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Abstract

nanotechnology. CNTs have been intensively examined by numerous experts across the world

Carbon nanotubes (CNTs) are one of the most distinctive innovations in the world of

over the last two decades due to their enormous potential in a variety of technical fields such
as nanoelectronics, biotechnology, material science, polymer, composite, and textile industries because
of their excellent polycrystalline, electrical, mechanical, and thermal characteristics. CNT synthesis
may be accomplished using a variety of approaches, for example, the arc-discharge process, chemical
vaporization deposition (CVD), and laser ablation. There are three types of CNT walls: single, double,
and multi-walled. The current study focuses on the synthesis, functionalization, characteristics, and

applications of carbon nanotubes (CNTs).
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Introduction

Nanotechnology provides a highly fascinating
and bright future for the textile industry. [1, 2] The
word nanotechnology refers to any technology that
operates on the nanoscale and has real-world
applications, that is, the use of single atoms and
molecules to construct functional structures.
Nanotechnology is associated with systems and
materials, the components and structures of which
reflect innovative, greatly enhanced chemical,
physical, and biological qualities, processes, and
phenomena due to their nanoscale dimension.[3]
Nanotechnology overcomes the limitations of
traditional processes or technology by improving
certain properties.[1, 4-9]

The rapid progress of nanoscience and
nanotechnology has created several prospects for
biological research in a variety of fields to build
revolutionary nano-based smart and
environmentally adaptive fabrics. So carbon
nanomaterials, or nano-carbons, have captured the
interest of researchers in a wide range of
sectors.[10, 11]

Carbon is a unique element in that it can connect
with itself to create long chains with a center core
made entirely of carbon atoms. This adaptability
gives birth to a wide range of solid carbon structural
shapes.[12-15] The majority of the materials
studied in carbon science and industry are thought
to be constituted mostly of significant polycyclic

aromatic molecules. The changes in the form of
such macromolecules, as well as the way the
molecules assemble (how they stack and link to one
another), result in an enormous diversity of
possibilities.[16]

In the sp2 hybridization, elements of carbon can
create a variety of forms. Typical sp2-carbon
nanomaterials with well-defined structures include
zero-dimensional (0D) fullerene, one-dimensional
(1D) carbon nanotubes (CNTs), and two-
dimensional (2D) graphene. Carbon nanoparticles,
commonly known as carbon dots (CDots), are nano-
clusters of amorphous carbon (or tiny crystalline
structures) with diameters less than 10 nm. They are
also a form of 0D sp2-carbon nanomaterial. On the
other hand, Sp3-carbon nanomaterials, are often
nano-diamonds (NDs) with nano-scale crystal sizes,
in which four bounds are pointed towards the
corners of a conventional tetrahedron, the resultant
three-dimensional network (diamond) is highly
stiff, which contributes to its hardness[17], and Fig
1 illustrated these forms of nano-carbon.[3, 11]
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Figure 1 Various forms of nano-carbons
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One of the major components of
nanotechnology is a Carbon nanotube (CNT).[18]
CNTs are the members of the fullerene family
which are molecules having 60 carbon atoms,
usually abbreviated as C60, and are soccer-ball-
shaped molecules composed of pure carbon atoms
linked by single and double bonds in spherical,
hexagon, and pentagon shapes as shown in Fig
1.[19-22] Because CNTs are formed from
fullerenes, they are also known as tubular
fullerenes.[23] The term CNT comes from the size
of a nanotube, which has a diameter of a few

nanometres ranging from one to tens of
nanometres.[24, 25]
CNTs, also known as buckytubes, are

cylindrical carbon molecules that possess unique
features. CNTs  exhibit excellent thermal
conductivity, Young's modulus, enormous surface
area, and high current density that make them
potentially beneficial in a wide range of
applications such as nanoelectronics, optics, and
textile applications.[26]

Nanotubes' chemical bonding is entirely made
up of sp2 bonds, which are identical to those found
in graphite.[18, 25, 27] Carbon nanotubes have a
greater tensile strength than steel and Kevlar
because they have sp2 bonds between the individual
carbon atoms. These bonds are even stronger than
diamond's sp3 Dbonds. Elasticity is another
incredible characteristic of carbon nanotubes. Under
high force and press sitting, and when exposed to
great axial compressive forces, it can bend, twist,
kink, and finally buckle without damaging the
nanotube, and the nanotube will return to its
original structure, but the elasticity of nanotubes
does have a limit, and it is possible to temporarily
deform the shape of a nanotube under very
physically powerful forces presses. Some faults in
the structure of the nanotube, such as atomic
vacancies or a rearrangement of the carbon bonds,
might reduce the strength of the nanotube.[28§]

On the other hand, CNTs, are cylindrical, with
at least one end usually capped with a hemisphere
(dome-shaped half-fullerene molecules) with the
buckyball structure.[24, 26] The half-fullerene
molecules (pentagonal ring defect) contribute to the
closing of the tube at both ends.[28]

When fullerenes are compared to nanotubes, it
is clear that the first ones are curved in all three
directions in space, but nanotubes have no curvature
at all in the axial direction. CNTs are hollow
cylinders created by rolling graphite sheets a few
nanometres (about 50,000 times the diameter of a
human hair).[26] Because of their unique graphite
structure, carbon nanotubes are mechanically
durable and impermeable to deterioration and have
been employed in advanced composites, textiles,
and fibers, as well as the manufacture of cables for
the space elevator.[29] Furthermore, CNT exhibits

metallic, semiconducting, and superconducting
electron transport.[30]

Classification of CNTs

Carbon nanotubes (CNTs) are classified into
two categories based on their wall structure. These
are Single-walled carbon nanotubes (SWNTs) and
Multi-walled carbon nanotubes (MWNTSs).[27]
CNT classifications are explained in Fig 2.[31]
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Figure 2 Classifications of CNTs
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Single-walled carbon nanotubes

Single-walled carbon nanotubes (SWCNTs) are
created by rolling a single layer of graphite
(referred to as a graphene layer) into a seamless
cylinder (long twisted graphene sheets) as shown in
Fig 3,[32] its diameter ranges from 0.4 to 2 nm
depending on the temperature at which they were
manufactured. It was discovered that the higher the
growing temperature, the wider the diameter of
CNTs.[33] No more than one sheet of graphene will
be needed to provide a one-atom-thick cylindrical
framework. During synthesis, SWNTs are closed
with cap-like structures at both ends and the ring
shape is completed with C-C bonds. The length
might vary based on the preparation procedures.[24,
31] Theoretically, SWCNTs might have tensile
strengths hundreds of times greater than steel.

The structure of SWCNTs may be armchair,
zigzag, chiral, or helical arrangements. SWCNTs
offer an ultrahigh surface area of up to 1300 m?/g,
providing sufficient space for drug loading and
biological conjugation. SWCNTSs are known to be
more efficient than MWCNTs in drug delivery.
This is owing to SWCNTs' ultrahigh area of
coverage and excellent drug-loading capacity.[33]
They also have essential electric features that
MWCNT versions do not have. The electric wire is
the most fundamental component of these systems,
and SWCNTs can be great conductors.[32]
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graphene sheet SWNT
Figure 3 Rolling of a single layer of graphite sheet
into SWNTs

Double-walled carbon nanotubes

Aside from this, there is another type of SWNT-
like nanotube known as double-walled nanotubes
(DWNTs), which have a similar structure to
SWNTs and have significant importance in the
pharmaceutical industry.[31] Double-walled carbon
nanotubes (DWNTs) are constructed from two
concentric carbon nanotubes, the outer tube
enclosing the inner tube. As shown in Fig 4. It
improved thermal and chemical stability as
compared to SWNTs.[24]

Multi-walled carbon nanotubes

Multi-walled carbon nanotubes (MWNTs) are
made up of several concentric graphene layers
folded in on themselves to produce a tube
shape.[32] These are made by rolling 3-5 sheets of
single-walled nanotubes over one another
surrounding a hollow core.[31, 33, 34] The outer
diameter of these tubes ranges from 2 to 100 nm,
while the inner diameter is in the range of 1-3 nm,
and their length is one to several micrometers
depending on the number of graphene tubes.
MWCNT structures are classified into two types
based on how the graphite layers are arranged: one
has a parchment-like structure with a graphene
sheet rolled up around it, and the other is known as
the Russian doll model, which has layers of
graphene sheets arranged within a concentric
structure.[24, 28, 33] Fig 4 illustrates the types of
carbon nanotubes.[21]

(i) SWCNTs

(i) DWCNTs (iil) TWCNTs (iv) MWCNTs

Figure 4 Carbon nanotubes

SWCNTs differ structurally from MWNTs
because SWNTs have a different basic arrangement
of carbon atoms, resulting in three dissimilar
structural configurations such as a zig-zag
arrangement, where the tube is characterized by a
V-shape structure, is at right angles to the axis of
the tube; arm-chair arrangement,  which
characterized by chair structure, where the chiral

vector is characterized, by perpendicular to the axis
of the tube.[31] The differences between single-
walled and multi-walled carbon nanotubes result in
substantially different properties and corresponding
impacts on materials after their introduction and
they are shown in Fig 5.

MWCNTs and SWCNTs have similar
characteristics. Because of the multilayer structure
of MWCNTs, the outside walls may not only shelter
the inner carbon nanotubes from chemical reactions
with outside substances, but they also have high
tensile strength capabilities that SWCNTs do not
(or just partially) have.[28]
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Figure 5 The differences between single-walled and
multi-walled carbon nanotubes

Structure of CNTs

CNTs are separate from carbon fibers, which are
strands of stacked graphite sheets rather than single
molecules.[17] The variation between these sorts of
carbon nanotubes is caused by how the graphite is
"rolled up" during the manufacturing process. The
radius of the closing cylinder and the rolling axis
relative to the hexagonal network of the graphene
sheet allow for different sorts of SWCNTSs.[35]

To describe such an important characteristic of

the nanotube, The chiral vector (Ch ) which is a
vector connecting the centers of the two hexagons
and determines the structure of a single-walled
carbon nanotube connecting two equivalent carbon
atoms, C,= na; + ma,, where 4, and 4, are the two
basis vectors of graphite, n and m are integers. n
and m are also called indexes and determine the
chiral angle 0, these two integers correspond to the
number of unit vectors along the two directions in
the honeycomb crystal lattice of grapheme. When
m= 0 the nanotube is called a “zigzag”, when n=
m the nanotube is called an “armchair”, and all
other configurations are designated as chiral or
helical nanotubes, with hexagonal rows spiraling
along the nanotube axis.[17, 19, 28, 35-37] As
illustrated in Fig 6.[17, 35]
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When n-m is a multiple of 3, the nanotube is
termed as ‘metallic' or highly conducting, and when
it is not, the nanotube is classified as semi-metallic
or semiconductor. The armchair shape is always
metallic, whereas other configurations can make the
nanotube a semiconductor.[28] The chiral angle
determines the degree of twisting in a carbon
nanotube. This angle is the angle formed by the
vectors a; and Cy. This angle can fall anywhere in
the range of 0° < |6] < 30°. Based on the geometry
of these carbon bonds around the outer edges of the
carbon nanotube, which corresponds to the achiral
tubes, there can be two limiting cases:

zig-zag, in which 0 = 0° and Armchair, in which
0 = 30°. Apart from these two, the carbon nanotube
is referred to as chiral if 0° < 0| < 30°.

Armchair:n = m

Zigzag: (n, 0)

Armchainn=m +*

Zigzag: (n.0)

Chiral: (n,m) m=0

Figure 6 The graphene sheet labeled with the
integers (n, m) to identify the types of SWNTs

Synthesis of carbon nanotubes

Rapid progress is being made in modifying the
characteristics of carbon nanotubes and minimizing
contaminants and imperfections during
manufacture. Nonetheless, significant challenges
exist in the following areas:

» Low-cost, large-scale manufacture of high-
quality nanotubes, particularly SWCNTs with
desirable shapes and electrical characteristics.

» A deeper knowledge of the carbon nanotube
development mechanism.

» Large-scale procedures for the construction
and integration of carbon nanotubes into
devices and systems with controlled
orientation and position.[36]

There are different methods for producing
MWNTs or SWNTs. Electric arc discharge, laser
vaporization, and chemical vapor deposition (CVD)
However, with the CVD process, it is difficult to
get high-quality CNTs.[38, 39] These processes are
well-known methods for producing a wide range of
CNTs. The choice of synthesis method depends on
the specific requirements of the intended
application.[40, 41]

Electric arc discharge

The tubes were created using an arc-discharge
evaporation approach similar to the one used to
create fullerenes.[22] This ancient technique of
producing arcs with electric current was first
employed to create CNTs.

The arc discharge method is known for
producing high yields of carbon nanotubes and is
particularly suitable for multi-walled carbon
nanotube synthesis. However, the process can also
generate other carbon structures, and additional
steps are often necessary to separate and purify the
desired carbon nanotubes.[42]

In this technique, the chamber is made up of two
electrodes that can be positioned horizontally or
vertically; one (anode) is filled with powdered
carbon source and the catalyst, while the other
(cathode) is normally a pure graphite rod, which is
the source of carbon atoms for the nanotube. The
chamber is either filled with gas such as helium or
argon ( The role of the gas is to create an
environment free of oxygen and other reactive gases
that could interfere with the process and also to
stabilize the electric arc and thermalize the
sublimation carbon atoms, allowing the CNT to
form during the deposition phase).[43] After
turning on the power supply (AC or DC), the
electrodes are brought into contact to create an arc
and are maintained at an intermittent spacing of 1-2
mm to achieve a constant discharge. A high
electrical current is passed between the graphite
electrodes. The arc current produces plasma at
extremely high temperatures (4000-6000 K) this is
not enough for the carbon precursor contained
within the anode to sublimate during the
sublimation the pressure runs very high as carbon
atoms are grouped in the gas phase and migrate
towards the cathode, where they cool down and
condense to form carbon nanoparticles because of
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the temperature differential. After a few minutes of
arc application, the discharge stops, and the
cathodic deposit, which includes a mixture of
CNTs, ash, amorphous carbon, and other
carbonaceous structures, is collected from the
chamber walls.[41, 42, 44] Additional purification
steps, such as acid treatment or filtration, may be
employed to isolate and enrich the carbon
nanotubes. The synthesized carbon nanotubes are
then characterized using various techniques, such as
electron microscopy, spectroscopy, and other
analytical methods, to assess their quality, structure,
and properties.[45] Fig 7 displays a schematic of an
arc discharge chamber.[45-47]

(‘\ Power Supply

pi

Figure 7 Schematic of an arc discharge setup.

Laser ablation method

Laser ablation is one of the methods used to
synthesize carbon nanotubes (CNTs). The laser
ablation method works by vaporizing a sample of
graphite with laser irradiation in an inert
environment. A graphite target is put in the center
of a long quartz tube positioned in a temperature-
controlled furnace. After the closed tube has been
evacuated, the furnace is heated to 1200°C. A
flowing inert gas such as nitrogen ammonia helium
or argon gas fills the tube to keep the pressure at
500 torr.[48] The gas also plays a crucial role in
controlling the synthesis and preventing unwanted
reactions. The laser beam spreads across the target
surface to provide a smooth and consistent
vaporization surface. The high-energy laser ablation
creates a plasma plume, which is a mixture of
highly energetic electrons, ions, and neutral species.
The carbon species in the plasma are produced by
laser vaporization and are carried by the moving gas
from the high-temperature zone and deposited on a
spherical water-cooled copper collector.[36, 49, 50]
Dust containing nanotubes is collected from the
apparatus's water-cooled copper collector, the walls
of the quartz tube, and the downstream face of the
graphite target.[36] The laser ablation device, like
the arc-discharge approach, may generate either
MWCNTs or SWCNTs. SWCNTs are created by
adding a small quantity of catalyst to the graphite
target.[51, 52] A schematic diagram of this method
is given in Fig 8.[36]

1200°C furnace

| Water-cooled
Cu collector
s —

Graphite target
[T ]
Figure 8 Schematic of particle generation procedure
in the laser ablation process
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The primary benefit of employing Pulsed laser
ablation in liquid (PLAL) is that it does not need
vacuum equipment to produce NPs, making it a
low-cost and easy process. Furthermore, the
particles produced by this process are -easily
collected and of high purity. The diameter
distribution of SWNTs produced using this
approach ranges between 1.0 and 1.6 nm. Scientists
are attempting to increase laser ablation because of
the high quality of nanotubes produced by this
process.[50]

However, the PLAL approach has many
disadvantages, including a low yield of ablated
nanoparticles, large particle aggregations, and
agglomeration as well as its difficulty in controlling
size distribution.[52, 53] The length of MWNT
generated by laser ablation is significantly shorter
than that produced by the arc discharge approach.
As a result, this method does not appear to be
suitable for the synthesis of MWNT.[50]

The characteristics of nanomaterials created by
laser ablation of solids in liquids are determined by
two factors: first, the laser parameters such as
wavelength, pulse energy, exposure period, and
laser repetition rate. Second, the material
parameters, which include the bulk target, solvent,
substances, as well as the system temperature and
pressure.[54]

Chemical vapor deposition (CVD)

Chemical Vapor Deposition (CVD) is
considered the most acceptable and promising
approach for producing carbon nanotubes because it
offers lower processing equipment costs, better total
manufacturing yield, and considerably simpler
scale-up. It operates at lower temperatures (300-
1200°C) and pressures, which can be very
advantageous for large-scale CNT manufacture.[55]

Catalytic chemical vapor deposition (CCVD)—
either thermal or plasma-enhanced (PE) oxygen-
helped CVD, water-assisted CVD, microwave
plasma (MPECVD), radiofrequency CVD (RF-
CVD), or hot-filament (HFCVD) are all examples
of CVD. However, catalytic chemical vapor
deposition (CCVD) is the current standard approach
for producing carbon nanotubes.[28]

The technique requires passing a hydrocarbon
vapor (usually 15-60 minutes) through a tubular
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reactor containing a catalyst material (typically
transition metal nanoparticles such as iron, nickel,
or cobalt) at a sufficiently high temperature (600-
1200 °C) or the presence of plasma to degrade the
hydrocarbon like methane (CH, ), ethylene
(C3 Hy ), or acetylene (C, H, ). CNTs form on the
catalyst in the reactor and are collected after the
system is cooled to room temperature. In the case of
a liquid hydrocarbon (benzene, alcohol, etc.), the
liquid is heated in a flask, and an inert gas flows
through it, carrying the hydrocarbon vapor into the
reaction zone. If a solid hydrocarbon is to be
utilized as the CNT precursor, it can be
immediately stored in the reaction tube's low-
temperature zone. Volatile materials (camphor,
naphthalene, ferrocene, etc.) directly convert from
solid to vapor and perform CVD while passing over
the high-temperature zone catalyst.[56, 57] Catalyst
precursors in CVD, like CNT precursors, can be
employed in any form: solid, liquid, or gas, and can
be put inside the reactor or supplied from outside.
At an appropriate temperature, hydrolysis of the
catalyst vapor releases metal nanoparticles directly
(this is known as the floating catalyst technique).
Alternatively, catalyst-coated substrates can be put
in the furnace's hot zone to encourage CNT
growth.[58, 59] Figure 9 shows a schematic
diagram of the experimental set-up used for CNT
growth by the CVD method in its simplest
form.[58, 60]

Fumace

I—'| Ga
W2l

CHy Temp. Controller|

Hydrocarbon gas

Bubbler

Figure 9 Schematic diagram of a CVD setup in its
simplest form.

The general mechanism can be summarized as
follows. When a hydrocarbon vapor comes into
touch with the heated catalyst, (typically transition
metal nanoparticles such as iron, nickel, or cobalt),
it decomposes first into carbon and hydrogen.
Carbon dissolves in the metal catalyst as hydrogen
leaves with another carrier gas or reducing gas.
When the temperature rises over the metal's carbon
solubility limit, the dissolved carbon particles
precipitate and crystallize to form CNTs. The
breakdown of hydrocarbons is an exothermic
process, while carbon crystallization is an
endothermic reaction that is continued by the
temperature gradient. The growth conditions, such
as temperature, pressure, and precursor gas flow

rate, are carefully controlled to achieve specific
CNT properties. The growth time and cooling rate
also influence the final characteristics of the
CNTs.[61, 62] After the synthesis process, the
resulting CNTs can be characterized using
techniques like scanning electron microscopy
(SEM) or transmission electron microscopy (TEM)
to examine their structure, diameter, and length.

There are now two general cases as shown in
Fig 10 (a),[61] When the catalyst-substrate
interaction is weak (the metal has an acute contact
angle with the substrate), hydrocarbon decomposes
on the metal's top surface, carbon diffuses down
through the metal, and CNT precipitates out across
the metal bottom, pushing the entire metal particle
off the substrate (as shown in step (i)). CNT
continues to grow longer and longer as long as the
metal's top is open for new hydrocarbon breakdown
(concentration gradient occurs in the metal enabling
carbon diffusion) (ii). Once the metal is completely
coated in extra carbon, its catalytic activity and
CNT creation stop (iii). This is referred to as the
"tip-growth model."[57, 58, 63]

When the catalyst-substrate interaction is strong
(metal has an obtuse contact angle with the
substrate) as shown in Fig 10 (b), initial
hydrocarbon decomposition and carbon diffusion
occur similarly to tip-growth, but the CNT
precipitation fails to push the metal particle up,
forcing the precipitation to emerge from the metal's
apex (farthest from the substrate, having the
weakest interaction with the substrate). Carbon first
crystallizes as a hemispherical structure (the most
advantageous closed-carbon network on a spherical
nanoparticle), then rises as a continuous graphitic
cylinder. Later hydrocarbon deposition occurs on
the metal's lower outer surface, and dissolved
carbon diffuses upward. As a result, CNT grows up
with the catalyst particle rooted on its base; this is
known as the "base-growth model."[57, 58, 63]
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Figure 10 Two growth model diagrams for CNTs:
(o) tip-growth mechanism and (f) root-growth
mechanism

Carbon nanotube properties

Carbon nanotubes (CNTs) exhibit a range of
remarkable properties due to their unique structure,
which consists of rolled-up graphene sheets. CNTs
are considered to have extraordinarily large surface
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areas, enormous aspect ratios, and remarkable
mechanical strength. CNTs are also effective
combining agents because of their distinct
electrical, mechanical, and thermal capabilities.
Here are some key properties of carbon nanotubes:
electrical, thermal, chemical, mechanical, and optic
properties.[24]

Electrical Properties of Carbon Nanotube

CNTs have been shown to have unique
conducting properties. These findings were the first
to demonstrate that geometric variables like as
defects, chirality, various diameters, and the degree
of crystallinity of the tubular structure had a
significant impact on the electronic characteristics
of CNTs.[24]

Carbon nanotubes have amazing electrical
characteristics. It has a high electrical conductivity
(equivalent to that of copper) due to the sp2
connections between carbon atoms. Because of the
strength of the bonds, they can also endure high
electric currents.

It's worth noting that nanotubes can be metallic
or semiconducting. Semiconducting nanotube
bandgaps scale inversely with diameter, ranging
from around 1.8 eV for extremely tiny diameter
tubes to 0.18 eV for the most stable SWCNT. When
utilized as interconnects on semi-conducting
devices, single-walled nanotubes may transport
electrical impulses at rates of up to 10 GHz.[18, 64,
65]

As a result, some nanotubes have conductivities
greater than copper, while others act more like
silicon. There is a lot of interest in the idea of
making nanoscale electrical devices-based carbon
nanotubes. Carbon nanotubes are already being
employed in a variety of technological applications.
Flat panel displays, electron microscopes, sensor
devices, and fuel cells are examples of these. [17]

Thermal Properties of carbon nanotube

Carbon nanotubes can resist high temperatures,
making them excellent thermal conductors that
enable efficient heat transmission. They are thought
to be temperature stable up to 28000°C and around
750°C in air. Carbon nanotubes have been
demonstrated to transfer more than 15 times the
amount of watts per minute than copper lines.[65,
66]

Optical Properties of carbon nanotube

Fluorescence happens when a material absorbs
one wavelength of light and responds by releasing a
different wavelength. According to certain research,
nanotubes absorb and emit light in the near-infrared

range, which might be valuable in biomedical and
nanoelectronics applications.[66]

Single-walled nanotubes can be transparent and
exhibit unique optical properties, making them
promising for applications in transparent conductive
films and optoelectronics.[67]

Chemical Properties of carbon nanotube

The chemical reactivity of a CNT is increased
when compared to a graphene sheet due to the
curved shape of the CNT surface. This curvature
causes the m and o orbitals to mix, resulting in
hybridization between the orbitals. The degree of
hybridization increases as the diameter of a SWNT
decreases. As a result, the -orbital incompatibility
generated by increased curvature is directly
connected to carbon nanotube reactivity. As a
result, a difference must be made between a
nanotube's sidewall and end caps. Similarly, a
reduced nanotube diameter resulted in higher
reactivity. As a result, nanotubes are often
chemically inert.[68]

Mechanical Properties of carbon nanotube

CNTs have a tensile strength of 100 times
stronger than steel and an estimated elongation at a
break of 20-30%. CNTs possess extraordinary
mechanical characteristics. So, they considered it
one of the strongest known materials. They are also
able to sustain high mechanical stress without
distortion. CNTs have a high Young's modulus,
suggesting that they are extremely stiff and
bending-resistant.[18, 69] They are the fastest
oscillators known and are ideal as building pieces
for molecular electronics.[20]

Advantages and disadvantages of Carbon
Nanotubes (CNTs)

Advantages of Carbon Nanotubes (CNTs)

a) Extremely lightweight and tiny and have low
density, they are a good substitute for
metallic wires.

b) High surface area with strong chemical
stability.[70]

¢) The resources needed to make them are
numerous, and many may be manufactured
with just a small amount of material.

d) Are resistant to temperature variations,
which means they work almost as effectively
in extreme cold as they do in excessive heat.

e) They might be employed as nanocarriers to
carry anticancer medicines, genes, and
proteins if properly functionalized.

f) Improve composites' conductive mechanical
characteristics.[68]
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Disadvantages of Carbon Nanotubes (CNTs)

1. Despite much investigation, experts still do
not understand how carbon nanotubes
function.

2. They are quite small and tough to work with.
3. Insolubility in solvents especially in a water

4. Now, the method for producing nanotubes is
very complex.

5. It would be expensive to apply this new
technology and replace the old technology in
all possible areas.[68]

6. CNT toxicity must be observed and
experimentally tested, and appropriate
safeguards must be put in place against
potential interactions between CNTs and
biological systems.[70]

Application of carbon nanotubes in the textile
industry

CNT can be applied to fabric by spray-coating,
exhaustion, or just dipping the material in a CNT
solution. CNTs have also been built into
macroscopic yarns or fibers using various
manufacturing methods such as wet spinning, carpet
spinning, and aerogel-spun technologies. CNT
might be used for a variety of textile purposes,
which are discussed in this review.[18, 20] Fig 11
explains the different applications of CNT in the
textile field.[71]
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Figure 11 Potential applications for the use of
carbon nanotubes in textiles.

Carbon nanotubes in textile finishing
Conductive textiles

Materials made entirely of carbon atoms, such
as graphene, carbon black, and carbon nanotubes,
can have a broad variety of conductivities, ranging
from the insulator diamond to conductors. The
purity of carbon compounds is an essential factor
for conductivity levels.[18, 72]

Several ways can be employed to create
electrically conductive fibers, yarns, or textiles.
Other electrically conductive materials that can be
employed include metal powders, graphite, carbon
black, carbon nanotubes, and naturally conductive
polymers such as polyaniline, thiophene, and
polypyrrole.[73] Integration of electrical

components with traditional textiles is vital for the
fabrication of intelligent clothing for military, work
wear, sportswear, transportable power, folding
screens, and healthcare applications.

Many researchers used carbon nanotubes to
study the electrical conductivity of fibers and
textiles. Conductive wool textiles were created by
combining various concentrations of MWCNT and
carboxylate multi-wall carbon nanotubes
(CMWCNT) with citric acid as a cross-linking
agent and sodium hypophosphite as a catalyst.
Various  pretreatment  procedures, including
potassium  permanganate oxidation, protease
enzyme treatment, and nanoTiO2 finishing, have
been investigated. To create the optimal conditions
for dispersion of the nanotubes, anionic and cationic
surfactants such as sodium dodecyl sulfate (SDS)
and cetyltrimethylammonium ammonium bromide
(CTAB) were also utilized. They concluded that
CTAB was more successful in dispersing MWCNT
in water. Because of interactions between the
carboxyl groups of CMWCNT and the functional
groups of wool, CMWCNT-treated samples had ten
times the conductivity of MWCNT. Wool processed
with protease and treated with 5 g/ CMWCNT was
considered the best sample with the maximum
electrical conductivity.[74]

PET textiles were changed by treating them with
MWCNT. The nanotubes were formed on the
surface of water-suspended fibers using the padding
technique. Treated materials were flexible and easy
to shape, and the network's conductivity was long-
lasting.[75]

The electrical characteristics of a
Polyester/Cotton woven fabric with an arrangement
of carbon nanotubes produced on its surface were
investigated. The researchers employed multi-wall
carbon nanotubes with a diameter of 9.5 nm, a
length of 1.5 m, a purity of 90%, and a specific
surface area of 250-300 m2 /g. The amount of
carbon nanotubes put on the fiber surface
determines the conductivity of the PET/CO woven
fabric. They concluded that the generated electro-
conductive and hydrophobic composite textiles can
be employed in a variety of industrial
applications.[76]

According to the findings, MWCNT was
employed in many studies on the electrical
conductivity of textiles. These processes produced
conductive yarns and textiles with enough electrical
conductivity for usage in the electric and electronic
equipment industries.[77]

Electrically conductive textile coatings with
varying quantities of carbon nanotubes (CNTs) are
demonstrated. Based on the solid weight of the
binder, textile coating formulations containing up to
15% CNT were created. The binders are water-
based polyacrylate dispersions. The CNTs were
blended into the binder dispersion using a
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commercially available aqueous CNT dispersion
that is compatible with the binder dispersion.
Coating  formulations  with  varying CNT
concentrations were applied to polyester and cotton
woven and knitted textiles using various textile
coating processes, including direct coating, transfer
coating, and screen printing. The coatings' electrical
conductivity increased as CNT content increased.
Starting at 3 wt% CNT, the coatings are electrically
conductive. In the coatings, the CNT particles form
honeycomb-structured networks, demonstrating a
high degree of dispersion. The honeycomb structure
of CNT particles in the coating forms a conductive
network, resulting in low resistance values.[78]

EMI shielding textiles

The widespread use of electrical devices has
resulted in major electromagnetic wave radiation
(EMR) and electromagnetic interference (EMI)
issues. On the one hand, EM contamination from
EMR has caused significant harm to human health.
EMI, on the other hand, has the potential to disrupt
the regular operation of communication systems,
and broadcast signals, and even cause information
leaks.[79, 80]

Electromagnetic interference (EMI) shielding of
radiofrequency radiation is still a major issue in
society. In this case, EMI shielding materials
(ESMs) have gained popularity due to their capacity
to reduce unwanted EM waves via intrinsic
shielding processes.[79]

Traditional EMI shielding materials include
common metals and their composites such as Al
foil, and Cu foil, (The foil is pliable, and can be
readily bent or wrapped around objects). which
have a high shielding efficacy due to their high
conductivity and dielectric constant. While metals
offer high EMI shielding qualities, they have
limitations such as large weight, quick corrosion,
and poor shielding material manufacturing.[79, 80]
Because of the need for lightweight EMI shielding
systems, conducting polymers and polymer-based
conducting composites are gaining popularity as a
way to avoid the limitations of ordinary metals for
EMI shielding.[68] Lightweight EMI shielding is
required to protect the workstation and environment
from radiation emitted by computers and
telecommunications equipment, as well as to
safeguard sensitive electronics.[81] Many variables
influence this, including the related conductivity,
dielectric constant, and aspect ratio of the filler.

The fundamental method of EMI shielding is
reflection. The material must have mobile charge
carriers, such as electrons or holes, that interact
with the electromagnetic radiation to reflect it. The
radiation reflected may be harmful to the
environment, particularly to the organisms that are
present, making the absorption method better for SE

materials in terms of safety.[82] The reflection
mechanism will provide shielding against EM
(electromagnetic) radiation if the material is very
conductive. However, conductivity is not a need for
EMI shielding, although it helps improve an EMI
shielding material's reflection mechanism.[83] As
shown in Fig 12a.[79]

Absorption is a secondary process for EMI
shielding that needs the presence of electric or
magnetic  dipoles to  interact with  the
electromagnetic radiation. It varies according to the
thickness of the material. Electric dipoles are
provided by materials with a high dielectric
constant, while magnetic dipoles are provided by
materials with a high magnetic permeability for
EMI shielding using absorption.[83] EM wave
absorption can transform EM energy into thermal or
other sources of energy via dielectric/magnetic loss.
In comparison to the dominating process of
reflection loss, which may produce secondary
pollution, EM wave absorption is a more efficient
technique to protect undesired EM waves and
minimize undesirable emissions.[84] As seen in Fig
12b.[79]

Multiple reflections, or reflections at distinct
surfaces or the material's interface, are the third
mechanism. Materials having large specific internal
surfaces, as well as composites including fillers,
exhibit a multiple reflection mechanism. Multiple
reflection reduces the overall shielding value if the
material is thinner than the skin depth, and it may
be ignored if the material is thicker than the skin
depth (skin depth is that distance below the surface
of a conductor). At greater energies,
electromagnetic radiation only reaches the electrical
conductor's near surface area. This is referred to as
the skin effect. The strength of an electromagnetic
wave's penetration reduces exponentially with
increasing conductor depth.[83] As seen in Fig
12C.[66]
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Figurel2 Schematic illustration of EMI shielding
mechanisms:(a) reflection-dominant mechanism, (b)
absorption-dominant mechanism, and (c) multiple
reflections mechanism

Carbon nanotubes are the most often used EMI
shielding material, and the accessible free electrons
in metals interact with electromagnetic radiation.
Carbon nanotubes (CNTs), particularly SWNTs and
MWNTs, are a great choice for generating
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conductive composites for high-performance EMI
shielding materials due to their tiny diameter, high
aspect ratio, high conductivity, and mechanical
strength.[81] Carbon materials, such as carbon
black, carbon filaments, and carbon fibers, are
particularly effective as EMI shielding fillers in
polymer composites. Carbon nanostructures as
fillers in polymer composites are appealing for EMI
shielding materials.[68] As shown in Fig 13.[85]
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Figure 13 Demonstration of efficacy of carbon-
based nanostructures for EMI shielding
applications.

Pyrolytic carbon (PyC) and carbon nanotubes
were in situ generated on the surface of SiC fibers
(Silicon carbide fibers) using chemical vapor
deposition to develop flexible -electromagnetic
shielding materials with thin thickness and low
electromagnetic wave reflection. Flexible CNT/SiC
textiles with thin thickness could improve EM wave
absorption while keeping reflected EM waves. The
EMISE of SiC textiles increased as CNTs formed,
as did reflection loss. The prepared CNT/ SiCf has a
remarkable EMI shielding effect and a strong
absorption capability.[86]

CNT, metal nanoparticles, and conductive
polymer were used to create electromagnetic
shielding (EM) textiles. As conductive materials,
silver nanoparticles, nickel-coated carbon fiber
filler, MWCNT, and polypyrrole nanoparticles
(Ppy) were employed. Fabrics with EM shielding
of 95-99.99% have been manufactured using this
technology.[87]

Using carbon nanofibers and a tiny amount of
CNT inside the polystyrene matrix, a
nanocomposite with better microstructure was
created and enhanced EMI shielding characteristics.
Because of its low cost, high shielding
performance, ease of processing, and lightweight,
the aforementioned nanocomposite is employed as
an excellent EMI shielding material.[88] Fig 14
explains the general mechanism for EMI shields
using CNT.[89]

Fire retardant textiles

Fire retardant textiles have become an essential
class of materials since they are widely employed in

a variety of areas, from conventional apparel to
specialized textiles such as military, automotive,
and aerospace applications, as well as safety and
protective garments.[90]

Nanocellulose-CNTs

aerogels Highly porous network

EMI shielding mechanism

Figure 14 General mechanism for EMI shield using
CNT

CNTs have an ultra-high tensile strength along
their main longitudinal axis. CNTs' interesting
physical features make them an excellent candidate
material for developing multi-functional polymer
nanocomposites.[91]

Carbon-based nano-additives are an interesting
family of nanoparticles that are being studied for
flame  retardancy.  Similarly,  polymer/CNT
nanocomposite is useful for the development of a
structured continuous network. It features a
protective layer with crack development that helps
flame retardant efficacy. This protective layer
appears to act as a heat shield for the original
polymer below it. The dispersion of CNTs in
nanocomposites is an important step in determining
CNT contribution to nanocomposites.[92, 93]

Carbon nanotubes are resistant to flame and
thermally anisotropic. Heat may be conducted down
the axis of a CNT tube. They are reasonably
insulating across the diameter of the tube. The
anisotropic characteristic of carbon nanotubes
allows heat to be transferred via a layer of aligned
carbon nanotubes in textiles and partially diverted
to a cool storage tank, protecting the wearer and
firefighters from weariness and heat stress.[18]

Carbon nanotube integration into polymer
matrix substances, a tiny quantity (typically 5 wt%)
of carbon nanotubes has been claimed to lessen fire
hazards for a wide range of materials such as
polypropylene, polyamides, polyimides,
polystyrene, polyaniline, epoxy, and polyurethane,
which has resulted in a range of flame-retardant
nanocomposites. As a consequence, CNT is an
effective filler for increasing the potential of
generated polymer nanocomposites.[91, 92]

CNTs were modified with poly-butyl acrylate
using a surface grafting method and then the PBA-
grafted CNTs were applied to cotton fabrics using a
common dipping—drying—curing finishing
procedure. CNTs-treated cotton samples were hung
on a metal supporter, and then the samples were
ignited with a lighter simultaneously. As shown in
Fig 15. The untreated cotton sample quickly catches
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fire, and as it burns, the untreated cotton sample
burns to ashes. The CNTs coated cotton, on the
other hand, did not burn and was just charred at the
edge, generating a stiff sinter.[93]

Figure 15 Flammability comparison of pristine
cotton fabrics (left) and CNTs coated cotton fabrics
over time (right, treated with 5% CNTs-PBA
composites).

Melt blending was used to create
MWNT/polypropylene composites with no organic
treatment or other additives. The inclusion of
MWNT increased the fire retardant effectiveness of
polypropylene: the peak heat release rate of
composites containing 1 vol% MWNT is lowered
by about 73% when compared to polypropylene
alone.[91]

Cotton fabric with carbon nanotubes inserted in
it is more flame-resistant and thermally stable than
raw fabrics. MWCNTSs were stabilized on a cotton
surface using vinyl phosphonic acid monomer as a
cross-linking agent and benzophenone as a catalyst
to create a flame-retardant coating on the cotton by
UV irradiation. They observed that direct usage and
stabilization of CNT resulted in high-efficiency
flame retardant finishing of cotton textiles and
enhancement of their thermal qualities.[94]

MWCNT was electro-spuned into polyurethane
fibers as a flame retardant. Surfaces of the
MWCNT were oxy-fluorinated to increase
dispersity in polyurethane fibers. MWCNT
encouraged the production of a burned layer as a
protective  coating to prevent polyurethane
breakdown by oxygen radicals. Carbon nanotubes
can be utilized to improve the flame retardancy of
textiles and composites.[95]

Crease-resistant fabrics

Crease-resistant  finishing of fabric is an
essential  treatment. Cotton textiles' crease
resistance and strength are increased by
incorporating carbon nanotubes and carboxylate
CNTs into the cellulosic chains.[96, 97]

Like other nanomaterials, it is predicted that
greater WRA can be obtained by cross-linking
CNTs with cellulosic chains using a cross-linking
reagent such as Poly carboxylic acids. One of the
studies includes using succinic acid and SHP as a
catalyst in conjunction with CNTs to improve
cross-linking efficiency. Crosslinking lowers the
flexibility of cellulose chains and inhibits their
ability to move, raising the WRA. Research was
carried out to examine the WRA of CNT-embedded
textiles with cross-linked fabrics at different CNT
concentrations. At a CNT concentration of 1500
ppm, the WRA of cross-linked textiles was found to
be greater than that of CNT-embedded raw fabrics.
However, when the OCNT concentration was
increased over 250 ppm, the WRA of CNT-
embedded textiles increased significantly. More
study is needed to get a better understanding of
CNTs' capacity to provide anti-wrinkling
qualities.[98]

Water repellence textiles

The "lotus effect" produces ultrahydrophobic
surfaces with water contact angles greater than 150
°C, resulting in highly water-resistant fabrics.[99]

The aligned carbon nanotubes exhibit
superhydrophobic characteristics due to the CNT
nanostructures. CNT treatment on the surface of
cotton textiles creates an artificial lotus leaf
structure that roughens the surface of the treated
cotton and makes the fabric superhydrophobic with
water contact angles of more than 150°.[93]

We present an unusual superhydrophobic
surface that can withstand physically and
chemically severe circumstances. While some of the
CNTs have been attached to the poly-dimethyl
siloxane (PDMS) and an adhesive multilayer
adhered to a substrate, the remaining sections are
exposed on the surface. The exposed CNTs and
PDMS on the surface are both hydrophobic, and the
surface is superhydrophobic due to the rough
morphology of the CNTs. The contact angles of the
created CNT-implanted PDMS/adhesive (CIPA)
surfaces exceeded 160 as shown in Fig 16.[100]

Superhydrophobic  finishing with  Nafion-
MWCNTs coating resulted in long-lasting
electromagnetic  interference shielding cotton

textiles. For MWCNTs, Nafion, a perfluoro
sulfonated polymer, has a low surface energy and
strong  dispersion  capability. The uniform
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distribution of MWCNTSs benefits not only the
formation of a connective conductive network,
which improves the electrical conductivity and
shielding performance of the cotton fabric but also
the construction of a nano-micrometer multiple-
scale structure, which is required for a
superhydrophobic surface. Fig 17 explains the
formation of Nafion-MWCNTs. The final fabric
has a good shielding efficacy of 9.0 dB and a water
contact angle of 154.6 o after 6 cycles of Nafion-
MWCNTs deposition.[101]

(@)

Figure 16 (a) Photo of a fabrlcated CIPA layer
formed on a copper substrate. (b) Photo of the
specimen dipped into water. (c) SEM image of a
cross-section of the CIPA layer. (d,e) SEM images
at the surface of the CIPA layer
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Figure 17 Structural schematic (a) and (b)
photograph of cotton fabric coated with Nafion-
MWCNTs.

UV protection textiles

UV light is electromagnetic radiation with a
wavelength shorter than visible light but longer than
X-rays. The sun emits UV radiation. UV radiation
is a form of electromagnetic energy. UVR is

classified into three wavelength ranges: 320-400
nm, 290-320 nm, and 200-290 nm, which
correspond to UVA, UVB, and UVC and UVA are
present in 95% of sunlight and 5% UVB, which
may come into contact with human skin.[102]

The chemical structure of inorganic UV
blockers, as well as their size, shape, crystallinity
degree, and crystal form, all have an impact on the
protective mechanism. However, because UV
blockers are primarily intended to protect the skin
from UV radiation, their major function when
utilized in clothing is to prevent UV rays from
passing through the textile material in both direct
and indirect ways.[103] To be effective, UV
protective apparel should be performed by UV light
absorption and reflection/scattering by the garment
surface.[104]

CNT network defense has been created on the
surface of cotton fibers, and cotton textiles with
0.25% CNT demonstrate extremely high UV
protection. CNTs could increase the UV-blocking
capabilities of polymer materials. The coloring
effect is a disadvantage of employing CNT in
textiles. Cotton materials will become black after
treatment. It is recommended to mix the CNT with
additional UV-blocking chemicals to reduce the
coloring impact of the CNT on fabrics.[93]

MWCNTs show excellent UV  blocking
properties and could be integrated into the textile
matrix by coating with polymer solution. The UPF
of coated cotton fabric with just polyurethane (PU)
solution was 46 (good, >40), compared to untreated
cloth. UV transmission of MWCNT-coated textiles
was nearly small, indicating that MWOCNT-
containing polymer-coated fabrics might protect the
wearer from both UVA and UVB radiation. The UV
protection factor of treated cloth has risen as
MWCNT concentration in PU solution has
increased. The UPF rating of coated fabric
containing 1.00 wt% MWCNT-containing polymer
was 174, whereas the UPF rating of coated fabric
containing 2.5 wt% MWCNT-containing polymer
was 421. The outstanding UV-blocking properties
of MWCNT resulted in a very high UPF rating for
carbon nanotubes with PU coating.[104] The
coating protects cotton garments from UV radiation
by producing a strong, wide absorption band in the
280-400 nm range.[93, 105]

Anti-microbial textile

Many fabrics used in hospitals or hotels are at
risk of cross-infection or sickness transmission
caused by microorganisms. In the textile business,
fabrics for safe or beneficial usage are critical.
Antimicrobial qualities can be given to textile
materials in general by chemical techniques or by
physically integrating functional agents into
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textiles, in addition to the use of nanoparticles in
textile finishing.[102]

SWNT (highly pure single-walled carbon
nanotubes) has significant antibacterial action and
is considerably more hazardous to bacteria than
MWNT.[106] Longer SWCNT aggregated more
successfully with bacterial cells, but short SWCNT
tended to assemble without engaging many
bacterial cells. Cell death is caused by bacterial cell
aggregation and CNT.[107]

It has been reported that a microwave-assisted
synthesis technique is used to cover carboxylate
SWCNTs with Ag-NPs for increased antibacterial
activity. The  microwave-assisted technique
decreases the silver preparation in 40 seconds,
resulting in the formation of AgNPs with a size of
roughly 60 nm on SWCNTs as demonstrated in Fig
18. The preparation of this previous composite and
coating of cotton fabric is shown in Fig 19. [108]

Anti-bacterial activity measurements show that
Ag-SWCNTs nanocomposite coated cotton fabric
has better and longer-lasting anti-bacterial activity
against E. coli as a gram-negative pathogenic
bacteria and S. aureus as a gram-positive
pathogenic bacteria than cotton fabric coated with
pure SWCNTs or Ag-NPs individually.[108]

Crosslinking multi-walled carbon nanotubes
(MWCNTs) with cotton fabric was accomplished.
The polymer 3-Glycidoxypropyltrimethoxy silane
(GPTMS) was utilized to stabilize and modify the
surfaces of MWCNTs. The tannic acid in the
finishing mix gives long-term functionality to the
treated surface. The MWCNTs-GPTMS
nanocomposite fabric post-treated with tannic acid
demonstrated remarkable antibacterial properties,
with the maximum inhibition zones for
Staphylococcus aureus and Escherichia coli (26
mm, 24 mm).[109]

aal & l"L =
"Ago—C—}{_)-{jr—C—ong' N o RO

b 1 0

! | | U gl

0 ! Ho—C—(1{ S —c—on p g |

{ [} [IY@Ya B 3 raY
K H) 0 H | (‘)‘ CI)‘ { ] O ¥ BV {)

{ { (K ) ; K > i ” (H {

| Refluxin = Ho—C—{/{ /< /{=—C—0H Sonicate in ImM 'AgO—C— 1 /—C—O0Ag" ¥ /' Ag
b ! H,S0,/HN M [ aqueous AgNO, 2 Reduction of Ag T {

( { KN 1'% ; .

( :Wl“ﬁ““ at80°Cfor o "/ /| 5 followed by drying and o N o ions by microwave $ e )

f 6h [ Wa| [ crushing to powder ” (9| H heating o M "
VNN HO—C—{ /= H}—C—0H *Ag0—C—f HlL c—ong' o~ H

{ : 1 @ad g T A C—O0Ag Ag {

l | | K j { {l
SWCNT Ag Decorated SWCNT

Figure 18 Diagram of functionalization of SWCNTSs and decoration of Ag-NPs on
SWCNTs by microwave irradiation.

Ag-SWCNTs nanocomposite in bundles

 /

Silver nanoparticles(Ag-NPs)

Scoured and Bleached
cotton fabrics

/ 3 ¥ / /
(SWCNTSs) 2}

e

Sonication

for2 h

Distilled water

Uniform aqueous solution
of Ag-SWCNTs nanocomposite

ol
|

|

Coating by dip-dry —|A

and curing process {

-

|

T ]r—v/‘l
|
|

T

H
1

Cotton fabric coated
with Ag-SWCNTs
nanocomposites

Figure 19 Diagram of preparation aqueous dispersion of Ag-SWCNTs nanocomposites and deposition on
cotton fabric.

J. Text. Color. Polym. Sci. Vol. 21, No. 2 (2024)



CARBON NANOTUBES: STRUCTURE, SYNTHESIS, FUNCTIONALIZATION, CHARACTERISTICS ...

347

The microwave synthesis green approach was
used to create a smart multifunctional lightweight
bismuth oxide (Bi203) impregnated MWCNT-
based bandage. The new material's specific shape
has prevented the development of these harmful
microorganisms. When bacteria came into touch
with the created substance, it may have penetrated
through its cell membrane and successfully
inhibited the growth of the bacterium. The
nanocomposite's high surface area to volume ratio
may have encouraged the combined material's
significant interaction with biological systems.[110]

The effect of plasma pretreatment on the
absorption of carboxylate carbon nanotubes on the
surface of cotton textiles was also explored. CNT
was applied by exhaustion technique on plasma-
pretreated cotton fabric. It was discovered that the
plasma treatment improves CNT absorption by
cotton fabric. Cotton fabric's antibacterial activity
was also enhanced when it was treated using low-
temperature plasma and stabilized with CNT.[111]

ZnO-1, 2, 3, 4-butane tetracarboxylic acid
(BTCA) and ZnO-BTCA-carbon nanotube (CNT)
composites were created. Separately, the
synthesized materials were pad-dry-cure coated on
cotton fabric. The materials were tested for gram-
positive and gram-negative Staphylococcus aureus
and Escherichia coli. They concluded that the ZnO-
BTCA-CNT-coated cloth had much higher
antibacterial activity than the ZnO-BTCA-coated
fabric.[112]

Carbon Nanotubes in Textile Printing

CNTs were employed in printing procedures to
impart special functionality to fabrics.[113] The
purpose of this research was to develop CNT-based
multifunctional inks capable of imparting functional
antistatic and antibacterial capabilities to printed
fabrics.

AquaCyl, a commercial dispersion of CNTs,
was modified and utilized for printing to give
antistatic and antibacterial qualities to the printed
fabrics. The observed performance effects were
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enough resistant to repeated washing. Analyses of
the particle size distribution of the AquaCyl
dispersion show that CNTs are susceptible to
agglomeration formation. Because the dispersion
includes quantities of agglomerates with diameters
of around 12, 66, and 617 nm, it was filtered to
remove agglomerates larger than 500 nm. Filtration
allows the AquaCyl dispersion to be used in jet
printing processes. The incorporation of additives
(DBSA, SLS) into the aqueous dispersion improved
the antistatic and antibacterial characteristics of the
inks. The crosslinking chemicals (Ebecryl 2002 and
Esacure DP 250) directly enhanced the dispersion
viscosity. The required printing form (paste or ink)
was generated by depositing the aqueous dispersion
and the crosslinking component.[114]

This research looks at exploring novel material-
led ways of wearable communication. CNTs/CNC
(cellulose nanocrystals) designs were screen printed
onto flexible textile-based substrates to better
realize these innovative mediums and processes
(Two distinct woven fabrics of 100% cotton (CO)
and 65% cotton-35% polyester (CO-PES) were
employed).

Controlled acid hydrolysis is used to recover
cellulose nanocrystals (CNC) from natural
cellulosic materials, and surface sulfate groups
provide good colloidal stability. It has polar and
nonpolar groups, which may aid dispersion in both
a polar and non-polar liquid. We demonstrated a
simple technique that does not require inks with a
binder, solvent exchange, or high-temperature heat
post-process by successfully formulating water-
based screen-printing conductive inks with CNTs
and CNC, and these printing steps are illustrated in
Fig 20. Thus, by modifying the solution viscosity,
these formulated inks may be applied to different
textile printing methods and employed with a broad
variety of flexible substrates, including fabrics with
roughness. The inherent benefits of fabric
properties like as lightness, flexibility, and
washability were highlighted.[115]
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Figure 20 Schematics of screen-printing patterned textile from CNTs/CNC formulations.
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Conclusion

Carbon nanotubes are extremely conductive, and
lightweight, and have different characteristics,
opening a new and exciting field of research in the
textile industry. Some well-known CNT qualities
were also studied and presented, and it was
determined that CNTs had a unique combination of
electrical, mechanical, and thermal capabilities.
CNTs can be found in smart and electronic textiles,
water-repellent textiles and UV protection fabrics,
composite reinforcements, and other applications.
Furthermore, by combining different types of CNT
with polymers at different production methods,
CNT might cover a wide spectrum of textile
functionalities, from flame-retardant fabrics to
antimicrobial textiles. Carbon nanotubes offer both
enormous opportunities and severe challenges for
fundamental science and nanotechnology research
in the future.
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