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Abstract
Carbon nanotubes (CNTs), composed of graphene/graphite sheets, have been used since the 1990s and become one of the most important materials owing
to its massive applications in energy, environmental and life sciences. In general, there are two types of known CNTs such as single-walled CNTs (SWCNTs)
and multi-walled CNTs (MWCNTs). They have broader and novel �elds of application in the fabric and textile industries, wastewater treatment, energy
storage, and also as structural reinforcement materials. CNTs are reported to synthesize by arc discharge, laser ablation and chemical vapor deposition
(CVD) methods where CVD technique is found to be the most versatile and largely used method. In all the methods synthesized CNTs contain various
degrees of impurities which are puri�ed by oxidation treatment, ultra-sonication, magnetic puri�cation, etc. CNTs have wide range of industrial applications
due to their remarkable mechanical, thermal, electrical, chemical and biological properties. In this review, medical and biomedical applications of CNTs and
CNTs-based composites are specially focused due to their signi�cant applications in these �elds along with their structure, classi�cation, preparation and
related properties. Besides, CNTs’ toxicity and biosafety, especially on the human body, are also discussed in this review article.

1.0 Introduction
Carbon is one of the most common elements on the planet, and it can take on a wide range of crystalline structures. Since carbon has a tetravalency, it
contains sp3 hybridization. Carbon is a fascinating product because it occurs in eight different allotropes, one of which is carbon nanotubes (CNTs), which
belongs to the group of nano-sized carbons or nanocarbons (Rahman et al., 2019; Raunika et al., 2017). Since they have a micrometer-sized volume and a
nanometer-sized diameter, CNTs have a length-to-diameter ratio of over 1000. Aside from that, they had the same atom composition as graphite, with
hexagonally organized atoms. CNTs are a carbon allotrope that exists between fullerenes and graphite (Aqel et al., 2012).

Similar to CNTs’ building block grapheme they are boned with sp2 bonds which is responsible for their extremely strong molecular interaction along with van
der Waals forces, and resulted to join them naturally with low-weight ultra-high strength with electrical properties due to π bond (Aqel et al., 2012). This also
makes CNTs highly attractive for several signi�cant applications and results the introduction of a revolution in the nanotechnology �eld. Thus, in the current
review most of the signi�cant applications of CNTs are compiled along with their classi�cation, structure, preparation and puri�cation.

2.0 Carbon Nanotubes (Cnts): History
Even though carbon has been used for over 6000 years, the next advances in carbon did not occur until the late 1980s. The discovery of other stable, ordered
structures besides graphite and diamond sparked the quest for new sources of carbon. With their fortuitous observation of the C60 in 1985, it opened the way
for the systematic analysis of carbon �laments of exceedingly small diameters, which has sparked a lot of interest in CNTs. The study had brought fullerenes
into the spotlight with the synthesis of carbon clusters with various sizes, properties and structure (Aqel et al., 2012; Ghasempour & Narei, 2018). This is since
C60 was made using a basic arc evaporation apparatus that was widely available in many laboratories (Aqel et al., 2012). Sumio Iijima, a Japanese physicist,
discovered carbon nanotubes in 1991 while studying carbon compounds under an electron microscope. These needle-like materials were later con�rmed to
have graphite structure and are now known as carbon nanotubes (CNTs) (Bera, 2017). The �rst observation of multi-walled carbon nanotubes (MWCNTs)
occurred when hard deposits on the cathode were formed using electric arc experiments to shape fullerenes. Meanwhile, two independently conducted
experiments in 1993 con�rmed the development of single-walled carbon nanotubes (SWCNTs) (Raunika et al., 2017). While carbon nanotubes had been
known for a long time before Iijima's invention, CNT-related research began only when they discovered that these new �bers had a variety of unique
properties. Since such tubes were structurally imperfect prior to this, their properties were not especially important (Aqel et al., 2012). As a result, recent
studies and analysis have focused on improving the quality of CNTs generated. Due to their inherent intriguing properties, carbon nanotubes are a major
substance in nanotechnology �elds and the future novel applications (Kaur et al., 2018).

3.0 Classi�cation Of Cnts
Carbon nanotubes are divided into two types: (i) single-walled carbon nanotubes (SWCNTs) and (ii) multi-walled carbon nanotubes (MWCNs). SWCNT is
made up of just one sheet of graphene and has a simple structure that allows it to be twisted effortlessly. It also had a low purity (Kaur et al., 2018). SWCNT
was created by rolling a single layer of graphite (a different term for graphene) into a smooth cylinder (long wrapped graphene sheets). Since the length to
diameter ratio of CNT is about 1000, it is known to be a virtually one-dimensional object. As a result, the majority of SWCNTs had a diameter of 1–2 nm. This
structure is often thinner than multi-walled tubes, with a circular outline rather than a linear one. The sidewall of the tube and the end cap of the tube are the
next two distinct regions in the SWCNT. Each area had its own set of physical and chemical characteristics. SWCNTs are a more signi�cant variation of a
CNT than MWCNT variations. This is because they exhibit critical electric properties that the MWCNT varieties do not. Electric wire is the most fundamental
building block of these devices, and SWCNT can be an outstanding conductor (Aqel et al., 2012). It can also be semiconducting or metallic based on their
helical angle (χ). SWCNTs have thus been the focus of nanotechnology science for the past two decades (Rao et al., 2018). SWCNTs are also expensive to
produce, and their synthesis necessitates the use of a catalyst. As a result, developing cost-effective synthesis methods is critical for the future of carbon
nanotechnology (Aqel et al., 2012; Kaur et al., 2018).

In the MWCNT the arrangement is made up of two or more aligned rolled sheets of graphene, and it has a complicated structure that makes it di�cult to
twist in this shape. As a result, unlike SWCNT, MWCNT had a high purity (Ghasempour & Narei, 2018; Kaur et al., 2018). Multiple layers of graphite of varying
diameters were rolled in on themselves to create the tube structure of the multi-walled, and both ends of such tubes were often closed. In other words, these
multi-walled carbon tubes would be made up of a series of concentric SWCNTs. The outer diameter of these tubes varied between 3 nm to 30 nm. Since the
length and diameter of these structures vary from those of single-walled carbon tubes, their properties often differ. MWCNTs have an interlayer spacing of
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around 3.3 Å, which is similar to the distance between graphene layers in graphite (Aqel et al., 2012). Furthermore, no catalysts are needed in the production
of these multi-walled carbon tubes (Kaur et al., 2018). Figure 1 depicted the two kinds of carbon nanotubes, while Table 1 compared the two types of CNTs.

Table 1
Comparison between single-walled and multi-walled CNT

Characteristics/
or basis of the
properties

Single-walled CNT Multi-walled CNT References

Number of
graphene layer

Single layer of graphene Multiple layers of graphene (Saifuddin et al.,
2013)

Presence of
catalyst during
synthesis

Catalyst is required for synthesis Can be produced without
catalyst

(Kaur et al.,
2018)

Bulk synthesis Bulk synthesis is di�cult as it requires proper control overgrowth and
atmospheric condition

Bulk synthesis is easy (Saifuddin et al.,
2013)

Structure of
CNT

Not fully dispersed, and form bundled structures Homogeneously dispersed with
no apparent bundled formation

(Ali et al., 2014;
Saifuddin et al.,
2013)

Resistivity range Resistivity usually in the range of 10− 4 – 10− 3 Ω.m Resistivity usually in the range of
1.8⋅10− 5 – 6.1⋅10− 5 Ω.m

(Deshpande &
Mahendru, 2018;
Saifuddin et al.,
2013)

Purity of CNT Purity is poor. Typical SWCNT content is as-prepared samples by chemical
vapor deposition (CVD) method is about 30–50wt%. However high purity up
to 80% has been reported by using arc discharge synthesis method.

Purity is high. Typical MWCNT
content is as-prepared samples
by CVD method is about 35–
90wt%.

(Kaur et al.,
2018; Saifuddin
et al., 2013)

Defect in
structure

A chance of defect is more during functionalization A chance of defect is less
especially when synthesized by
arc-discharged method

(Ali et al., 2014)

Characterization
of structure

Characterization and evaluation are easy It has very complex structure (Ali et al., 2014)

Flexibility of
CNT

It can be easily twisted and are more pliable It cannot be easily twisted (Kaur et al.,
2018)

4.0 Structure Of Cnts
CNTs are graphene sheets rolled into small, long cylinder tubes with hexagon on their surfaces, i.e., hexagonal carbon cycles. CNTs are part of the fullerene
structural family and have incredible thermal, mechanical, and electrical properties, with a length to diameter ratio more than 106 (Raunika et al., 2017;
Zaporotskova et al., 2016). Furthermore, there are several ways to roll a graphene layer, allowing to produce various forms of CNTs (Aqel et al., 2012). Apart
from that, the CNTs' chemical bonds are sp2 bonds, analogous to graphite, but can be distinguished by their curvature. Quantum con�nement and σ – π
rehybridization have been achieved by causing three σ bonds to be partially out of plane and compensating by delocalizing the orbital further beyond the
tunnel. As a result, CNTs are superior to graphite in terms of mechanical strength, thermal and electrical conductivity, and chemical and biological
activity (Ghasempour & Narei, 2018). 

CNTs vary from carbon �bers in that they are made up of strands of layered-graphite sheets rather than single molecules (Saifuddin et al., 2013). SWCNTs
can be classi�ed into three types tubes: (i) armchair (d = 0.407 nm), (ii) zigzag (d = 0.393 nm), and (iii) chiral (d = 0.414 nm) (Rakhi, 2019). The type of
SWCNT formed depends on the orientation of the graphene sheets when they are rolled. After that, the chiral vector is used to describe or call the CNTs, which
speci�es how the graphene sheet is rolled up (Aqel et al., 2012). The chiral vector is represented by two integers, n and m, which correspond to the unit vector
numbers in the graphene honeycomb crystal lattice's two directions (Saifuddin et al., 2013). In the planar graphene sheet, two atoms are selected, and one is
used as origin. The chiral vector C can be de�ned using the formula in Equation (1).

C = na1 + ma2                                                                                                              (1)

Where, a1 and a2 are the unit cell vectors of the two-dimensional graphene sheets. The chiral vector points from the �rst to the second particle, and the CNT
axis runs perpendicular to this chiral vector. The length of C determines the circumference of the CNT, which is determined by the Equation (2).

where a is the value of the length of unit cell vector a1 or a2. 

The graphical representation of the vector forms for classi�cation and also used to differentiate the CNT structures is presented in Figure 2. As can be seen
in Figure 2, the integers have the following values: 

m = 0 for all zig-zag tubes and (θ = 30°);
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n = m for all armchair tubes and (θ = 0°); and 

Or else, if n ≠ m, it is chiral tube and (0° < θ < 30°). 

The (n,m) values were used to establish the chirality of the CNTs, which had an effect on their optical, mechanical, and electronic properties. The three CNT
structures are presented in Figure 3. The armchair and zig-zag tubes structures, which led to the hexagons' alignment around the radius, provided a high
degree of symmetry. Meanwhile, the most common type of CNTs is chiral tube formation, which may occur in two mirror-related shapes (Aqel et al., 2012). 

In addition, three models were employed to describe the shape of MWCNTs, based on electron microscopy studies: coaxial cylindrically curved, coaxial
polygonised and scrolled graphene sheet. The most common and generally recognized MWCNTs are the coaxial cylindrical models, but those with big tube
sizes are the coaxial polygonised model form (Rakhi, 2019). The Russian Doll and Parchment model can also be used to explain the arrangement of
MWCNTs. The sheets of graphite in the former model are arranged as a SWCNT inside a wider SWCNT in a concentric cylinder. Meanwhile in the latter model,
MWCNT resemble a scroll of parchment or rolled newspaper as a single sheet of graphite is rolled in around itself (Varshney, 2014). 

However, in practice, CNT contains defects that form during synthesis, so it does not have the ideal or �awless structure that it does in principle. At the defect
site, around 1–3 % of the carbon atoms of a nanotube are located there. The Stone-Wales fault is one of the most common types of �aws, and it is also
known as the 7-5-5-7 �aw because there are two sets of �ve- and seven-membered rings. Due to this type of defect, the curvature of the CNTs usually
displays local deformation. More importantly, addition reactions are more favorable at the carbon-carbon double bonds in this defect site (Karimi et al.,
2015). 

5.0 Synthesis Of Carbon Nanotubes (Cnts)
There are many methods for synthesizing CNTs (Fig. 4), however, the three most common methods such as arc discharge, laser ablation, and chemical vapor
deposition (CVD), are used under laboratory conditions (Sharma et al., 2015). At the �rst stage of growth of so-called vapor – grown carbon �bers, CNTs are
synthesized, and during arc discharge, CNTs are obtained in the carbon deposits on the graphite anodes. Under related arc discharge conditions, “graphite
whiskers,” which are �brous carbon consisting of a scroll of carbon layers, were collected in 1960 (Inagaki et al., 2014). As a result, CNTs were initially
generated using high-temperature techniques such as arc discharge or laser ablation, but CVD is now more widely used because it can be achieved at a lower
temperature (< 800°C). Furthermore, the CVD approach allows for precise monitoring of experimental conditions such as CNT direction, alignment, weight,
diameter, mass, and purity (Pandey & Dahiya, 2016; Sharma et al., 2015).

5.1 ARC DISCHARGE METHOD
The highest performing nanotubes can be obtained using the arc discharge process, which is also known as plasma-based synthesis method (Kaur et al.,
2018). As previously stated, the �rst CNTs were generated using this method between graphite electrodes (Ferreira et al., 2019). A vacuum chamber was used
in this process, and two graphite electrodes with a gap width of 1–2 mm were mounted within the chamber to assist in achieving a steady discharge. The
chamber must �rst be �lled with an inert and low-pressure gas such as helium or argon at around 500 torr before a direct current of 50–100 amperes can be
transmitted between the two electrodes. The gas inside the chamber would be ionized, converting it to electrons and ions. The creation of hot plasma
between the electrodes will occur because of this (Ferreira et al., 2019; Raunika et al., 2017). As a result, graphite will vaporize; some of it will condense on the
reaction vessel, while the remainder will condense on the cathode (Kaur et al., 2018). Temperatures as high as 4000–6000 K will be produced during this
operation, triggering sublimation of the carbon precursor at the anode. Meanwhile, the carbon vapors emitted will be deposited on the cathode, which will
cool down (Raunika et al., 2017). The inert gas and direct current are two of the most critical parameters in this system for maximizing yield (Mohammad et
al., 2013).

Furthermore, both SWCNT and MWCNT can be generated in large quantities (large yield quantity in gram quantities) using this form, and the duration of the
produced CNTs is greater than 40 µm (Mohammad et al., 2013; Yang, 2015). Additionally, for this method, production of SWCNTs in relatively large amounts
requires metals catalysts such as cobalt (Co), nickel (Ni) and yttrium (Y) to be introduced in the anode electrode (Kaur et al., 2018; Raunika et al., 2017). As
Ni-Y graphite mixtures are used, high yields of SWCNTs (< 90%) with a diameter of 1.4 nm have been achieved in recent studies (Rahman et al., 2019).
Meanwhile, the production of MWCNTs does not requires any metal catalyst (Ferreira et al., 2019). The schematic diagrams of the arc discharge for CNT
synthesis and development as shown in Fig. 5. This process produces tubes of different lengths, which are normally entangled and have a low defect rate,
which mean a better high quality (Loos, 2015). The disadvantage of this process is that the samples obtained are in powder form, with the nanotubes twisted
into bundles (Saifuddin et al., 2013).

5.2 LASER ABLATION (LASER VAPORIZATION)
The CNTs were �rst synthesized using a laser in 1995, and the pulsed laser vaporization (PLV) technique is used to extract a large variety of carbon
allotropes from graphite, one of which is CNTs (Chrzanowska et al., 2015; Ferreira et al., 2019). A laser beam (Yttrium Aluminum Garnet or CO2 laser) was
used in this process, and it will be put within a reactor, where it will be focused on the graphite rods. Until beginning the process, argon buffer gas and a
catalyst mixture of Co and Ni in a 50:50 ratio was passed through the rod at 1200°C. The metal was added to the process to help catalyze the creation of
SWCNTs, but it also produced a slew of other byproducts. As a result of the high temperature of the argon buffer steam, the rod will vaporize. As the
vaporization was cooled, it was deposited in the copper collector, and nanotubes were formed (Kaur et al., 2018; Raunika et al., 2017). The schematic
diagrams for the laser ablation procedure are shown in Fig. 6.
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One of the bene�ts of this method is that high-quality SWCNTs with limited defects can be achieved in a reasonably high yield. Since the metallic atoms
appear to vaporize when the tube's end is closed, this was possible. SWCNTs generated have excellent structural integrity as well. Furthermore, diameter
modulation of the samples can be achieved easily by adjusting the method's parameters, i.e. catalytic metal, �ow rate, and temperature (Chrzanowska et al.,
2015; Rahman et al., 2019; Raunika et al., 2017). Apart from that, SWCNTs can be synthesized without requiring the production of MWCNTs (Ferreira et al.,
2019). However, there are several drawbacks to this approach. The CNTs generated may have some branching and may not be perfectly straight. Despite
using higher purity graphite rods and laser forces, the amount of CNTs generated is lower than when the arc discharge approach is used (Rahman et al.,
2019).

Typically, a signi�cant amount of SWCNTs can be generated with good crystallization using both arc discharge and laser ablation methods. However, owing
to the unique basic equipment requirements and high energy demand, these two strategies are less advantageous than CVD (Saifuddin et al., 2013). In terms
of yield and purity, CVD are superior to arc and laser methods. This is because the size of the carbon source, i.e., anode for arc discharge and target for laser
ablation, determines the amount of the sample formed in both arc and laser processes. There is also a need for intensive puri�cation of CNTs developed
using these two techniques, which led to the production of gas phase methods like CVD (Raval et al., 2018; Wang et al., 2019).

5.3 CHEMICAL VAPOR DEPOSITION (CVD)
CVD is showing high potential to be used further as a CNTs processing tool for future industrial applications due to advantages such as relatively low growth
temperature, high yields, and high purities with many explicit properties that can be obtained during its manufacture (Hussein & Abdulrazzak, 2018). While
this process was �rst used in the 1960s and 1970s to produce carbon �bers and carbon nano�bers, it was not until 1996 that it was used on a wide scale for
the production and synthesis of CNTs. Strong, liquid, and gaseous precursors were used to aid in the development of CNTs at relatively low temperatures, i.e.,
500 to 1000°C, and at atmospheric pressure. Metal or metal oxide catalyst particles are used as "seeds" to aid in the development of certain precursors (Shah
& Tali, 2016; Vivekanandhan et al., 2017). In addition, the gaseous or volatile carbon compound can decompose with the aid of metallic nanoparticles as a
catalyst in this step. The catalyst also serves as a nucleation site for the development of CNTs (Saifuddin et al., 2013). The reaction chamber is �lled with a
combination of nitrogen, ethylene, and acetylene during the procedure (Kaur et al., 2018).

This approach allows CNTs to expand in a variety of macroscopic morphologies, including powders and �lms (i.e., thick or thin), as well as various
microscopic architectures (i.e., aligned, coiled, intertwined, or straight). The simplicity of the process is due to the use of such precursors, as well as different
substrates and catalysts (Vivekanandhan et al., 2017). As a result, producers will get the desired type of CNT. The four key parameters that specify the form
of CNTs formed (SWCNT or MWCNT) in this process are the reactor's atmosphere, the source of hydrocarbon, the catalyst, and the growth temperature.
MWCNTs are typically formed at lower temperatures (i.e. 600 to 900°C), while SWCNT development occurs at temperatures greater than 900°C (Hussein &
Abdulrazzak, 2018). Not just that, but the commodity obtained is purer and has a higher yield. Regardless, defects can be detected in the composition of the
samples collected, and these defects are normally in signi�cant numbers (Loos, 2015; Raunika et al., 2017). The general and basic schematic diagrams for
the CVD technique are shown in Fig. 7.

5.3.1 THERMAL CATALYTIC CVD
Decomposition of hydrocarbons or other carbon feedstock will take place at elevated temperatures ranging from 500 to 1200°C in this process. Prior to use,
the feed would be dissolved in a steady �ow of noble gases in the furnace, which would pass through transition metal catalysts such as iron, nickel, and
cobalt, among others. The decomposed carbon would dissolve such metal particles until it reached a point of super saturation. The hydrocarbon is then
decomposed and deposited on a substrate, i.e., alumina, glass, or silicon substrate. The carbon precipitate would then form in the shape of fullerene dorms.
Depending on the temperature range of the process, different forms of CNT may be produced by using various types of carbon feedstock. Chemical
composition and textural properties of the catalyst material(s) used are two parameters that control the length, diameter, orientation, and consistency of
produced CNTs. The amounts of defects and the existence of amorphous carbon was also used to test the above properties of the �nished product (Raunika
et al., 2017; Yang, 2015).

5.3.2 PLASMA-ENHANCED CVD (PECVD)
PECVD is a broad concept that encompasses a variety of synthesis methods which may be either direct or remote. Direct PECVD was used to make MWCNT
�eld emitter towers and some SWCNTs, while remote PECVD can be used to develop all types of CNTs (Pandey & Dahiya, 2016). Instead of using thermal
energy, this method uses energy sources that can supply energy for both hydrocarbon decomposition and CNT processing at a low temperature. The plasma
energy sources used on the CNT formation are hot �lament PECVD, direct current PECVD, radio frequency PECVD, and microwave PECVD. Hydrocarbon gas is
used over intermediate metals in an ionized state in this process (Raunika et al., 2017). Furthermore, the reactive species in the plasma system in�uenced the
development of microscopic diameter tubes, which had implications for both diameter regulation and selective etching of metallic SWCNTs (Saifuddin et al.,
2013). The PECVD process consists of three major stages: (i) primary reaction takes place between energetic particles and carbon precursor in
nonequilibrium plasma which leads to the precursor to be decomposed into carbon atoms and other active radicals; (ii) diffusion of carbon atoms and
radicals onto the catalyst surface, as well as secondary reactions between the reactants, and (iii) catalyst interacts with the reactants on its surface, allowing
carbon atoms to in�ltrate and precipitate, as well as the release of result gases (Ding et al., 2016).

This kind of CVD process has the bene�t of producing a high yield of matched CNTs at a lower substrate temperature (Raval et al., 2018). Furthermore, by
adding a voltage to the substrate, the volume of supplied ionized carbon species onto the catalyst surface can be tuned. The chirality distribution and growth
rate of SWCNTs can be regulated, for example, by adjusting catalyst size and H2 �ow rate (Yanase et al., 2019).

5.3.3 ALCOHOL CVD (ACCVD)
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Since the temperature of the process is relatively low as low as 550°C, the ACCVD system can produce SWCNTs in large quantities at a low cost. Evaporated
methanol and ethanol are applied to zeolite-supported iron and cobalt catalytic metal particles in this process. Alcohol reacting with catalytic metal particles
created hydroxyl radicals, which removed carbon atoms with hanging bonds, preventing the formation of high-purity SWCNTs. The produced SWCNTs has
diameter of about one nm (Varshney, 2014). The synthesis method for CNTs is compared in Table 2 and Table 3.

Table 2
Summary of the CNT synthesis process (Aqel et al., 2012; Kaur et al., 2018; Saifuddin et al., 2013)

  Arc discharge Laser ablation CVD References

Discovery Ebbesen and Ajayan, NEC, Japan
1992

Smalley, Rice, 1995 Endo, Shinshu University, Nagano, Japan (Ebbesen &
Ajayan, 1992;
Gupta et al.,
2019; Manawi
et al., 2018)

Process Graphite electrodes (with distance in
between 1–2 nm) kept in enclosure in
presence of inert gas (e.g., helium,
argon), and direct current of 50–100
A are used

Vaporization of graphite
rods which contain catalyst
material by pulsed or
continuous laser, in a
quartz tube furnace.

Blast graphite with intense
laser pulses rather than
electricity

Reaction chambers contain mixture of
nitrogen, ethylene, and acetylene. The
temperature of reaction chamber during the
process was 700–900°C and at 1 atm
condition.

Place substrate in oven, heat to high
temperature, and slowly add a carbon-
bearing gas (e.g., methane). As gas
decomposes, it frees up carbon atoms,
which recombine in form of NTs.

(Gupta et al.,
2019; Kaur et
al., 2018;
Saifuddin et
al., 2013)

Conditions Inert gas (helium or argon) at low
pressure (between 50–700 mbar)

Inert gas (helium or argon)
at 1200°C and pressure
500 Torr

700–900°C at 1 atm (Gupta et al.,
2019; Kaur et
al., 2018)

Typical yield 32–91% Up to 70% 20–100% (Kaur et al.,
2018)

SWCNT Short tubes with diameter 0.6–1.4 nm Long bundles of tubes (5–
20 microns) with diameter
1–2 nm (individual
diameter)

Long tubes with diameter ranging from 0.6–
4nm

(Aqel et al.,
2012)

MWCNT Short tubes with inner diameter 1–3
nm and outer diameter of
approximately 10nm

Not much interest in this
technique as it is too
expensive, but synthesis of
MWCNT is possible

Long tubes with diameter ranging from 10–
240nm

(Aqel et al.,
2012)

Carbon source Pure graphite Graphite Fossil-based hydrocarbon and botanical
hydrocarbon

(Shah & Tali,
2016)

Cost High High Low (Kaur et al.,
2018)

Advantages Simple, inexpensive, high – quality
nanotubes

Relatively high purity, room
– temperature synthesis

Simple, low temperature, high purity, large-
scale production, aligned growth possible

Allows control over the produced CNTs’
morphology and structure

(Ali et al.,
2014; Manawi
et al., 2018)

Disadvantages Little control over the nanotubes’
orientation and required further
puri�cation due to usage of catalyst

High temperature, and tangled
nanotubes produced

Nanotubes produced are
not perfectly straight and
has branching

Requires lasers with high
powers and highly pure
graphite rods

Method limited to the lab
scale; crude product
puri�cation required

Nanotubes produced have more structurally
defects

Synthesized CNTs are usually MWCNTs

(Ali et al.,
2014; Manawi
et al., 2018;
Rahman et al.,
2019)
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Table 3
The comparison of the CNTs’ synthesis methods.

  Laser
ablation

Arc
discharge

CVD References

Reaction temperature (°C) 3000 3000–4000 500–1100 (Mubarak et al., 2014)

Per unit design cost High High Low (Ra�que & Iqbal, 2011)

Nanotube selectivity Low Low High (Malekimoghadam & Ra�ee,
2018)

Carbon source/ Raw source
availability

Di�cult Di�cult Easy, abundantly available (Ra�que & Iqbal, 2011)

Puri�cation of CNT (high impurities) High High Low (Mubarak et al., 2014)

Process nature Batch Batch Continuous (Hiremath et al., 2016)

Process parameter control Di�cult Di�cult Easy to control (Malekimoghadam & Ra�ee,
2018)

Energy requirement High High Low (Mubarak et al., 2014)

Design of reactor Di�cult Di�cult Easy and can be designed as large-scale
process

(Ra�que & Iqbal, 2011)

Graphitization of nanotube High High Middle (Malekimoghadam & Ra�ee,
2018)

6.0 Puri�cation Techniques For Cnts
The form and number of impurities that come with CNTs differ depending on the process used to make them. Carbonaceous materials and metals are the
most common impurities found. Aside from that, the as-produced CNT soot contains several impurities. Graphite (wrapped up) tubes, amorphous carbon,
metal catalyst, and smaller fullerene are four common impurities that will interact with much of the desired properties of CNTs. Strong oxidation and acid-
re�uxing processes are the industry's favored puri�cation procedures, but they can in�uence the tubes' composition. Liquid chromatography, however, is the
least preferred solution due to the insoluble nature of CNTs.

In general, CNT puri�cation steps aid in the elimination of amorphous carbon, the enhancement of surface area, the increase or decrease in volume (i.e.,
mesopore or micropore), and the decomposition of functional groups that obstruct pore entry or the promotion of additional functional groups. The
separation techniques can then be separated into two categories: structure-selective separation techniques and size-selective separation techniques (Aqel et
al., 2012). These tactics may be used on their own or in combination with others. The latter option, on the other hand, was often used to increase puri�cation
while also eliminating other impurities. The common puri�cation methods are mentioned below.

6.1 OXIDATION TREATMENT
Gas phase oxidation, liquid phase oxidation (acid treatment), and electrochemical oxidation are the three methods of oxidative treatment. Gases such as air,
O2, Cl2, H2O, and others are used in the �rst form of operation. The tubes are heated at about 330°C in either wet air, vacuum, or with other oxidizing agents at
a controlled temperature, and for a prolonged period. Carbonaceous impurities are mostly eliminated from CNTs because of this process. Regardless, this
procedure in�uences the tubes because it often exposes the ends of CNTs, slices CNTs, and affects the surface structure of CNTs. Oxygenated functional
groups (-OH, -C = O, and -COOH) were eventually added to CNTs. Since the metal particles could not be separated directly from the CNTs with this treatment
alone, additional acid treatment was needed. The liquid phase oxidation, also known as acid treatment, is the next type. Metal catalyst and some fullerenes
will be eliminated in this treatment. Of the various acids, HNO3 is the only one that does not degrade the tubes until the tubes are left inside the HNO3 for a
prolonged period (usually > 16 h). CNTs will remain suspended until treatment, while the metal catalyst will be solvated. The electrochemical oxidation is the
�nal form of oxidation. This method works well for CNTs that have few defects, so they are more resistant to electrochemical oxidation. It may also be used
to purify CNT arrays without losing their orientation. The CNTs electrode is �rst immersed in a 0.2M HNO3 solution or a 0.2M HCl solution (i.e., purge with N2

for 20 minutes before usage). The capacity was then cycled between + 1.00 and + 2.00 V at a scan rate of 50 mVs− 1 (Saifuddin et al., 2013). Metal contents,
oxidation time, atmosphere, oxidizing agents, and temperature were all factors that in�uenced the e�ciency and yield of the procedures (Aqel et al., 2012).

6.2 ULTRASONICATION
The isolation of particles caused by ultrasonic vibrations is the basis for this technique (Aqel et al., 2012). The suspension of CNTs can be performed in
either pure water, toluene, or in an acid solution, and then sonicated for 5 to 30 minutes. Tubes will be isolated from attached particles during sonication,
resulting in nanotube dispersion and other particles for improved centrifugation. The amount of surfactant, solvent, and reagent used in the process has a
signi�cant impact on particle separation. Meanwhile, the solvent used had a signi�cant impact on the consistency of the dispersed tubes in the device
(Saifuddin et al., 2013). If CNTs are still bound to the metal, they are more soluble in weak solvents. Monodisperse ions, on the other hand, are relatively
soluble in certain solvents, such as alcohols (Aqel et al., 2012).

6.3 MAGNETIC PURIFICATION
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This process mechanically separates ferromagnetic (i.e., catalytic) particles from their graphitic shells. To extract the ferromagnetic particles, inorganic
particles (mostly ZrO2 or CaCO3) were combined with CNT suspension in an ultrasonic bath. The ions would then be captured using permanent magnetic
poles. After that, a chemical treatment would be applied to achieve a high purity CNT. The advantages of this approach include the ability to produce
laboratory-scale quantities of CNTs without the use of large equipment. The result is also free of magnetic impurities (Aqel et al., 2012).

6.4 MICRO-FILTRATION
Micro-�ltration technique is usually used together with the oxidation process. Nanoparticles such as catalyst metal, fullerenes, and carbon nanoparticles
migrate through the �lter using this process, while CNTs and a small amount of carbon nanoparticles remain stuck within the �lter (Aqel et al., 2012).
Although carbon nanotubes are not soluble in simple solutions, their acid decomposition products are. These products can then be isolated, typically under
vacuum, using a simple pH 11 solution and a 3–5 µm �lter (Saifuddin et al., 2013).

6.5 CENTRIFUGATION
The impure CNTs will be centrifuged for 30 minutes to 3 hours at 7000 g. The supernatant would be withdrawn after one run, and the goods would be
centrifuged again. Impurities such as nanospheres, metal nanoparticles, and other carbon particles are extracted using this process. The yield of nanotubes
would be limited if the centrifugation were performed several times (Saifuddin et al., 2013).

6.6 MICROWAVE PURIFICATION
The CNTs will be diluted in HNO3 solution after the sonication phase in this method (any other types of acid are also acceptable to be used). The CNTs will
then be microwaved at 100–200 W for over 30 minutes at a temperature of ~ 200°C. After that, the microwave's temperature will be maintained at 200°C for
30 to 90 minutes. Impurities like amorphous carbon, metals, and other nanoparticles will be eliminated as a result (Saifuddin et al., 2013).

When various puri�cation methods are used, different �ndings are obtained. When choosing puri�cation methods, it is critical that the procedure only
removes carbon impurities and metals, with no modi�cations to the CNTs, especially on the structural surfaces (Aqel et al., 2012).

7. Application Of Cnt
CNTs had a wide variety of possible applications due to their unusual anisotropic and stronger molecular interaction properties, and had piqued the interest
of several different �elds and industries (Shahidi & Moazzenchi, 2018). These applications are systematically mentioned here.

7.1 MEDICAL AND BIOMEDICAL FIELDS
CNTs are a promising commodity in the biomedical �eld because they have several distinct characteristics, including an excellent structure that enhances the
remarkable combination of mechanical, electrical, and optical properties. CNTs are used in biomedical applications such as biomolecule transfer, gene
delivery to cells or organs, and tissue regeneration. CNTs are naturally hydrophobic materials, but they can be functionalized to accommodate speci�c
applications. CNTs' appealing properties are what have led to their widespread use, i.e. (i) because of their hollowness and wide surface area, they are ideal
for drug distribution, (ii) due to their hydrophobicity, they have increased functionality in the delivery of biomolecules, and (iii) for the combined use of
contrast agent, photodynamic therapy, and photoacoustic imaging, great optical properties are needed (Alshehri et al., 2016; Lamberti et al., 2015; Prajapati et
al., 2020).

Drug and gene distribution are one of the medicinal systems that uses CNTs, and Fig. 8 shows how CNTs are currently used as drug carriers. With the 12-hour
delivery of dextroamphetamine in the 1950s, Smith Kline and French pioneered the idea of drug delivery release. Since then, three waves of drug delivery
systems have emerged. Cancer therapy is one of the most common uses of carbon nanotubes in drug delivery systems. The CNT-based anticancer drugs
have received a lot of attention, and their distribution is dependent on two strategies. First, targeted distribution can be accomplished by functionalization of
tumor receptors. The second technique involves releasing drugs in a regulated atmosphere that mimics tumor conditions, such as a lower pH. CNTs can
administer a limited number of medications to the same tumor site using this technique. As a result, device toxicity will be decreased or eliminated, and the
negative side effects of standard anticancer medications will be reduced as well. CNT-based medications are also used in other forms, such as a CNT-based
carrier for antigen immunization. SWCNTs were used as the carrier instruments for this CNT-based vaccine, and they were effective in achieving successful
tumor antigens. CNTs can then be �lled with a number of biomolecules such as siRNAs, genomes, and DNA, making them an important method for gene
silencing and distribution. CNTs were used to develop an effective and speci�c nonviral gene delivery mechanism. For example, CNTs were functionalized
with poly(lactic-co-glycolic) (PLFA) to deliver the proapoptotic protein caspase-3 (CP3) into osteocarcinoma cells. CNTs were also used to inject the GFP gene
into the cultured cell lines. Furthermore, SWCNTs were used to not only transport DNA molecules, but also to prevent certain molecules from being digested
by the nucleases present in the cytoplasm (Alshehri et al., 2016; Menezes et al., 2019).

The other use will be in biomedical imaging, which is the use of high-resolution imaging techniques to image the actions of cells, tissues, organs, or the
whole body. CNTs are used to study and enhance imaging functionalities as well as their reaction to their surroundings. Photoacoustic imaging (PAI) is one
form of biomedical imaging. PAI, which enables photographs of deeper tissues to be seen by using various contrast agents to target particular areas, is ideal
to be done on CNTs because they have a high absorbance and contain impurities in the form of metallic nanoparticles (Alshehri et al., 2016). MWNTs and
SWNTs are used as photothermal agents in this imaging since they both have a good near-infrared �eld (NIR). Furthermore, due to their �rm NIR absorbency,
NTs are well-suited to serve as contrast-mediums for PAI. SWNTs also have the most signal as compared to other carbon materials such as fullerenes and
graphitic microparticles, making them suitable contrast-mediums for PAI. CNTs may also be mixed with other absorptivity nanomaterials to boost or
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multiplex PAI, giving CNTs a universal nanoplatform. Fluorescence imaging and Raman imaging are two other methods of biomedical imaging (Chen et al.,
2017).

CNTs in composites may often be used to regenerate and engineer bone tissue, and they are classi�ed as biomimetic nanocomposites of collagen �bers at
the cell hierarchy stage. CNTs have a bene�cial effect on cell adhesion by stimulating cell adhesion, as well as cell morphology modulation and stem cell
differentiation acceleration due to their preferential a�nity for cell binding, which facilitates new bone development when osteoblast differentiation and
apatite mineralization are triggered. Conjugating moieties such as aptamers, peptides, and small molecules may be used to functionalize CNTs for use in
diseased bone tissue aggregation, targeting the pathological site, and effectively delivering speci�c therapeutic agents (Pei et al., 2019).

CNTs can also be used for biosensing because of their wide basic surface area, which allows for the immobilization of certain functional groups, such as
receptor moieties. The different forms of CNT-based biosensors are shown in Fig. 9. Biosensors are one of the most important methods for biological
identi�cation of bioactive molecules. The use of carbon nanotubes in biosensors has allowed the identi�cation of biological species at lower concentrations,
transforming the biosensor into an ultrasensitive biosensor. Nanosized biosensors are used to track a variety of body conditions. For diabetics, for example,
a glucose biosensor is critical for monitoring glucose levels. Immunosensors, virus sensors, and protein sensors are some other examples. Enzyme
biosensors, such as the tyrosinase biosensor, are also common. The electrocatalytic activity of MWCNTs was used in this biosensor to increase the reaction
signal, thus improving the shelf life and activity. (Raphey et al., 2019; Sireesha et al., 2018).

7.2 FABRIC AND TEXTILE INDUSTRIES
Since CNT fabric is a nonwoven cloth, it is easier to produce than woven or knitted fabrics. Weaving CNT yarn also allows for the development of stronger
fabrics. However, yarn is more expensive than sheet, and the rate will rise even more after the yarn is woven. Composite fabrics, electrical power conductors,
technical textiles, and other uses for CNT cloth and yarn are among the possibilities (Chitranshi et al., 2019).

CNTs are used in the production of conductive textiles, for example. Since carbon nanotubes are made up entirely of carbon atoms, they have a broad variety
of conductivities, ranging from insulator to conductor. Because of their high surface area, light weight, and excellent electric and mechanical properties, CNTs
have recently been used as an electronic feature in the manufacture of wearable electronic textiles. In addition, several researchers have focused on the
integration of carbon nanotubes in conductive textiles in recent years. MWCNT, for example, was used as a covering in the alteration of PET fabrics in 2016.
Nanotubes are coated on the surface of �bers using the padding process, which involves suspending nanotubes in water. As a result of the procedure, the
materials were not only stable and easy to mold, but they also had a long-lasting network conductivity. Another case is Lin et al., who used the melt extrusion
process to cover polyester yarns with polypropylene and MWCNT in 2016. They calculated that using 8 wt% MWCNT for the coating would result in an
electrical conductivity of 0.8862 S/cm (Shahidi & Moazzenchi, 2018).

Furthermore, the development of composite textiles with CNTs has appeared at the forefront of practical and smart textiles science. The capabilities of
practical textiles can be extended as well as new applications for the consumer industry by adding CNT products. With the use of carbon nanotubes, the
textile's e�ciency value improves. For example, better �ltration capability for waterborne and airborne pollutants, electrical conductivity that can
accommodate interconnected electronic circuits, and the ability to harness and produce electricity are all possibilities. Textiles impregnated with CNT and
made of CNT are very light and have a low strength compared to other fabrics (Chitranshi et al., 2019).

CNT's special properties, such as ultra-light weight, high aspect ratio, high electrical and thermal conductivity, and high mechanical e�ciency, have made
them an appealing nanomaterial for wearable sensor fabrication. CNT sensors are not only practical and scalable, but they are also energy e�cient. These
wearable devices are used in robots like surgical instruments, environmental sensors, and motion detectors for sensing purposes. Furthermore, owing to their
peculiar properties, it can be used as a gas sensor, and can be used alone or in conjunction with other materials. The lightweight wearable sensor was
created by doping the sensor with multi-walled CNTs, and it can be used to track medical physiology, orientation, and climate. Following that, CNT was used
in the manufacture of �re-retardant textiles. Flame resistance and thermal anisotropy are two of CNT's characteristics. As a result, heat can be conducted
around the axis of a single CNT tube, as the tube's diameter is comparatively insulating. Furthermore, owing to the anisotropic behavior of the nanotubes,
heat can be transferred through the aligned layer and partly diverted to a cold reservoir in the textile that has been infused with CNT. These properties are
particularly bene�cial to �re�ghters because they help shield them from fatigue and heat stress (Shahidi & Moazzenchi, 2018).

The incorporation of carbon nanotubes in textiles will functionalize traditional fabrics without affecting the fabric's fundamental properties such as softness
and �exibility. As a result, CNT can be seamlessly incorporated into the fabric scheme (Chitranshi et al., 2019).

7.3 WASTEWATER TREATMENT
CNTs can be a promising anode material for microbial fuel cells (MFC) because of their high conductivity and high surface-to-volume ratio. Microbial fuel
cells are one of the most important, environmentally sustainable methods for wastewater treatment. Direct application of CNT, on the other hand, may induce
cellular toxicity. As a result, CNTs can be used as an anode medium by coating them with conductive polymers including polyaniline and polypyrrole. The
electrode speci�c surface area can be increased by adapting CNTs in this process, thus improving charge transfer e�ciency. Following that, a three-
dimensional structure was obtained by evenly covering the CNT on a macroscale porous substrate, which demonstrates close contact with the microbial
bio�lm. The electron transfer from the exoelectrogens to the electrode surface had been aided by this. As a result, the charge transfer resistance was
signi�cantly reduced, resulting in improved MFC e�ciency. For MFC cathodes, oxygen was commonly used to accept electrons. However, oxygen had a weak
reduction reaction under typical operating conditions, affecting MFC e�ciency. Consequently, bacteria are used as a catalyst to strengthen cathode reduction
reactions. CNTs made strong interaction with the redox active core of redox proteins within certain bacteria due to their size and shape. As a result, the CNT-
based cathode can assist electron transport, enhancing the oxygen reduction reaction (Attar & Ranveer, 2015).
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CNT are also used for water �ltration as anti-microbial materials. Strong antimicrobial activity was shown by CNTs especially SWCNTs. High bacterial
retention was shown by SWCNT �lter, while high viral removal is exhibited by MWCNT at low pressure, and both are done through size exclusion effect.
Bacterial inactivation and viral preservation at low pressure can be accomplished by integrating all types of nanotubes as a hybrid �lter. (X. Liu et al., 2013).
CNTs are also used to isolate endocrine disrupting compounds (EDCs) and pharmaceuticals and personal care products (PPCPs) from wastewater e�uents
and surface water sources. When SWCNT and MWCNT are used in membrane �lters, they can potentially remove a high percentage of PPCPs (10–95%) and
EDCs (60.4–95.2%) (Kurwadkar et al., 2019). Meanwhile, magnetic MWCNTs have a removal e�ciency of 178.57 mg/g when used to remove methylene blue
dye from wastewater (Gopinath et al., 2020).

Aside from that, direct contact membrane distillation (DCMD) treats water with a bucky paper CNT membrane, which has excellent properties such as high
thermal conductivity, high porosity, and hydrophobicity. When a bucky-paper CNT membrane was used to desalinate seawater using DCMD, about 99% of the
salt was rejected. The composite CNT membrane, with a permeability of 3.3 10− 12 kg/(m.s.Pa) and a lifetime of continuous testing of up to 39 hours, shows
an average of 95% salt rejection. Apart from increased salt rejection, CNTs have several appealing properties, including thermal and mechanical stability,
surface hydrophilicity, antimicrobial, and antifouling properties (Ullah, 2018).

7.4 ENERGY STORAGE APPLICATION
Solar energy is an ideal option for the rising energy market since it is a plentiful and renewable source of energy. In addition, cost-effective and reliable
solutions for the renewable generation and storage of electrical energy, such as for handheld devices and transportation, are in high demand. Carbon-based
photovoltaic cells (PVCs) are claimed to be a fantastic new concept for capturing solar energy and converting it into electri�ed energy. CNTs are p-type
semiconductors of incredible mobility, and organic photovoltaic devices are made by mixing CNTs like C60 with electron donors in conjugated polymers.
CNTs are also used in the manufacture of ultracapacitors or electrochemical double-layer capacitors (EDLCs). The ultracapacitor's properties have been
improved by using electrodes made of CNTs that are vertically aligned. The power density of ultracapacitors is four times that of batteries, with an energy
density of around 60 W/kg and a lifetime of more than 300,000 cycles. The excellent conductivity and surface area of CNTs allow for these changes
(Rahman et al., 2019).

Lithium-ion batteries (LIBs) have a wide range of applications, including handheld mobile devices, hybrid motors, and other rechargeable battery systems,
and have the higher energy e�ciency than other rechargeable battery technologies. Many attempts have been made to produce LIB nanostructured
electrodes that are environmentally friendly, highly durable, thinner, and have a greater storage space. Because of their unusual 1D tabular composition, large
surface area, enhanced chirality, and high thermal/electric conductivities, CNTs are considered an excellent additive material for LIBs electrodes. Additionally,
bulk CNT sponges were used in the manufacture of 3D porous electrodes for LIBs because CNT sponges have a high porosity and mechanical stability.
Figure 10 depicted the various methods by which LIBs implement CNTs (Kumar et al., 2017; Lin et al., 2016). Due to the cylindrical shape of carbon
nanotubes and their nanosized properties, different hydrogen storage capacities can be reached in different carbon nanostructures, as mentioned in Table 4.

Table 4
Hydrogen storage capacities in CNTs.

Material Discharge capacity (mAh/g) Stored hydrogen (wt.%) References

SWCNT 110 0.39 (Nützenadel et al., 1999)

Puri�ed SWCNT 800 2.9 (Rajalakshmi et al., 2000)

MWCNT 297 1.051 (Gao et al., 2001)

SWCNT < 141 < 0.5 (Jafari, 2018)

Aligned SWCNT 503 1.84 (G. P. Dai et al., 2002)

7.5 STRUCTURAL REINFORCEMENT
CNTs are an ideal material for load-bearing reinforcement in composites and structural applications ranging from casual things like clothing to military
jackets and space elevators, due to their mechanical properties. CNTs are used as composite �ller in structures such as tennis rackets, aircraft body parts,
and even spacecraft. Polymers and epoxy resins are also used in conjunction with CNTs to improve properties such as durability, strength, and hardness
(Jafari, 2018).

In composites, CNT is a promising �ller material whereby when coupled with very large interfacial contact region, will exhibited excellent electrical, thermal,
and mechanical properties. CNT-reinforced polymer composites have drawn a lot of interest for industrial applications like electronics, energy storage
systems, and vehicles because of their compatibility with CNT. Table 5 shows some of the applications for polymer/CNT composites. Apart from that, CNT-
epoxy composites are widely used in commercial applications such as sporting equipment (i.e., badminton rackets, golf sticks, ski poles, and so on),
electronic packaging, and aircraft. Epoxy composites are widely used in the aircraft and aerospace industries due to their high temperature tolerance and
high strength-to-weight ratio. The mechanical e�ciency of the composites can be increased further by using CNTs as epoxy �llers (Kausar et al., 2016; Mittal
et al., 2015).
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Table 5
Polymer/CNT composites application.

Nanotube
type

Polymer type Applications References

MWCNT Polyethylene Automotive external body components, hot melt adhesives, yarn,
and conductive plastic for surface resistivity.

(Kingston et
al., 2014)

SWCNT,
MWCNT

Polyamide Electrostatic discharge, electronics and industrial, automotive (Kingston et
al., 2014)

SWCNT,
MWCNT

Polyurethane Flame retardant, used in wind turbine blade (Kingston et
al., 2014)

MWCNT Polyaniline (PANI), Polypyrrole (PP) and Poly-(3,4-
ethylenedioxythiophene) (PEDOT)

Supercapacitor electrode materials (Frackowiak
et al., 2006)

MWCNT Poly (vinyl alcohol), poly (2-acrylamido-2-methyl-1-
propane sulfonic acid)

Sensors and actuators for biomedical applications (C. A. Dai et
al., 2009)

SWCNT Poly (4-methyl-1-pentene) Space vehicles, space stations, biomedical art (Nurazzi et al.,
2021)

SWCNT Poly (methyl methacrylate) Biocatalytic �lms (Rege et al.,
2003)

8. Toxicity Of Cnt
Despite a variety of appealing properties and being commonly used in a variety of �elds and markets, CNT toxicity remains a major concern. Measurements
of cell viability, cell in�ammation, and reactive oxygen species (ROS) activity are used to uncover the mechanisms of CNT toxicity. The toxicological effects
of commercial and acid puri�ed MWCNTs and SWCNTs have been studied, and certain types of CNTs have a major impact on toxicity levels. According to
the �ndings, the ROS level of commercial CNTs is rising, resulting in increased oxidative stress and a decrease in mitochondrial membrane potential.
MWCNTs also demonstrated some toxicity due to metal impurities at high concentrations (Costa et al., 2016; Mamidi, 2019).

Furthermore, many physicochemical factors in�uence CNTs' biological reactivity and toxicity, including processing process, length, diameter, surface-to-
volume ratio, form, concentration, dispersibility in solution, aspect ratio, degree of oxidation, structure, functional group(s), existence of catalyst, dose applied,
and the nanomaterials’ chemical functionalization (Alshehri et al., 2016; Lanone et al., 2013). Aside from that, the period of exposure and the surfactant used
to spread the nanotubes have all been linked to the toxicity of CNTs (Francis & Devasena, 2018). As a result, several experiments on the toxicity of CNTs, both
in vitro and in vivo, have been conducted. Figure 11 depicted the CNTs' toxicity outlook, while Fig. 12 depicted the order in which in�ammations would occur.
Aside from that, Table 7 compares the negative effects of SWCNTs to the negative effects that may result from heavy use of MWCNTs.

Table 6
The adverse effects of SWCNTs in comparison to the adverse effects that might occurs from intensive usage of MWCNTs.

SWCNT MWCNT

Induces malignancy in stem cells by chronic exposure to
CNTs (Jafar et al., 2016)

Differences in cytotoxicity, genotoxic, and in�ammatory response of bronchial and
alveolar human lung epithelial cells (Jafar et al., 2016)

In�ammatory response of immortalized and primary human
lung epithelial cells (Jafar et al., 2016)

Severe �brotic peritoneal adhesions, �brotic peritoneal thickening, and a high incidence
of macroscopic peritoneal tumors (Takagi et al., 2008)

In vitro inhibition of HEK 293 cell proliferation (Cui et al.,
2005)

In vitro induce cell cycle arrest and increase apoptosis/ necrosis of human skin
�broblast (Z. Liu et al., 2009)

8.1 CYTOTOXIC EFFECTS
The CNTs entered the body via the lipid bilayer membrane of the cell, causing oxidative stress, in�ammation, and cytotoxicity. The foreign body response
(FBR) is produced and chemicals are released to eliminate CNTs from the cells as CNTs are behaving as foreign body to the cells. Cellular toxicity could also
be caused by the development of free radicals, which contributes to oxidative stress. Figure 13 shows some of the other ways CNTs have induced cellular
toxicity (Mohanta et al., 2019).

Cytotoxicity was caused by a number of factors, including the volume and form of metal impurities, the length and type of carbon nanotubes, the presence of
surface functionalization and the type of surface functionalization, and the presence of a dispersant or surfactant in the dispersant solution (Alshehri et al.,
2016). The cytotoxicity of CNTs are also affected by physiochemical factors such as the cellular uptake, internalization, phagocytosis and also their
clearance from body (Manke et al., 2013). Because of their �brous form, toxins from synthesis, and diameter, CNTs are more harmful to cells than other
carbon allotropes. Uncontrolled exposure to CNTs can cause cell damage such as in�ammation, granuloma formation, oxidative stress, apoptosis, changes
in cell morphology, and mitochondrial dysfunction (Menezes et al., 2019). CNTs have been documented to in�ltrate the lung and stay in the tissues through
mechanisms similar to those used by other �brous particles such as asbestos (Jafar et al., 2016).

A comparison of cytotoxic in�uence, cell viability, and intracellular aggregation of nanoparticles between titanium oxide nanoparticles and MWCNTs onto
A549 human pneumocytes is also being performed. Both materials will penetrate cells and then be dispersed in the cytoplasm, according to the �ndings of
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the analysis. Metal oxide nanoparticles, on the other hand, are less harmful than carbon nanotubes. CNTs are also documented to promote immune-
mediated cytotoxicity against different human cells at low concentrations (0.001-0.1 mg/ml). The secretion of cytokines can increase even at low CNT
concentrations, signaling lymphocyte activation while also upregulating NF-кB expression in immune cells. As a result, there would be indirect cytotoxicity
(Francis & Devasena, 2018).

8.2 PULMONARY TOXICITY
Nanotubes can reach the human body through a variety of pathways, and many innovative goods today use CNTs in their manufacturing. Nanotubes, for
example, may reach the human body via dermal and gastrointestinal routes. One of the ways for CNTs to reach the body is through the lungs, which can
result in lung in�ammation, granuloma, and �brosis (Francis & Devasena, 2018; Prajapati et al., 2020). The sensitivity of employees and customers to CNTs
during processing, transportation, storage, and disposal is also a major concern (Menezes et al., 2019). This is because CNTs may penetrate the workers'
respiratory airways during the manufacturing process, accumulating in the lungs. Nanotubes are also used as �llers in food packaging. Since such
nanotubes will enter the stomach and intestines, they could be dangerous to users. Chronic in�ammatory reactions, pleural lesions, peribronchial
in�ammation, and other adverse respiratory symptoms will then arise (Francis & Devasena, 2018; Lamberti et al., 2015). Physiochemical properties such as
functionalization, particle size, and dispersion all played a role in pulmonary toxicity after CNTs were inhaled. Meanwhile, as depicted in Fig. 14, CNT-induced
pulmonary toxicity in the pulmonary organs is also reported (Mohanta et al., 2019).

Many researches (both in vivo and in vitro studies) have shown that SWCNTs and MWCNTs cause acute and chronic in�ammatory responses, as well as
granuloma (Narei et al., 2018). Highly scattered MWCNTs can cause pulmonary lesions depending on the route of administration and dose. In this research,
MWCNTs were administered to animals by two different routes: intratracheal instillation and inhalation. Only animals exposed with MWCNTs by intratracheal
instillation formed granulomatous lesions or collagen depositions, according to the �ndings (Francis & Devasena, 2018). In addition, pulmonary
in�ammation was observed when SWCNTs or MWCNTs were administered intravenously, as shown by improvements in cellularity and enzyme activities in
bronchoalveolar lavage �uid (BALF). In�ammation was linked to macrophage invasion, epithelioid granulomas, and �brotic modi�cations in mice and rats
(Ma-Hock et al., 2013).

The effects of MWCNTs in rats were also studied after a single dose accompanied by intermittent sacri�cing. Even a single exposure to the nanotubes
causes in�ammation, epithelial cell membrane disruption, and cell lysis, according to the researchers. In this process TNF-α, IL-4, LDH, WBC count, and ALP
activity (which function as conforming markers) are found to increase, and thus con�rmed the above �ndings (Francis & Devasena, 2018). CNTs have a
substantial impact on pulmonary function, as seen by an increase in expiratory duration, a decline in bacterial clearance activity, and a reduction in lung
compliance. In addition, ovalbumin-induced allergic airway in�ammation in vivo is aggravated by both SWCNT and MWCNT (Manke et al., 2014).

8.3 CARDIOVASCULAR EFFECTS
Cardiovascular toxicity has been caused by the association of carbon nanotubes with heart muscle cells. The association causes a variety of problems,
including cardiac injury, which causes cell proliferation, muscle damage, blood �ow obstruction, and vascular atherosclerosis. The main contributors to
cardiovascular toxicity are oxidative stress and in�ammation, all of which have been established through numerous laboratory studies (Mohanta et al.,
2019). The major effect of CNT on the heart is hemolysis and blood clotting (Prajapati et al., 2020).

CNT toxicity causes acute pulmonary in�ammation and chronic responses, according to some animal studies. As a result of these �ndings, it is
recommended that CNT toxicity be evaluated as a possible cardiovascular risk factor. According to a study, CNT-induced lung in�ammation triggered
in�ammatory mediators, which then stimulated blood cells, causing cardiovascular side effects. Furthermore, CNTs can serve as predisposing factors for
atherogenesis, i.e., the development of atherosclerotic plaque in the arteries (Francis & Devasena, 2018). Aside from that, the in�uence of MWCNTs on blood
pressure and heart function was studied by inhaling MWCNTs at a concentration of 5 mg/m3 for 5 hours in Sprague-Dawley rats. Owing to improvements in
the sympathetic and parasympathetic nervous systems, there is a substantial rise in both systolic and diastolic blood pressure in freely travelling rats,
however a reduction in the heart (Prajapati et al., 2020). These speci�cally demonstrated that the concentration of CNTs in cardiac muscle vascular tissues
induced an increase in oxidative stress and in�ammation, resulting in cardiovascular organ toxicity (Mohanta et al., 2019).

8.4 REPRODUCTIVE AND DEVELOPMENT TOXICITY
Various experiments have shown the dangers of CNTs to animals' reproductive systems and offspring production. According to the �ndings, low doses of
functionalized CNTs (10 ng/mouse) are su�cient to initiate and increase resorptions and fetal malformations in mice. MWCNTs are also said to cause
reproductive toxicity in mice when they penetrate the blood-testis barrier at a high concentration of 5 mg/kg injections through tail vein (Francis & Devasena,
2018; Prajapati et al., 2020).

Following that, the effects of functionalized carbon nanotubes on reproduction and growth in Drosophila melanogaster and CD-1 mice are assessed. When
fetuses are exposed to 10 mg/kg fCNTs, the proportion of resorptions, gross morphological defects, and skeletal anomalies produced is moderately higher.
External anomalies included open eyelids in seven of the fetuses, leg structure abnormalities in three fetuses, and tail structure abnormalities in two fetuses.
In addition, as comparison to controls, skeletal examination revealed a higher number of fetuses with reduced phalange ossi�cation on the pectoral and
pelvic arms, cervical vertebra defects (speci�cally C1 and C2), and variable sternebrae ossi�cation. The nanoparticles have had an impact on the
reproduction of male offspring when pregnant female mice were exposed to them (Francis & Devasena, 2018).

The embryolethal and teratogenic effects of administering some pristine and functionalized SWCNTs to mice via intravenous injection and oral gavage were
discovered. Apart from that, SWCNTs can cause an increase in ROS production, which is linked to toxicity in development due to placental effects. The
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placentas of malformed fetuses have vascular disruption in the labyrinth layer. ROS were increased in the malformed fetuses and their placentas after being
induced with uo-SWCNTs, but not in maternal tissues. In addition, when double walled CNTs and MWCNTs are combined, hatching is delayed (Ema et al.,
2015).

Long-term MWCNT exposure to X. tropicalis, a model aquatic species, was shown to have developmental and reproductive toxicity, including reduced growth
rate, as well as effects on the testis, ovaries, and fat, with negligible effects on the heart and liver. With the presence of MWCNTs, the number of
spermatogonia or oocytes decreases, while the formation of pulmonary empty cannons increases. When marine animals are exposed to MWCNTs
suspension for a long time, either by respiration or oral intake (discharge of MWCNTs in aquatic environment), the possible reproductive toxicity is shown by
a reduction in fertilization and survival rates of embryos (Zhao et al., 2020). As a result, further research into nanomaterials' long-term and early-life exposure,
as well as their toxicity to reproductive and developmental systems, is needed to reduce the risks of reproductive toxicity.

9.0 Conclusion
This review critically discussed the structure of both type of CNTs and their synthesis, puri�cation as well as massive application. Several harmful
disadvantages of CNTs, are reported in this study to consider for future exploration. The application of CNTs based composites and CNTs itself are focused
on the area of medical and biomedical �elds along with their structure, classi�cation, preparation and related properties. Moreover, the toxicity and biosafety
of CNTs on the human body are also reported in this review article.
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Figure 1

Two main types of carbon nanotubes - (a) SWCNT and (b) MWCNT (Jafar et al., 2016).

Figure 2

Schematic representation of the vector structure classi�cation that are used to differentiate the CNT structures (Saifuddin et al., 2013).

Figure 3

CNTs structure with different chirality (A: armchair; B: Zig-zag; C: Chiral) (Aqel et al., 2012).
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Figure 4

Various synthetic methods for CNTs (Vivekanandhan et al., 2017).

Figure 5

Schematic diagrams of arc discharge device: (a) simple schematic diagram (Sajid et al., 2016); (b) arc discharge scheme (Rakhi, 2019).
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Figure 6

Schematic diagram for laser ablation technique: (a) (Sajid et al., 2016); (b)(Rakhi, 2019).

Figure 7

Schematic diagrams of CVD process: (a) (Malekimoghadam & Ra�ee, 2018); (b) (Shah & Tali, 2016).

Figure 8

Current CNTs uses as drug carrier (Menezes et al., 2019).
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Figure 9

Various types of CNTs-based biosensors (Sireesha et al., 2018)

Figure 10

Various ways of LIBs incorporating CNTs (Kumar et al., 2017).
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Figure 11

The outlook of CNTs’ toxicity (Prajapati et al., 2020).

Figure 12

Sequence of events that caused in�ammation (Prajapati et al., 2020).
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Figure 13

Modes of cytotoxicity caused by CNTs (Mohanta et al., 2019)

Figure 14

The pulmonary toxicity induced by CNTs (Mohanta et al., 2019).


