,
the suitable addition of metal nanofillers is beneficial to obtain nanocomposite mate-
rial with good crystallinity value (Xu et al., 2022).

The overlapping signals of peaks from matrix and metal nanofillers also occur
in the XRD patterns of the composite. The difference in the crystallite sizes of
the polymer matrix and simultaneous change in the crystalline structure is hard
to quantify with any accuracy using XRD patterns (Kochkina & Butikova, 2019).
Therefore, another method for example the DSC method can be applied to quan-
tify the change in the crystalline structure with metal nanofillers based on the
melting temperature data of bulk-like and filler-induced crystals (Kochkina &
Butikova, 2019).

7.7 DECOMPOSITION OF METAL NANOCOMPOSITES

The decomposition patterns characteristics of samples obtained using TGA enable
in the measurement of thermal stability and composition of the material. The incor-
poration of metal nanofiller in composite preparation gave significant changes in
decomposition patterns and characteristics of composite materials. Although one
main degradation stage is observed in the TGA curves, the addition of metal nano-
fillers affects the amount of thermal decomposition residues in the composite (Liu et
al., 2021). The occurrence of metal nanofiller leads to attaching and retaining more
char (Liu et al., 2021). As a result, the differences in residual masses of the compos-
ite are lower than those masses of the matrix (Liu et al., 2021). These also prove the
potential of metal nanofillers in the composites to be acted as a mass transport barrier
that retards the degradation of the product (Sankar et al., 2020).

In addition, the slight reduction in mass at temperatures above 400°C for the
composite compared to the matrix was due to the concomitant loss of sub-functional
surface groups of metal nanofillers (Liu et al., 2021; Han et al., 2016). For instance,
the oxidation of metal nanofillers of composite in a CO, atmosphere (Liu et al.,
2021; Feng et al., 2017; Sun et al., 2019) occurred at a temperature range between
150°C and 500°C.

7.8 VISIBLE COLOR OF METAL NANOCOMPOSITES

The presence of metal nanofillers in composite structures can be noticed from color
changes between composite and matrix (Jamréz et al., 2020). Without metal nanofill-
ers, the matrix is highly transparent (Figure 7.8). Introduction of metal nanofillers,
giving opaque color to the composite as shown in Figure 9. For example, Ti;C,T,/
epoxy composites prepared by Liu et al. (2021) gave black and opaque color compared
to the clear and transparent epoxy. Despite using various Ti;C,T, concentrations
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FIGURE 7.8 Photographs of matrix (neat) and Ti,C,T,/epoxy composites at different
Ti,C,T, concentration. (Reproduced from ref Liu et al., 2021.)

during preparation, the Ti;C,T,/epoxy composites did not exhibit significant color
variations (Liu et al., 2021). The uniform color indicates the well-dispersed loaded
metal nanoparticles in the matrix (Sengwa & Dhatarwal, 2021). Moreover, the
developed composite had a highly smooth surface compared to the matrix (Sengwa
& Dhatarwal, 2021). A rising amount of metal nanofiller loading into the matrix
reduces the relative transparency to visible light of the composite, thus limiting the
optical uses of the composite (Sengwa & Dhatarwal, 2021).

7.9 CONCLUSION

Existence of metal nanofillers in composite structures able to be identified using
various characterization tools including SEM, EDX, FTIR, and TGA. Similar to
metal nanofillers themselves, their composites also have unique and variable struc-
tures. Although different methods were used to manufacture the composite using
metal nanofillers, every metal nanofiller carries its own characteristic peaks of FTIR
spectrum and XRD pattern. The existence and distribution of metal nanofillers were
confirmed from SEM images, EDX analysis or EDX mapping and the visible color
of the composites. These analytical instruments have been good enough before opti-
mizing the performance of composite in their target applications. Therefore, suitable
methods in metal nanofillers and composite developments should be vigorously per-
formed for wide application of nanomaterials in every sector.
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8.1 INTRODUCTION

Carbon nanostructures (CNSs) are the principal focus of discussions in the field of
nanotechnology. Research has been conducted on different members of CNS from
fullerenes to carbon nanotubes (CNTs) since their discovery, including carbon nano-
science — a discipline to understand their properties, structures, and interrelation-
ships at a nanoscale level (Shenderova et al., 2002). A new carbon materials’ era
started with the discovery of Buckminster fullerenes, and Ijima’s first observation of
nanotubes in the 1980s (Iijima, 1980; Kroto et al., 1985). The next big step happened
when Iijima (1991) introduced the world to a new type of molecular carbon, nanofi-
bers, or CNTs of 4~30 nm diameter. This caught the attention of many researchers for
its potential applications in various fields. Hence, as of now, the research on carbon
nanomaterials has been progressing persistently (Goswami et al., 2021).

CNSs have been predicted to be useful across various fields like electronics, medi-
cal diagnostics, biosensors, energy storage, nanocomposites, and so on. However,
their fruitful implementation is still somewhat challenged by their affordability
in terms of costs. So, these nanomaterials are yet to be used to their full poten-
tial in the industries. Currently, most of the CNTs are produced from fossil fuel-
based precursors, methane, benzene, xylene, acetylene, etc. (Azmina et al., 2012).
Dependence on fossil fuels means increased raw materials costs due to their finite
supply and limited availability geographically (Saputri et al., 2020) as well as leads
to a non-environmental-friendly approach which leads to higher greenhouse gas
(GHG) emission. Therefore, it is crucial to discover novel approaches to fabricating
nanomaterials in an affordable and environmental-friendly way.
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FIGURE 8.1 Carbon dioxide emissions according to the sectors globally. (Reproduced
from ref Abdul Latif et al., 2021.)

According to Abdul Latif et al. (2021), out of 50 billion tons of GHG emissions
globally, nearly three-fourths of them were coming from the energy sector, as illus-
trated in Figure 8.1. Ellabban et al. (2014) argued that the transition to renewable
energy can help to reduce GHG emissions by reducing the effects of harsh weather
and climate changes while also maintaining a consistent, affordable, and stable
energy supply.

Hence, an alternative solution is to use renewable bioresources to derive CNSs
because of their high availability, low cost, and sustainability. The usage of differ-
ent bio-oils, such as camphor oil, castor oil, turpentine oil, olive oil, coconut oil,
palm oil, etc., has been studied in recent years for synthesizing CNSs. As the precur-
sor, bio-oils provide highly pure final products due to the lower thermal stability of
bicyclic compounds present in them compared to their non-renewable counterparts.
However, they might still have some limitations. For instance, Liu et al. (2011) found
that catalytic decomposition of methane and benzene was possible at a lower temper-
ature than camphor oil for producing nanotubes. Methane was found to be the best
precursor to produce the best-quality single-walled CNT (SWCNT) in their research.
Janas (2020) also argued that synthesized CNTs with bio-feedstocks (both solid and
liquid) as precursors were of lower purity compared to the nanotubes produced with
synthetic precursors.

Some recent studies related to the conversion of bio-oil, waste, and biomass into
CNS with some of their applications had been studied. Kumar et al. (2013) synthe-
sized CNTs and carbon—nitrogen nanotubes through spray pyrolysis technique from
natural green precursor biodiesel derived from jatropha mixed with ferrocene and
acetonitrile as catalysts in presence of argon (Ar) at a high temperature. To fabricate
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materials with desired electrical properties, the authors suggested that carbon—nitro-
gen nanotubes might be more useful. Tripathi et al. (2012) developed CNTs using
natural non-edible castor oil. Three different catalysts, Ni, Zn, and Co, have been
catalyzed, in a thermal catalytic vapor reactor to investigate the adsorption efficiency
for removing arsenic (As) from water. Alancherry (2018) devised an environmental-
friendly technique based on plasma-enhanced chemical vapor deposition (CVD)
process to prepare CNS from bio-renewable precursors. Citrus sinensis essential oil
from cold extraction of orange peels was used to prepare vertical graphene nanostruc-
tures followed by possible gas-sensing applications. In another study by Ghosh et al.
(2007), eucalyptus oil was used to manufacture SWCNTs through a CVD method
using Fe/Co zeolite catalyst. A possible route of using bio-oils to synthesize CNSs in
the liquid phase was explored by Ballotin et al. (2019). In this study, H,SO, was used
to dehydrate the bio-oil complex to condense, aromatize, and carbonize for the for-
mation of CNSs of different characteristics. Sankaranarayanan et al. (2019) presented
a novel application of nanocarbon materials derived from a renewable precursor for
the germination of seeds in different plants. Graphene oxide—carbon dot (GO-CD)
composite was synthesized through hydrothermal treatment from Macrocystis pyr-
ifera, brown macroalgal biomass. Spillage of waste cooking oil to water bodies is an
inevitable phenomenon in daily life. Suriani et al. (2010) produced vertically aligned
CNTs (VACNTs) from waste cooking palm oil for the first time that can be used for
flat lamps and panel displays. They also concluded that similar waste cooking oils
are feasible to be used as precursor for synthesis of CNT. Despite numerous studies
already being done on the use of bio-oils as a precursor to make CNSs, Janas (2020)
stated in his paper that a successful industrial implementation still requires further
investigations.

In this chapter, state-of-the-art techniques for synthesizing CNS with bio-oils as
the precursor are reviewed. Both solid and liquid precursors derived from biomass,
waste, or bio-oils are evaluated with detailed fabrication methods to present a full
understanding of the current development in this field. Next, promising applications
of bio-oil-derived nanomaterials in electronics, sensing technologies, mechanical
equipment, and batteries are discussed. Lastly, critical views on future steps and
prospects to implement this idea into commercially feasible practice are provided in
the conclusions, as recommendations for engineers and researchers.

8.2 CARBON NANOSTRUCTURES (CNSs)

The very basis of the structural formation of different CNSs is centered on different
ways of bonding with other carbon atoms or other elements in sp, sp?, and sp* hybrid-
ization states. In this section, different types of carbon, that is nanoallotropes, are
discussed. Georgakilas et al. (2015) presented three different ways to classify CNSs.
The first one is based on covalent bonds of the C atom, the second one is according
to morphological characteristics, and the third one is in terms of dimensions.
Considering covalent bonds linking the C atoms, CNSs are classified into two
types. The first type includes graphene, made of sp? hybridized carbon atoms closely
packed together hexagonal crystal lattice. Examples of this type are graphene,
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nanosheets made of graphene, CNTs, carbon nano-onions, and carbon quantum dots.
The second type of this classification includes CNSs with both sp? and sp? states,
but in different proportions and mixtures of amorphous and crystalline graphitic
regions. As of now, the only member of this type is the nanodiamond. The morpho-
logical classification is done on whether the carbon nanoallotrope has empty space
internally or not. Fullerenes, CNTs, and nanohorns have empty internal spaces. On
the other hand, graphene, nanodiamonds, carbon nano-onions, and carbon quantum
dots have no internal spaces.

Lastly, the classification of CNSs in terms of dimension is defined as the number
of dimensions that is outside the scope of the nanoscale range in the correspond-
ing material. For example, the nanomaterial is 0D when none of the dimensions
are outside the nanoscale, that is, all three dimensions can be measured at the
nano-level. Such materials are fullerenes, carbon nano-onions, carbon quantum
dots, and nanodiamonds. If one dimension of the nanomaterial cannot be mea-
sured in the nanoscale, it is a 1D nanomaterial, for instance, CNTs, carbon nano-
fibers, and carbon nanohorns. These members are again classified into SWCNTs
and multi-walled CNTs (MWCNTs). Finally, 2D nanostructures have two of three
dimensions that are out of the scope of the nanoscale level, such as graphene,
graphene nanoribbons, and few-layer graphene with their derivatives (graphene
oxide (GO) and reduced GO) (Georgakilas et al., 2015; Nyholm & Espallargas,
2023). Figure 8.2 shows a diagram to overview the CNSs in terms of dimension,
and Table 8.1 provides their basic structural characteristics. Figure 8.3 presents
the structural diagrams of the carbon nanomaterials discussed in this section and
their family structure.

Fullerenes Carbon nano-onions (CNOs) Carbon quantum dots (CQDs) Nanodiamonds (NDs)

Carbon nanostructures

Single-walled carbon nanotubes Multi-walled carbon nanotubes Graphene Graphene oxide (GO) ~Reduced graphene
(SWCNTs) (MWCNTSs) oxide (rGO)

FIGURES8.2 Classification of CNSsin terms of dimensions. (Reproduced from ref Nyholm &
Espallargas, 2023.)
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TABLE 8.1

Different Members of CNSs with Structural Characteristics

Dimension CNS Structural Characteristics
0D Fullerenes Hollow, close-caged, truncated icosahedral (sp? hybridized)
Smallest possible: C,,
Most abundant and smallest stable: Cg,
Outer diameter of 0.71 nm
Carbon Made of concentric graphite shells
nano-onions Outer diameter: 10 nm—1 pm
Inner diameter: 0.7-1 nm
Carbon Mostly contain sp® hybridized and amorphous in nature carbon atoms
quantum dots while crystalline graphite structure results in strong
photoluminescence
Size: 2-10nm
Nanodiamonds  sp? hybridized carbon atoms in crystal with diamonded-like topology
Size: 1-20nm
1D SWCNTs Tubular nanostructured, single-layered graphene sheet
Length: 50 nm—1 pm
Diameter: Typical 0.4-2nm
MWCNTSs Tubular nanostructured, but consist of several layers arranged
concentric cylinders of graphitic carbon
Length: 10 nm—1 pm
Outer diameter: 2.5-30nm
2D Graphene and  Crystalline carbon film with the carbon atom of sp? hybridization
their arranged in a hexagonal honeycomb lattice
derivatives Single graphene sheet is of 10—15nm
3D Graphite Layer structure where carbon atoms are hexagonal in each layer, where

each layer is a graphene layer

Source: Reproduced from refs Chung (2002), Georgakilas et al. (2015), Giubileo et al. (2018),
Goswami et al. (2021), Norizan et al. (2020), Ren et al. (2023), and Shenderova et al. (2002).

8.3 FABRICATION OF CNS

8.3.1 CHemicaL VAPor DeposiTioN (CVD)

CVD, which may also be called catalytic growth, typically involves the decomposi-
tion of hydrocarbons (with the more commonly used ones including ethylene and
acetylene) within a reactor at temperatures within the range of 550°C-750°C in the
presence of a catalyst; this step is subsequently followed by a cooling process which
fosters the formation of CNT structures (CNTs) as depicted in Figure 8.4. It is been
found that Fe, Ni, and Co (all of which have been found to work just as well in
other CNT synthesis methods) are the best catalysts for the facilitation of nanotubes
growth with the presumption that with regards to the contact force between the cata-
lyst particles and the substrate, nanotubes may emerge from the catalyst nanopar-
ticles inserted in the pores as tip or base growth (Popov, 2004). The general principle
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FIGURE 8.4 Simplified demonstration of the CVD process. (Reproduced from ref Popov,
2004.)

of this method begins with the introduction of hydrocarbon vapor via carrier gas
(nitrogen and hydrogen) into the reaction chamber, where along with the metallic
catalyst, the mixture is heated. The carbon is the separated from the hydrogen where
the latter escapes while the former crystallizes in the form of a cylindrical frame-
work. This reaction is sustained by the endothermic and exothermic nature of the
hydrocarbon decomposition and the carbon crystallization accordingly. The forma-
tion of the nanotubes finally stops when the metal substrate is fully saturated with
the crystallized carbon (Baker & Waite, 1975). Within this process, the production of
SWCNTs and MWCNTs is typically decided by the particle size of the metal catalyst
used in the process (Sinnott et al., 1999).

This methodology depends on several other parameters that also determine the
properties of the product some of which include the processing time, pressure, gas
flow rate, catalyst, and hydrocarbons used to initiate the process. For example, the
structure of the resulting CNT is dependent on the structure of the precursor hydro-
carbon as linear hydrocarbon typically produces straight and hollow CNT while
cyclic hydrocarbons produced relatively curved CNTs (Nerushev et al., 2003; Pant et
al., 2021); a notable trend within this process dictates that the density and the growth
rate of the CNS are proportional to an increasing temperature, with this increase also
resulting in a tendency for increased vertical alignment.
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Furthermore, when it comes to the selection of the carrier gas, it is important
to note that the individual components of the synthesis process must be in thermal
equilibrium with the transport gas in order to prevent the formation of vapor con-
densation upon contact with any cool surface. Because of this, the surfaces and reac-
tive chemical components of the system participating in the reaction are generally
warmer than the supply of transport gas (Pant et al., 2021). Prior to the introduction
of the decomposition reaction, the different phases that the precursor hydrocarbon
might undertake undergo processing. Liquid hydrocarbons such as benzene and alco-
hol would first be heated with the vapor released being delivered by the carrier gas
into the reaction chamber; on the other hand, solid precursors are placed directly
into the reaction chamber where they undergo sublimation transition. Furthermore,
the catalysts may also be used in different phases where they are typically fed via
the floating catalyst method which involves conducting catalyst vapor pyrolysis at an
appropriate temperature, where in-situ metal nanoparticles are released. In addition,
substrates with catalyst coatings can be used in the reaction and put within the sys-
temic reactor in order to start the CNT development.

This method has proven to be quite useful in the synthesis of CNTs as the advances
made have resulted in the reduction of capital costs and resources used while pro-
ducing high-quality CNTs in relatively large amounts (Dai, 2001). There are various
studies that utilized CVD approach to synthesize CNTs, graphene, and other carbon-
based nanomaterials (CNMs). A study by Kumar et al. (2013) was carried out using
spray pyrolysis-assisted CVD method to grow CNTs using jatropha-derived biodiesel
which was used as a carbon source, assisted with ferrocene (Fe(CsHs),) as a source
of iron (Fe) which acts as catalyst. Using thermal CVD and with application of fer-
rocene catalysts, Suriani et al. (2013) had successfully synthesized waste chicken
fat as the carbon source at a high temperature of 750°C (deposition temperature) for
an hour processing time. However, CVD does not come without its detriments as
the CNSs grown by this process are observed to have high defect densities; this was
attributed to the relatively low growth temperature which prevents adequate anneal-
ing of the CNTs.

8.3.2 ARrc DISCHARGE

Arc discharge (Figure 8.5) typically involves the use of graphite electrodes placed
at a distance of lmm in an inert atmosphere — which may be either an inert gas or a
liquid environment — to produce CNTs. The anode is usually filled with a powdered
carbon precursor along with a catalyst while the cathode is composed of pure graph-
ite. The process uses a 20-25V, 50-120 A current to generate high temperatures
(around 5,000 K) which subsequently evaporates the precursor (via sublimation); the
gaseous carbon proceeds to condense onto the cathode (due to the temperature dif-
ference) where along with the soot the sample is collected and purified to obtain the
CNTs (Harris, 2004; Tijima, 1991).

While a number of experiments and observations have been made, the mecha-
nism behind the growth of these CNTs is yet to be fully understood. A proposed
outline of the synthesis suggests that, during the arc generation of the electrodes, the
high temperatures generated turn the surrounding gas into plasma (within the area
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2014

between the electrodes). Due to the intense heat produced from the resistance of the
electrodes, the carbon precursor undergoes sublimation and is then turned into car-
bon vapor which in turn decomposes into carbon ions. The carbon vapor then drifts
toward the relatively cooler cathode where they undergo condensation into liquid
carbon and due to the environmental conditions further crystallize to produce cylin-
drical structures on the cathodes surface (Arora & Sharma, 2014).

The CNTs produced were found to be in the form of tubes with diameters ranging
from 4 to 30nm (depending on the density of carbon vapor in the plasma) and 1 pm
in length. Using transmission electron microscopy, MWCNTs were thus discovered
and were described as needles comprised of coaxial tubes of graphitic sheets with
layers ranging from 2 to roughly 50 in number. Moreover, it was reported that the
carbon needles ended with a polygonal, cone-shaped, or curved caps formed due to
the instability of the plasma, with the presumption that the tubes underwent spiral
growth steps at these ends (Iijima, 1991). This process is governed by several param-
eters each playing a key role in the quantity and quality of the produced CNSs; these
parameters include the operating current and arc properties, environmental condi-
tions, electrode shape, and catalyst.

When an AC is used, the CNTs were observed to have been deposited onto the
walls of the chamber as opposed to being on the cathode; this was attributed to
the thermal effect created by this current. However, a method termed as pulsed arc
method involves pulses (in the milliseconds) generated by an AC, striking the anode
surface in order to assume the expected process of CNT collection at the cathode.
On the other hand, DC current usually involves the continuous vaporization of the
carbon precursor and along with the high temperature gradient (originating from the
lower current density of the cathode due to its relatively smaller diameter) results in
the aforementioned mechanism taking place. Between these operating currents, it is
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reported that the pulsed method is the most convenient as the DC method tends to
impede the process due to the continuous flow of the ionized gas, while AC tends to
have a reduced yield due to the CNS formation only occurring at the positive cycles.

Besides the operating currents flow, the strength also has its effect on the result-
ing CNTs as reported by multiple papers. There were also studies proposed different
current densities for better CNT yield with Nishizaka et al. (2011) and Matsuura et al.
(2009) reporting 250270 and ~450 A/cm? accordingly. Moreover, it has also been
reported that low currents typically result in lower yields (as per the correlation) due
to an unstable arc with the current used having no effect whatsoever on the structure
of the CNT (Matsuura et al., 2009; Scalese et al., 2010).

The catalyst used also plays a vital role in the resulting properties of the CNTs,
where it has been suggested that the size and yield of the nanotubes is governed by
the metal catalyst particle size and concentration, with Wang et al. (2004) reporting
that the wt% of the catalyst (iron (Fe) in this context) should not be more that 10%
as larger concentrations might hinder the flow of carbon vapors toward the cathode.
Moreover, it was observed by Lin et al. (1994) that the catalysts tend to favor the pro-
duction of SWCNTs rather than MWCNTs with the most common catalysts being Ni,
Fe, and Co; however, other studies have disputed this with the formation of MWNTs
in the presence of these catalysts (Jahanshahi et al., 2010; Kim & Kim, 2006; Song
et al., 2007; Tsai et al., 2009).

Additionally, it has been shown that the creation of MWCNTSs can be accom-
plished in an open vessel while liquid nitrogen is submerged beneath the surface
(Ishigami et al., 2000) without the need to evacuate the reactor. The purpose of nitro-
gen gas is to completely purge all oxygen to allow for quick reactions. The ease of
the experimental setup and the prospect of a straightforward approach to the reac-
tion chamber during the operation made this method highly appealing. However, the
excessive evaporation brought on by the arc discharge results in a relatively limited
thermal exchange between the environment and the carbon material produced. As
a result, the majority of the synthesized MWCNTs exhibit poor structural quality.
Furthermore, it has been observed that MWCNTSs and polyaromatic carbon shells
can be created using arc discharge in deionized water (Lange et al., 2003; Sano et
al., 2001; Zhu et al., 2002). In addition to offering a more favorable environment than
liquid nitrogen, liquid water also offers the ideal temperature conditions needed to
produce MWCNTs of high quality (Liu et al., 2014). This is due to the fact that no
significant effects are seen when water and heated carbon react. To obtain highly
pure MWCNTs, the generated amorphous carbon is likely simply eliminated by ther-
mal oxidation.

8.3.3 CARBONIZATION/PYROLYSIS

8.3.3.1 Conventional Pyrolysis

This form of CNT synthesis takes the principles of pyrolysis to produce the nano-
structures, where the temperature is maintained within the ranges of 300°C—600°C
(and in some cases >600°C) to foster the thermal decomposition of coal (along with
other carbon biomass sources) and the secondary cracking of products. A study by
Das et al. (2016) highlighted the procedure where it is reported that a high-sulfur
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coal (collected from molten alkali leaching) was mixed with KOH and NaOH before
undergoing catalytic pyrolysis at temperatures of 350°C. The solid products were
then collected and mixed with HCL — at a ratio of 4:1 — before being heated for
15min at 100°C, from which differing CNSs were obtained. Within this procedure,
it was pointed out that the use of molten alkali leaching was hugely beneficial as the
method allowed for the reduction of by-products and retardation of the coals binding
structure (which ultimately aided in the formation of the nanomaterials).

Other instances report of synthesizing highly graphitic nanostructures — with
coconut coir dust as the precursor via pyrolysis combined with hydrothermal car-
bonization pretreatment (Barin et al., 2014). Moreover, from the study carried out
by Thompson et al. (2015), it was found that bamboo-like graphitic nanostructures
could be produced from pyrolyzing softwood sawdust at 800°C with Fe as the cata-
lyst, all of which could be carried out in a single step; the authors’ research revealed
the creation of catalytic Fe;C particles, which was said to aid in the growth and
formation of the graphitic structures. Similar methods were used by Sevilla et al.
(2007) in order to create graphitic CNSs from pinewood sawdust. The biomass was
then heated for 3 hours in an inert environment at a temperature between 900°C and
1,000°C after being infused with a nitrate solution in ethanol. The authors postulated
two catalytic graphitization mechanisms: (1) dissolution into metal particles and sub-
sequent graphitic carbon precipitation; and (2) creation of carbides and their thermal
breakdown, which results in the formation of graphitic carbon. In a different study,
in order to create GO-CD composites, Sankaranarayanan et al. (2019) used hydro-
thermal carbonization using deionized water and macroalgal bio-oil as the green
carbon sources, whereby an autoclave reactor was used to heat the reaction mixture
at 170°C for 4 hours.

8.3.3.2 Microwave Pyrolysis

Similar to the conventional pyrolysis process, microwave pyrolysis utilizes the
heating of carbon precursors to produce CNS with it differing in the method of
heating — which is instead carried by microwaves. Essentially, the precursor is uni-
formly heated within a microwave field where CNTs and CNFs are formed from the
resultant plasma. This method has proven to be superior to the conventional method
due to having better mass transfer of volatiles and a more uniform heating, all of
which result in an increased CNT yield. Moreover, this allows for the procurement
of CNTs from renewable biomass resources without the need for a catalyst or addi-
tional gases.

A study by Shi et al. (2014) reported the use of a mix of gumwood biomass and
silicon carbide being used at 20:1 mixing ratio undergoing pyrolysis at temperatures
of 500°C, where CNTs discovered to have formed on the biochar product. Another
study reports using the same method (albeit at temperatures around 550°C) with
palm kernel shells as the precursor to produce hollow carbon nanofibers with a crys-
talline structure.

8.3.3.3 Mechanical Exfoliation

Mechanical exfoliation is a relatively straightforward method whereby graphene
is collected from the exfoliating of graphite. The graphite bulk is peeled layer by
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layer in which “mechanical energy” is utilized to break apart the Van der Wall
forces between the adjacent layers. There are two ways that exfoliation may be
carried out, these being via normal or shear force. The normal force route, as the
name implies, uses a normal force that is otherwise dubbed as micromechanical
cleavage which may simply be carried out by scotch tape; on the other hand, the
shear force method, also being as intuitive as it sounds, essentially takes advan-
tage of graphite self-lubricating ability to promote relative motion between the
graphite layers (Novoselov et al., 2004). Moreover, despite the fact that a signifi-
cant amount of GO monolayer could be created by chemically oxidizing graphite
and then exfoliating the resultant material, structural defects on the GO were
revealed by Raman spectra (Eda et al., 2008; Stankovich et al., 2007), with the
high intensity of the D-band for reduced GO serving as a sign of the presence of
a significant number of defects.

While these methods are relatively simple and inexpensive, it is also highly time-
consuming and labor-intensive, thereby hindering its scalability potential; this draw-
back limits its utilization to laboratory research alone (Yi & Shen, 2015). Another
hindrance of this method is that fragmentation may occur, as shown in Figure 8.6;
this is when large graphite pieces break laterally which while making it easier to
exfoliate (lower overall Van der Waal forces between the layers) also reduces the
surface area of the layers which is undesirable (Figure 8.7).

Nonetheless, there have been other attempts at advancing the scalability of gra-
phene exfoliation, as in one instance, Jayasena et al. (2014) created a lathe-like exper-
imental apparatus to cleave highly orientated pyrolytic graphite (HOPG) samples
for producing graphene flakes, where an extremely sharp crystal diamond wedge is
held stationary while the work material (graphite embedded in epoxy) is fed onto the
wedge resulting in cleaved graphite flakes — the working principle is similar to that of
the industrial manufacturing method. Another method that enhances the scalability
of this method is termed sonification, which involves dispersing graphite powder
within an organic solvent and subsequent sonification and centrifugation; however,
this method has been observed to have relatively more defects than the conventional
method and may result in inferior graphene due to excessive cavitation (Hernandez
et al., 2008; Polyakova et al., 2011).

I I Normal force Shear force
Fragmentation “
<

FIGURE 8.6 Depiction of the various manners in which the graphene may split apart (Yi
& Shen, 2015).
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FIGURE 8.7 Mechanism behind the peeling via the sonification method. (Reproduced
from ref Yi & Shen, 2015.)

8.3.4 LASER ABLATION

This process involves the vaporization of graphite target enclosed in a quartz glass
tube to obtain CN'Ts. This method of CNT synthesis is similar to that of arc discharge
in that they both involve the vaporization and condensation of a graphitic target —
with the exception that laser ablation uses a laser beam to initiate its vaporization.
This method also requires a controlled intensity of the laser beam, as below the
required threshold, the beam simply heats the target, and above it then large chunks
of the material are discharged as opposed to a small amount on the outer surface. The
laser vaporizes a target that is enclosed within a quartz glass tube that is itself within
a furnace with temperatures ranging from 800°C to 1,500°C (Figure 8.8). Moreover,
an inert gas typically within the ranges of 500 Torr passes through the tube with the
role of carrying the soot formed into a water-cooled Cu collector (Arepalli, 2004;
Herrera-Ramirez et al., 2019; Popov, 2004).

As with most CNT synthesis methods, catalysts are used in the production of the
nanostructures with Ni and Co being among the most commonly used. The use of
catalysts is not necessarily a requirement as some studies report the production of
CNTs from pure graphite; however, their presence dictates the production of SWNT
and MWNT, as processes containing catalysts are known to produce only SWNTs
(Thess et al., 1996). The function of catalysts has been surmised in the “scooter”
mechanism, whereby a metal atom with a high electronegativity — which can retard
the formation of fullerenes while being effective at catalyzing the nanotube growth —
gets chemisorbed onto the open edge of a nanotube where it absorbs small carbon
molecules and promotes the formation of a structure similar to that of graphitic
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FIGURE 8.8 Laser ablation method where the laser beam is used to vaporize a graphitic
target. (Reproduced from ref Herrera-Ramirez et al., 2019.)

sheets. This continues until the particle detaches or becomes over saturated, thus
ending the catalysis and determining the tip structure of the nanotube (Popov, 2004).

While this process is known to have high conversion rates with yields in the
realm of >70%, it also comes with the drawback of being very expensive to conduct.
This is largely due to the amount of cost going into acquiring and powering the
equipment with the laser taking up a large chunk of this cost. Another downside
is that the CNTs are usually procured from the resultant soot where purification
is required to separate the CNTs from the by-product, and this procedure more or
less affects the quality of the final product. Table 8.2 shows the summary of com-
parison of the advantages and disadvantages of each fabrication approach for better
understanding.

8.4 PLETHORA APPLICATION OF CNS

A wide range of prospects for the practical uses of CNMs generally dictate by its
distinctive physical and chemical features, prompting a surge in their manufacture.
Graphene and CNTs have been recorded to have the most extensive area of uses
including in composites, coatings and textiles, energy storage as well as in sensors
(De Volder et al., 2013). As of 2019, industrial manufacturing of CNTs and graphene
has already surpassed several thousand tons where its production costs are signifi-
cantly low (Taylor et al., 2021). Due to their mechanical properties with higher tensile
strength, they are widely used as reinforcing agent in polymers and other materials
in order to fabricate advanced composites with improved properties (Ahmad & Pan,
2015; Nurazzi et al., 2021).

From previous recently published review works, it can be summarized that due
to that CNTs can be applied in producing strong and ultra-light materials which
favors various sectors especially automotive sector (Peddini et al., 2014), aviation
(Gohardani et al., 2014), wind (Loh & Ryu, 2014; Ma & Zhang, 2014) and marine
turbines (Ng et al., 2013), sports equipment (De Volder et al., 2013; Tan & Zhang,
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TABLE 8.2
Comparison of the Advantages and Disadvantages of Each CNS Synthesis
Method
Method Benefits Drawback References
CVD High yield of CNTs  High production cost, Pant et al.
Numerous sources of raw although can be considered (2021),
material relatively low cost in Pierson
High purity of CNT large-scale productions (1999),
Relatively simple and flexible » High defect densities due and Wu
technology to low temperature et al.
Exceptional scalability potential preventing adequate (2022)
Relatively mild conditions annealing
required for CNT production
Arc discharge May be optimized for e Numerous impurities Mubarak
continuous production while within produce etal.
providing high-quality * Requirement of pure (2014)
MWNCT graphite target limits
High yield of CNTs may be scalability
easily produced * Energy extensive especially
Selective (between SWNT and for large-scale production
MWNT) by simply varying * Additional purification
catalyst raises production costs
Carbonization Wide variety and easily e High amount of impurities ~ Wu et al.
(pyrolysis) accessible raw material e Typically, a discontinuous (2022)
Relatively simple process process
High scalability potential
Exfoliation Conventional method is very * Low scalability potential Yi & Shen
inexpensive due to absence of * Probability of (2015)
machinery fragmentation (breaking
apart into layers) remains
an issue
Laser ablation Relatively ease of purification » Expensive equipment Mubarak
May also be considered required for production et al.
selective with varying catalyst e Energy extensive (2014)

use
Continuous and rapid
production of CNTs is possible
(positive scalability potential)

Relatively low yield of
CNTs

Graphitic target still limits
scalability

Additional costs due to
requirement of purification

2012), and other structure materials. CNTs also can be employed in a variety of
electrical applications (De Volder et al., 2013; Park et al., 2013) due to its better
electrical conductivity, current carrying capacity, and thermal conductivity. Other
than that, graphene and its derivatives offer a wide range of applications, including
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electronics, biochemical sensors, in solar cells as well as agriculture. Fullerene has
numerous uses as well, as it was widely used in medicine (Shi et al., 2014; Tong et al.,
2011), including gene and drug delivery (Uritu et al., 2015), as well as in cosmetics
(Bergeson & Cole, 2012; Kato et al., 2010). Thus, in this section, various applica-
tions and possible uses of CNMs produced from bio-oil and other bio-sources will
be summarized.

8.4.1 ELectrRONIC DEVICES

The significantly delocalized electronic structure of sp? hybridized CNMs implies
that they are suitable for use as high-mobility electronic materials. The wide range
of electronic properties of CNMs as a function of their chiral vector, along with their
quasi-one-dimensional structure, opens up a number of intriguing possibilities for
electronic applications.

8.4.1.1 Semiconductor

The growing demand of mobile electronics has encouraged researchers and industrial
players to explore semiconductor materials that can be utilized in large-area, flexible
macro electronics. Thus, according to Kumar et al. (2005), CNT-based semiconduc-
tors have demonstrated equivalent or greater field-effect mobility than the majority
of commercialized organic and inorganic semiconductors in electronic application
(Forrest, 2004). Furthermore, CNT thin films are chemically inert in the ambient
environment and also have appealing mechanical and optical characteristics, mak-
ing them ideal for flexible and transparent electronic devices (Rouhi et al., 2011). The
incorporation of CNT thin films with flexible substrates, on the other hand, provides
distinct production and processing obstacles that must be solved.

8.4.1.2 Lighting Application

Several researches have recently employed CNT emitters in lighting applications.
Field emission flat-panel luminescent lamp incorporating CNT emitters might
be viable option for this application (Bonard et al., 2001; Chen et al., 2003). Flat
fluorescent light is commonly employed as a backlight in liquid crystal displays,
and has the benefit of being mercury-free, controllable, able to necessitate a very
significant brightness intensity of about 5,000cd/m? with a long cycle life and
good luminance uniformity. Bonard et al. (2001), for instance, effectively coated
MWCNT on metallic wire and constructed a field emission luminescent tube with
a brightness intensity of 10,000 cd/m?2. To provide greener solution, Suriani et al.
(2010) employed leftover cooking palm oil as a raw material to fabricate VACNT as
shown in Figure 8.9 which exhibited promising field electron emission potentials,
which yield field enhancement, f, of 2,740, turn on electric field of 2.25 V/um,
threshold electric field of 3.00 V/pm, and maximum current densities of 6 mA/cm?,
as field emitter applications. There are also various recently published researches
which had been done by other research groups (Liu et al., 2021; Park & Lim, 2022;
Yoo & Park, 2022; Youh et al., 2020) to show the ability of CNTs in this field for
further applications.
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FIGURE 8.9 (a)-(c) FESEM images of VACNTSs derived from waste chicken fat with dif-
ferent focus magnification, and (d) HRTEM image of MWCNT produced. Reproduced from
ref Suriani et al., 2010.)

8.4.2 SENSOR APPLICATION

In order to facilitate production, CNT thin films and vertically grown CNT arrays
have been studied for chemical-sensing applications. Recent studies employed as-
grown heterogeneous CNT nanocomposites as chemiresistive sensors for detecting
various volatile organic compounds (Kennedy et al., 2017; Sinha et al., 2021; Yoon
et al., 2021), ammonia (NH;) (Hamouma et al., 2019; Kim et al., 2022; Zhang et al.,
2019), and dimethyl methyl phosphonate (Nurazzi et al., 2021; Tang et al., 2017).
Selectivity difficulties were resolved to some extent by functionalizing these CNTs
with both covalent (Bekyarova et al., 2004) and non-covalent (Novak et al., 2003)
functionalization. Because each device efficiently averages the effects of the thin
film’s huge number of CNTs, device-to-device repeatability with great sensitivity
may be accomplished over broad regions. Moreover, Alancherry (2018) studied the
feasibility of CNS for gas-sensing applications by employing a plasma-assisted CVD
process to manufacture CNSs from Citrus sinensis essential oil. C. sinensis essential
oil, obtained by cold-extracting orange peels, is a rich source of naturally produced
hydrocarbons, especially limonene. To examine the effectiveness of acetone sensing,
C. sinensis oil was transformed into vertically oriented graphene nanostructures and
combined into a sensor device.

Graphene has additionally been researched for employment in biosensors.
Following in the footsteps of CNT biosensors, graphene biosensors have been
employed for label-free protein detection (Ohno et al., 2009). While the earlier studies
lacked sensing selectivity, recent investigations utilizing non-covalently functional-
ized graphene have demonstrated selective detection of biomolecules. A Pt nanopar-
ticle-modified r-GO FET, for example, was utilized to detect DNA precisely (Huang
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et al., 2010), while r-GO functionalized with an Au nanoparticle—antibody conjugate
was implemented to sense a protein exclusive to the antibody. Non-covalently func-
tionalized CVD graphene may also detect glucose and glutamate in solution with
good sensitivity and specificity (Huang et al., 2010).

8.4.3 AGRICULTURE

CNMs have sparked considerable attention in agricultural applications. However,
the current research shows that CNM exposure has a varied effect on plants, ranging
from increased crop yield to acute cytotoxicity and genetic change. These apparent
inconsistencies in study findings pose substantial barriers to the widespread appli-
cation of CNMs in agriculture. Despite several challenges faced, the research and
development regarding this field is still growing (Mukherjee et al., 2016; Zaytseva &
Neumann, 2016) especially in several sectors—seed germination sector, target deliv-
ery of agrochemicals and fungicides.

8.4.3.1 Seed Germination

Seed germination is an intriguing field of study that plays an important function in
plant physiology and facilitates quick agricultural plant production. Many nanomate-
rials, including carbon compounds, have been successfully used in the germination
of seeds from diverse plant sources (Khodakovskaya et al., 2009). Carbon dots (CDs)
have also been shown to be an active component in seed germination/plant growth
experiments due to their better physiochemical capabilities (Chakravarty et al., 2015;
Tripathi & Sarkar, 2015). Because of their potential toxicity, the use of non-renew-
able-source-derived CDs for seed germination may be restricted.

The use of CDs which is currently generated from non-renewable sources for seed
germination has been hindered due to their possible toxicity. Thus, the generation
of CDs from renewable resources for efficient seed germination is a greener method
that can help with the maintenance of the ecosystem. Via hydrothermal treatment of
bio-oil derived from brown macroalgal biomass (Macrocystis pyrifera) cultivated in
a floating aquaculture system, a novel attempt was made to produce GO-CD com-
posite. It was discovered that a low concentration of the composite enhanced plant
growth as it was tested for mung bean seed germination. Sankaranarayanan et al.
(2019) employed a hydrothermal technique to develop a GO-CD composite that emits
green light that used brown macroalgal biomass as the carbon source. The manufac-
turing processes for the GO-CD are depicted in Figure 8.10, and the seed germina-
tion efficiency is then examined.

8.4.3.2 Agrochemical Delivery System

The advancement of smart agrochemical carrier system, a novel technology for
agrochemical target delivery, has various significant benefits. Encapsulated agro-
chemicals display enhanced resilience and resistance to deterioration, with the
goal of reducing the amount of agrochemicals used and increasing their perfor-
mance (Gonzélez-Melendi et al., 2008). According to Sarlak et al. (2014), fungi-
cides encased in MWCNTs functionalized with citric acid were more harmful to the
Alternaria alternata fungus than the bulk pesticide that was not even encapsulated.
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FIGURE 8.10 GO-CD production from Macrocystis pyrifera-derived bio-oil and its inves-
tigation for mung bean seed germination. (Reproduced from ref Sankaranarayanan et al.,
2019.)

SWCNTs and ceria nanoparticles, according to a new study, may be transported into
isolated chloroplasts. By adding electrons to the photosynthetic electron transport
chain and gradually diffusing into the chloroplast membrane, these nanomaterials
were able to alter photosynthetic activity (Giraldo et al., 2014). In addition to their
use in agriculture, CNTs are being investigated for their potential as therapeutic
molecular transporters in animal cells (Anzar et al., 2020; Das et al., 2013; Khan
et al., 2013).

8.4.3.3 Fungicides and Herbicides

Carbon-based nanostructures are interesting candidates for the synthesis of new
fungicides owing to their anti-fungal characteristics. From previous literature, it
is recorded that SWCNTs outperformed other CNMs, studied against two plant
pathogenic fungi, Fusarium graminearum and Fusarium poae. Fullerenes and
AC, on the other hand, were generally ineffective for fungicide application.
According to Wang et al. (2014), interaction between the nanoparticles and the
fungal spores leads to plasmolysis, which is associated with decreased water con-
tent and growth inhibition, and appears to be essential for antifungal effectiveness.
Other studies have connected the anti-microbial activity of GO to the creation of
microbial membrane damage, disturbance of the membrane potential (Chen et
al., 2014), electron transport (Liu et al., 2012), and oxidative stress via increased
reactive oxygen species production (Hui et al., 2014). The above-discussed CNMs
with antifungal and antimicrobial capabilities attracted a lot of attention since
they might be used as cutting-edge fungicides and disinfectants that are suited
for agricultural uses. It is challenging to foresee, however, how the mentioned
in-vitro features would emerge when the CNMs or CNM-containing products are
discharged into the environment due to the mostly unknown behavior of CNMs in
complex environmental matrices.
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8.4.4 WASTEWATER TREATMENT/METAL ADSORBENT

Due to its vast surface area and capacity to adsorb a variety of organic and inor-
ganic pollutants, activated carbon (AC) has been widely employed as a sorbent for
traditional wastewater treatment. However, AC has a sluggish rate of adsorption, is
a non-specific adsorbent, and has a poor level of efficiency against microbes. Pore
obstruction in AC is frequently brought on by the presence of particles, oil, and
grease in wastewater. Furthermore, AC must be changed on a regular basis since it is
regularly removed along with the impurities it has adsorbed. With multiple instances
in the literature, the use of CNMs in this context offers a great potential to enhance
wastewater filtering systems (Das et al., 2014; Liu et al., 2013; Qu et al., 2013; Smith
& Rodrigues, 2015).

It has been reported that the adsorption capacity of CNTs toward microcystins
(cyanobacterial toxins) (Yan et al., 2006), lead (Li et al., 2002), and copper (III)
(Dichiara et al., 2015) was even stronger than that of AC. Multi-walled nanotubes
have been also used for sorption of antibiotics (Zhang et al., 2011), herbicides (Deng
et al., 2012), or nitrogen and phosphorus in wastewater (Zheng et al., 2014). On the
other hand, fullerenes as well as CNTs exhibit a mobilization potential for various
organic pollutants, such as lindane (agricultural insecticide) (Srivastava et al., 2011)
and persistent polychlorinated biphenyls (Wang et al., 2013). The primary advantages
of CNMs are their enormous surface area, mechanical and thermal robustness, sig-
nificant chemical affinity for aromatic compounds, and potential antibacterial prop-
erties (Yoo et al., 2011). Additionally, as pollutants may be desorbed from CNMs,
filters made of CNMs are recyclable and greener (Choi et al., 2010; Wang et al.,
2014). Tripathi et al. (2012) synthesized carbon nanospheres in a thermal catalytic
vapor reactor using natural, non-edible castor oil as the carbon source and three dis-
tinct transition metals (Ni, Zn, and Co) as catalyst. Arsenic in water may be removed
using carbon nanospheres, according to research. Li et al. (2004) studied the heavy
metal adsorption by CNT. They found that CNTs are extremely effective in remov-
ing lead from water due to their exceptional potential for adsorption. Adsorption is
greatly influenced by the pH of the solution and the state of the CNT’s surface.

Commercial wastewater cleanup technology applications are still limited by
issues with CNM’s high production costs, the difficulty of finding CNTs with a uni-
form size and diameter distribution, uncertainty about the CN'Ts’ potential for leach-
ing, environmental safety issues, and issues to health.

8.4.5 MECHANICAL APPLICATIONS

Due to the great variety of their morphologies, outstanding corrosion resistance,
excellent mechanical behaviors, and high thermal conductivity, carbon materials
have been the subject of extensive research in the fields of optics, electrochemistry,
mechanics, and tribology for many years. CNTs and graphene are the allotropes
of carbons with sp? hybridization that have drawn the most attention due to their
exceptional charge carrier mobility (Avouris et al., 2007; Mittendorff et al., 2014;
Norizan et al., 2020), electrochemical stability (Raccichini et al., 2015), mechanical
stretchability/flexibility (Harussani et al., 2022; Lipomi et al., 2011; Park et al., 2013;
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Rogers et al., 2010; Won et al., 2016), and so on. The widespread usage of CNTs and
graphene in electronics, chemical separation, catalysis support, and super lubricity is
a result of their exceptional features.

8.4.5.1 Composites in Automotive, Aerospace, and Marine Industries

According to a study by Lourie and Wagner (1998), one can see that the mechanical
characteristics of CNTs rely on the sp? strength of the nanotubes’ C—C bonds, mak-
ing them suitable as reinforcement fibers for matrixes. It is interesting to note that
these kinds of bonding are even more powerful than the sp? diamond bonds. Due to
its electronegativity feature, the carbon atom in a nanotube creates a planar honey-
comb lattice that is excellent at creating covalent connections with other elements.
The assessment of how tightly an atom hangs onto the electrons in its orbit depends
on this electronegativity feature.

The kind of bonding at the interface, the strength of the interface, and the
mechanical load transmission from the surrounding matrix to the nanotubes all have
a significant impact on the characteristics of CNT/polymer composites. The weak
Van der Waals force between the polymer matrix and the CNT reinforcement is one
category of the mechanism of interfacial load transfer from the matrix to nanotubes,
according to the literature (Nurazzi et al., 2021). Better physical and mechanical
characteristics of CNT composites need an efficient transmission of load stress from
the matrix to the CNTs. The dispersion of CNTs in the polymer matrix by physical
and chemical modifications has a major impact on the performance of CNT/polymer
composites.

Because of their extreme lightweight and strong combination performance, CNTs
have the potential to be used in highly structural applications for aeronautics, auto-
motive parts, and marine ships. There are a lot of highly cited publications regarding
this sectors which thoroughly studies the influence of CNT and its derivatives toward
tensile, flexural, and impact strength of the reinforced polymer composites (Abazari
et al., 2020; Harussani et al., 2022; Moghadam et al., 2015; Nguyen-Tran et al., 2018;
Nurazzi et al., 2021).

8.4.5.2 Anti-Wear and Low-Friction Coatings

Tribological and mechanical investigations of graphene at the nanoscale reveal
that friction rises as the number of atomic layers reduces (Balog et al., 2010; Wu
et al., 2008) due to the strong electron—phonon interaction in single-layer epitaxial
graphene (Kwon et al., 2012) as well as the puckering effect (Choi et al., 2011). The
friction of graphene at the nanoscale may also be influenced by the sp3 function-
alization of the surface. The potential for bigger band gaps and less Van der Waals
interactions, which reduce adhesion forces and the number of free electrons, are
the causes of this (Balog et al., 2010; Elias et al., 2009). It has been established
that the outstanding monolayer-level protective stability and wear resistance of
graphene as a covering originated there. The macroscopic frictional behavior and
wear resistance of one-atom-thick graphene layer, which was created by chemically
exfoliating HOPG, were initially described by Berman et al. (2014). Moreover,
numerous studies have been conducted over the years to further enhance the anti-
wear properties using various arrangements, compositions, functionalization, and
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modifications to the graphene structure (Gémez-Gdémez et al., 2016; Kwon et al.,
2012; Wang et al., 2015; Ye et al., 2016) which have demonstrated very promising
wear and friction behavior.

A multistep self-assembly technique was created by Pu et al. (2014) to manufac-
ture the hybrid coating with the fullerene C60 on silicon surfaces. On the surface of
the amine-functionalized graphene, which was attached to the silicon surface via the
nucleophilic addition procedure, the pure C60 was evenly chemisorbed (Figure 8.11).
The fullerene C60’s outer layer promoted microsphere contact during sliding, which
would have reduced the contact area as a result of the cobblestone effect. In this
research, fullerene C60 and amino-functionalized graphene were mixed to create a
coating that included C60 and had benefits that went beyond their separate capabili-
ties in terms of friction reduction and anti-wear improvement.

According to studies on the MWCNTs-reinforced coating, the introduction of
MWCNTSs may be a valuable strategy to increase the coating’s durability and wear
resistance due to their ability to inhibit fracture propagation (Li et al., 2007). The
tribological behavior of an Al,O; coating reinforced with MWCNTs that had been
plasma-sprayed and had a thickness of around 400 m was examined by Keshri et al.
(2010). This coating showed a falling trend as the testing temperature increased. The
increase in wear resistance may be ascribed to the composite coating’s continued
high hardness, the protective layer’s broad area of coverage over worn tracks at the
elevated temperature, the bridging effect of MWCNTSs between splats, and other fac-
tors. Umeda et al. (2015) synthesized MWCNT coatings with network topologies on
a Ti substrate surface. By coating the substrate surface with MWCNT, the friction
coefficient was lowered by about 80%. The MWCNTSs’ self-lubricating and nano-
bearing characteristics allowed for the establishment of moderate sliding conditions
due to the coatings on the surfaces during contact. Numerous additional works have
also looked into effective lubrication coatings, including electroless MWCNTs/SiC
coatings, in a manner similar to these researches on the CNT-containing composite
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FIGURE 8.11 The schematic representation of the manufacturing methods for the hybrid
coating that contains fullerene C60. (Reproduced from ref Pu et al., 2014.)
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coatings (Li et al., 2007), MWCNTs/Cu composite coatings (Arai & Kanazawa,
2014), MWCNTs/epoxy coatings (Espésito et al., 2014), MWCNTs/polyurethane
nanocomposite coatings (Song et al., 2011), dual-layer MWCNTs/Ag coatings (Lee et
al., 2013), and MWCNTs/polyethylene oxide composite coatings (Ryu et al., 2014).

The nanodiamonds, unlike fullerene, CNTs, and graphene, include both sp? and
sp® carbon atoms, with the rebuilding of sp? being crucial to the stability of the mate-
rial (Mochalin et al., 2020). Currently, biocompatible and wear-resistant coatings
using nanodiamonds have been investigated (Bao et al., 2012; Koizumi, 2011). They
exhibit the desirable high hardness, surface areas, and customizable surface struc-
tures that allow for their special applications in cutting-edge fields including bio-
medicine and cosmetics. Similar to the CNTs, the nanodiamonds have the potential
to be used on a genuinely large scale (Osswald et al., 2006).

8.5 CONCLUSIONS

It is carefully considered if renewable resources like plant shoots or essential oils
may substitute petroleum-based feeds. Graphene, graphite-like structures, nano-
tubes, and closed shell nanoparticles are only a few examples of the CNSs that may
be produced from bio-oil through reaction. The research demonstrates that because
these resources are complicated, it is necessary to optimize the reaction conditions in
order to produce products with the correct microstructure and chemical composition.
A variety of proven high-performance applications for even high-purity CNS may be
synthesized at minimal cost, nevertheless, with the right adjustment of the process
parameters. The sheer volume of successful experiments that have been conducted
on this front thus far and are detailed herein verifies that it is feasible to create strate-
gies for the synthesis of such high-value products from common precursors.
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