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Abstract: Water treatment plays a crucial role in meeting
the growing demand for water and preventing future
shortages. The unique and adaptable arbitrary, physical, and
chemical properties of carbon nanotubes (CNTs) make them
an attractive candidate for use in water treatment. CNTs are
employed in environmental applications because of their
exceptional adsorbent, mechanical, and chemical charac-
teristics. Functional groups chemically or physically modify
pure CNTs, improving their desalination and extraction ca-
pabilities. The advantages of CNT-based composites, such as
antifouling performance, excellent selectivity, and higher
water permeability, reassure us of their effectiveness in
water treatment. This review comprehensively discusses the
structural features and synthetic methods of CNTs. The
functionalization and the pros and cons of functionalized
CNT materials are also discussed. Pharmaceutical com-
pounds are often manufactured using batch processes,
resulting in the production of various products in waste-
water. The occurrence of pharmaceutical compounds in
drinking water arises from two distinct origins: the

pharmaceutical industry’s manufacturing procedures and
the widespread use of pharmaceutical compounds, which
leads to their presence in urban and agricultural waste-
water. This review discusses role of CNT-based nano-
materials in effectively removing pharmaceutical waste
from wastewater through adsorption and photocatalytic
processes. Lastly, the future approach is discussed to develop
CNT-based nanomaterials better.

Keywords: carbon nanotubes; pharmaceuticals; adsorp-
tion; photocatalytic process; wastewater treatment;
nanocomposites

1 Introduction

The growing human population, chemical dependence, and
the fact that the majority of micropollutants (MPs) are not
biodegradable. There are a lot of human activities that
release synthetic MPs into water bodies every day.1,2 Some
examples of these activities are shipping, motorboats,
port operations, oil spills, ballast water discharge, and
the release of industrial, municipal, and untreated waste-
water.3 Most of theseMPs linger for a long time, whichmeans
they may damage ecosystems. These micropollutants (MPs)
are extremely dangerous to aquatic life because of their
persistent nature, which can also have negative impacts on
human health due to bioaccumulation in the food chain.4,5

Furthermore, especially in densely populated areas, the
ongoing migration of MPs into water bodies makes it harder
to guarantee clean and secure water supplies.6 The develop-
ment and implementation of cutting-edge water treatment
techniques, that can efficiently removeMPs fromwastewater
before it reaches the environment, are necessary to address
this issue. Nanomaterials have now been used for the
cleansing purposes of wastewater.7–11

The extraordinary mechanical, electrical, thermal, and
chemical capabilities of carbon nanotubes (CNTs) have been
known since their discovery in 1991. Numerous fields have
explored the potential uses of carbonnanotubes (CNTs), such

*Corresponding authors: Muhammad Azam Qamar, Department of
Chemistry, University of Management and Technology Lahore, Lahore
54770, Pakistan, E-mail: qamariub@gmail.com. https://orcid.org/0000-
0002-7645-7133 (M.A. Qamar); and Syazwan Hanani Meriam Suhaimy,
Department of Physics and Chemistry, Faculty of Applied Science and
Technology, University Tunn Hussein Onn Malaysia, Pagoh Campus 84600,
Malaysia, E-mail: hananie@uthm.edu.my
Adnan Malik, Department of Physics and Chemistry, Faculty of Applied
Sciences and Technology, Universiti Tun Hussein Onn Malaysia, Pagoh
Campus, 84600 Muar, Johor, Malaysia
Ali Haider, Department of Allied Health Sciences, The University of Lahore,
Gujrat Campus 50700, Pakistan
Yusra Arooj, Department of Physics, Government College Women
University Faisalabad, Faisalabad 38000, Pakistan
Rehan Ahmad, Department of Chemistry, University of Agriculture
Faisalabad, Faisalabad 38040, Pakistan

Rev Inorg Chem 2025; 45(3): 453–478

Open Access. © 2025 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/revic-2024-0060
mailto:qamariub@gmail.com
https://orcid.org/0000-0002-7645-7133
https://orcid.org/0000-0002-7645-7133
mailto:hananie@uthm.edu.my


as nanocomposites, microelectronics, energy storage,
medicinal devices, and the removal and treatment of con-
taminants.12 Adsorption and photocatalytic treatment of
pharmaceuticals compounds (PHCs), and endocrine dis-
rupting compounds (EDCs) have been the subject of rela-
tively few investigations, despite the fact that numerous
studies have shown that CNTs efficiently adsorb a variety of
contaminants.13 Water and wastewater experts are starting
to become worried about the presence of pharmaceuticals
and EDCs in water supplies.14 An instance of this is the
detection of pharmaceuticals in freshwater resources at
ng L−1 levels, which are the parts per trillion thresholds.
Complete removal of pharmaceuticals and EDCs from
wastewater are still beyond the capabilities of currently
available designed treatment systems, which typically
include preliminary and primary treatment, secondary
biological treatment, disinfection, and other similar pro-
cedures. Due to the persistence of these compounds in the
treated effluent, wastewater treatment facilities (WWTPs)
continue to release micro-pollutants into the environment.15

Due to nanoparticles’ many advantageous character-
istics, such as their high specific surface area, enormous
pore volume, and high porosity, the adsorptive processmay
reap significant benefits.16 Among the many desirable
qualities of nano-adsorbents are their high reactivity, cat-
alytic potential, abundance of active sites, and potential for
surface functionalization, which allows for exceptional
selectivity.17 So far, the majority of the adsorption research
has been on metal-based nano-adsorbents such as metallic
organic frameworks, polymeric nano-adsorbents, and car-
bon nanotubes (CNTs).18

The many functionalization choices, mechanical and
chemical stability, and geometrical properties of carbon
nanotubes (CNTs) make them a potential material for the
removal of organic components.19 The amount of graphene
sheets within a carbon nanotube (CNT) determines its
primary kind; single-wall, double-wall, and multi-wall
CNTs are the three most common varieties.20 Such nano-
structures may have sizes ranging from micrometres to
nanometers. An abundance of literature on the topic of
carbon nanotubes (CNTs) as PHC adsorbents attests to their
efficacy in the removal of a variety of medications,
including carbamazepine, sodium diclofenac, tetracycline,
ciprofloxacin, ofloxacin, norfloxacin, amoxicillin, sulfa-
methazine, and pefloxacin.21

Van der Waals interactions allow for a strong
adsorbent-drug interaction, which is directly proportional
to CNT efficiency.22 However, the same feature may
concurrently make the nano-adsorbent useless. It is com-
mon practice to functionalize CNTs to enhance certain
physical-chemical characteristics of materials.23 Surface

functionalization of nanomaterials is a typical technique
that involves oxidation procedures with agents containing
the target chemical group.24,25 When looking at alternate
green functionalization routes, the approach becomes
more enticing due to its environmentally friendly appeal
and the potential drop in manufacturing costs. Synthesis
via these pathways generally makes use of agro-industrial
byproducts.26

Two recent studies27,28 have addressed the removal of
pharmaceuticals from carbon materials, but previous
research did not focus on CNTs specifically but rather
provided an overview of diverse materials. While Nasrol-
lahzadeh et al.29 and Raza et al.30 reviewed sustainable
carbonaceous materials for water treatment, they neglec-
ted to focus on CNTs or the adsorption process and photo-
catalytic process, so it is evident that a study assessing the
advancements in scientific research regarding conven-
tional and green CNTs as adsorbents is required. The
authors state that most literature studies on drug removal
methods using green-functionalized carbon nanotubes are
lacking. Since different types of functionalization and
synthesis directly affect CNT performance in the adsorption
process of PHCs, synthesizing this research is important to
fill this knowledge gap.

The goal of this study is to examine and argue the pros
and cons of different types of CNT functionalization for PHC
removal by comparing papers that detail the adsorption and
photocatalytic treatment of these materials.31,32 An exhaus-
tive literature search of recently published works in this
area was the first step. This work summarized the many
forms of CNT functionalization that are now available and
critically evaluated the effectiveness of various CNTs for
adsorption of medicinal compounds; including CNTs pro-
duced/functionalized by both adsorption and photocatalytic
procedures. Finally, we considered the unanswered ques-
tions and potential future research topics in this area. The
authors hope that by publishing this review, they will help
bring more attention to the removal of PHCs in general and
to the area of carbon nanotube adsorption in particular,
which is an emerging field.

2 Structural features

The dimensionality of carbon nanomaterials affects several
aspects such as durability, linking type, electrical conduc-
tivity, surface area, and other structural characterizations.
Graphene-based nanomaterials, nanodiamonds, g-C3N4 and
carbon nanotubes are often used as experimental models to
assess the efficacy of wastewater treatment.33
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2.1 Zero-dimensional carbon nanomaterial

A nitrogen dioxide molecule has a tetrahedral arrange-
ment of carbon atoms that are sp3-hybridized. The three
distinct layers that comprise a nanodiamond are as fol-
lows: a surface layer that contains different functional
groups; a carbon encasement that is not homogenous nor
uniform and has a thickness ranging from 0.1 to 1.0 nm;
and finally, a carbon diamond core that comprises about
70–90 % of the NDs.34 Presently, diffraction and high-
resolution transmission electron microscopy methods are
being used to observe the relevant structural features, such
as sp3 and sp2 nano-twinned stacking domains, concentric
carbon cages, and carbon nanoscale patterns,35 Rapidly
emerging nanodiamond have become a prominent nano-
material in wastewater treatment methods due to their
remarkable properties, including high thermal conduc-
tivity, surface modification capabilities, resistance to
environmental degradation, and strong mechanical char-
acteristics.36 The ability to produce nanodevices at a low
cost gives them a significant advantage over other sophis-
ticated nanomaterials.35

Quantitative correlation suggests that the nucleophilic
carbonyl groups on the surface of NDs act as catalysts for the
generation of oxygen. Thus, the unique sp3/sp2 nandiamond
might be a great solution for treating wastewater.37

2.2 Carbon nanomaterial with one
dimension

The cylindrical, tube-like forms of carbon hybrids called
carbon nanotubes are easily identifiable. The amount of
graphene layers a carbon nanotube has determines its
classification. The several types of carbon nanotubes
with different numbers of layers of graphene: double-
walled, numerous-walled, single-walled, and triple-walled
(Figure 1).38 According to researchers carbon nanotubes
have a variety of electrical, electronic, and mechanical
properties because of their physically modifiable sp2 car-
bon structure.39–41

2.3 Two-dimensional CNTs

Graphene’s carbon atoms are neatly organized in a sp2

hybridized-hexagonal honeycomb crystal structure. Because
of its unusual configuration, graphene has exceptional
mechanical stability, excellent electron transport, and
enhanced thermal conductivity.43 Among the many gra-
phene derivatives put to use in green technologies, graphene

oxide and reduced graphene oxide stand out as the most
common and well known. Gelatin nanoparticles have
the power to adsorb numerous kinds of contaminants,
including both organic and inorganic chemicals, via means
of hydrogen bonding, hydrophobic interactions, and elec-
trostatic attraction. Graphene-based adsorbents used for
the removal of organic contaminants represent the first use
of confined fluids in the nanoconfinement hypothesis.
Recent studies shown that, after the synthesis of a nano-
graphene, triangulene dimer displayed intrinsic magnetic
characteristics.44,45

3 Carbon nanotube synthesis
methods

In recent years, carbon nanotubes have been created using a
variety of techniques, including chemical vapour deposition,
laser ablation, electric arc discharge. It is possible to alter
the form and content of CNTs by adjusting the process
parameters of production processes. Due to its simplicity,
adaptability, cost-effectiveness, and ability to produce
exceptionally pure carbon nanotubes with adjustable char-
acteristics, chemical vapour deposition is a widely used and
highly favoured technique.46,47

Nanotube production first made use of arc discharge.
The arc discharge method, which involves passing a direct
current between two electrodes, is used to create an arc.
Prior to being filled with inert gas, the electrodes are
inserted into a vacuum chamber. The chamber’s plasma
helps the deposition process forward by continually
providing gas, allowing the electrodes to accumulate car-
bon quickly. Both the arc current and the pressure of the
inert gas must be carefully regulated for this technique to
work. Turning on the power maintains a steady pressure

Figure 1: Various types of carbon nanotubes.42
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for the source filling the reaction chamber with inert gas.
Then the positive and negative electrodes approach each
other, eventually collide, and an arc is formed. When
electrodes arc, it produces plasma, which is very hot. A
further process involves the accumulation of negatively
charged carbon nanotubes on the cathodes. An approach to
fabricating SWCNTs and MWCNTs.48

Carbon nanotubes may also be manufactured using
laser ablation, an alternate method. When electric arc
technology has its limits, the laser ablation approach is used
to overcome them. This method may be used to synthesize
both single-walled and multi-walled carbon nanotubes.
Using this method consistently increases the amount of
nanotubes produced. The carbon target is vaporized using a
pulsed laser during the production process. Pulsed laser
ablation on a graphite target in the presence of inert gas and
catalyst. The end products are CNTs or carbon nanotubes.
Laser ablation synthesis is sensitive to several environ-
mental factors, including laser power, temperature, inert gas
selection, pressure, catalyst, fluid dynamics, andwavelength
around the carbon target.49

A very effective process for creating carbon nanotubes
is chemical vapor deposition. The creation of a disorganized
and misaligned graphene sheath is the cause of the disper-
sion. A low degree of crystallinity in carbon nanotubes is
produced using the CVD process. Alternatively, chemical
vapor deposition using plasma generated by an inductively-
coupled magnetic field is used. In this technique, the plasma
from the ICP apparatus is present during the creation of the
nanotubes. Extremely stable below 500 degrees Celsius, this
approach manages to generate carbon nanotube crystalli-
zation. Low temperatures are necessary for plasma-assisted
chemical vapor deposition, for the manufacture of carbon
nanotubes. This synthesis, which is carried out at low tem-
peratures, has significant benefits for the microstructures.
Additionally, the number of nanotubes polluted is lowered
when using plasma-enhanced chemical vapor deposition for
nanotube manufacture as opposed to chemical vapor depo-
sition synthesis.50 Significant progress has been made in the
field of nanotechnology with the creation of carbon nano-
tubes and carbon nanofibers. As a consequence of their
adaptability in manufacture, nanotubes have found several
applications. According to researchers, there are five main
ways to synthesize carbon nanotubes.51–53

3.1 Laser ablation

Nanotubesmay also be synthesized via a process called laser
ablation. Nanotubes are synthesized by laser treatment, as
the name suggests. Laser ablation technique is the most

sophisticated form to eliminate the faults of the electric arc
approach.54 Both single-walled and multi-walled carbon
nanotubemanufacturemay benefit from this. Thismethod is
often used for the mass manufacturing of nanotubes. In
order to ablate the carbon target during the synthesis pro-
cess, a pulsed laser is required.55 In this setup, a catalyst and
an inert gas are used to perform pulsed laser ablation on a
graphite target. As a byproduct, carbon nanotubes are
created (Figure 2).

3.2 Arc discharge method

The technique of arc discharge is the most ancient and
commonly used approach for the synthesis of carbon
nanotubes. It also produces fullerene molecules, which are
carbon soot. The creation of plasma from the electrical
breakdown of a gas is the basis for this method. To create
carbon nanotubes with minimum structural flaws, this
approach utilizes high temperatures (over 1700 °C) to
evaporate carbon atoms in plasma. One electrode is the
anode and the other is the cathode, and they are both
located inside the chamber. Graphite powder and a catalyst
are mixed together in the anode. Single-walled carbon
nanotubes are favored by the catalyst over multi-walled
carbon nanotubes in terms of growth.56 A pure rod of
graphite is used to make the cathode. Initially, a gaseous
atmosphere (often argon and hydrogen) is used to keep the
electrodes at a safe distance from one another. Next, a
potential drop of 25 V is applied, resulting in a 60–100 A or
50–150 A electric arc between the electrodes.46,57 The tem-
perature in the gap between the electrodes is sustained
above 1,700–4,000 °C, and the flow of inert gas is main-
tained at a pressure of 50–600 Torr. By increasing the
temperature of the electrodes, a plasma is generated. As a
result of the temperature differential, carbon evaporates

Figure 2: Laser ablation method.
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off the positive anode and solidifies as filamentous carbon
on the cathode. The time of the answer might be anything
from 30 s to 10 min. The machine is allowed to cool during
the last stage of the reaction. Then the carbon nanotubes
and soot that have formed on the chamber walls are
collected, filtered, and their structure is analyzed by means
of an electron microscope. Flow rate, inert gas pressure,
and metal concentration are the most important process
factors for producing a high yield of carbon nanotubes.
Small tubes, 0.6–1.4 nm for single-walled nanotubes and
10 nm for multi-walled nanotubes, are often manufac-
tured.46 High temperatures are used throughout the pro-
duction process, low pressure is applied, and expensive
noble gases are required.58 Researchers used the arc
discharge method to create carbon nanotubes. They used a
NaCl solution containing Fe and Ni catalyst particles to
react with graphite electrodes. As a consequence, they
generated CNTs with lengths ranging from 100–300 nm and
widths between 25 and 30 nm.59 Researchers used a low-
frequency bipolar pulsed arc discharge approach to syn-
thesize single-walled carbon nanotubes. They used an
innovative bipolar pulsed current circuit that reliably
delivered a steady current and pulse. Researchers found
that although the quantity of soot created rose with

increasing frequency, the quality of the resultant SWNTs
did not vary significantly (Figure 3a).60

3.3 Vapor-assisted ozone treatment

It has been shown that a vapor-assisted ozone treatment
may be used to add functionality to carbon nanotubes. This
method may introduce several oxygen groups, the most
common of which is the carboxyl group, at temperatures
very similar to those of room temperature.61 In an ozone
treatment method, solvent vapors including H2O2, C2H5OH,
and H2O were used to alter the carbon nanotubes. By
lowering the functionalization temperature to roughly
40 °C and progressively raising the partial vapor pressure,
the amount of oxygenated groups on the CNTs was greatly
enhanced. The ozone treatment, done under the vapor,
requires the use of compressed air as the carrier gas. This
strategy for functionalization is kind to the environment.61

In addition, the suspension of carbon nanotubes was
formed by utilizing an ozone treatment to build compos-
ites of ultra-high performance concrete and carbon
nanotubes (Figure 3b).62 Carbon nanotubes may be more
easily dispersed in water after being treated with ozone,

Figure 3: Overview of experimental setup and
treatment effects on material dispersion and
hydration in advanced composites. (a)
Diagram of the experimental arrangement for
the bipolar pulsed arc discharge reactor60

(b) influence of ozone treatment on the
dispersion of carbon nanotubes and the
hydration process in UHPC/CNT composites.62
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which forms oxygen-containing carboxylic groups on the
CNTs’ surfaces. Therefore, it is possible that early-stage
nucleation may be significantly influenced by improving
the interfacial contact between carbon nanotubes and
ultra-high-performance concrete. Ozone treatment facili-
tated the dispersion of carbon nanotubes by creating
many nucleation sites and elevating steric repulsion. This
resulted in better hydration in the beginning and higher
compressive strength in the end.62

3.4 Microwave

Carbon nanotubes may now be synthesized and used in a
wide variety of nano applications with the use of microwave
radiation, a novel and inexpensive method. It has been
proposed that a common microwave oven may be used as a
plasma reactor to produce carbon nanotubes in a manner
that is simple, fast, energy-efficient, and solvent-free.
Because of the microwave’s novel high-density carbon
brushes, heating method may be produced in a matter of
seconds, without the need of a furnace or dangerous gaseous
carbon. By carefully choosing the substrate and catalyst,
carbon nanotubes may be synthesized at room temperature
from organic polymers with a low melting point.63

3.5 Ultrasonic irradiation

Direct modification of single-walled carbon nanotubes
using polymers grafted with poly(ethylene glycol) in
aqueous solution has been documented in a research. The

Diels–Alder click reaction responsible for this change
proceeds at room temperature with the aid of ultrasonic
irradiation (Figure 4).64

ThepremadeCNT-basednano systems showed improved
drug loading capacity and efficiently delivered doxorubicin
to targeted tumor cells. Under acidic circumstances (pH = 5.5),
as opposed to physiological conditions (pH = 7.4), these
nanosystems delivered the drug at an optimal pace. Normal
cell lines showed no signs of toxicity when exposed to the
functionalized single-walled carbon nanotubes delivered by
this approach. The drug showed significant anti-tumor effects
on HeLa cancer cells, however, and this opens up fascinating
possibilities for targeted chemotherapy in cancer/tumor
treatment.64 Ultrasonic irradiation has been used to chemi-
cally treat carboxylated–COOH– multiwalled carbon nano-
tubes with thiamine to create MWCNTs-poly(vinyl chloride)/
thiamine nanocomposites with improved mechanical quali-
ties and remarkable heat stability.65 Polymersmay be grafted
onto multiwalled nanotubes via the Diels–Alder process in
water with the help of heating, stirring, and ultrasound.
Consequently, a large increase in reaction rate was attained,
reaching roughly 12 times greater than the rate obtainedwith
traditional heating and stirring.66 The effectiveness of the
grafting procedure was not sacrificed to accomplish this
improvement. As a consequence, this methodology offers an
easy and ecologically benign way for direct functionalization
thatmay be utilized on awider scale. Sonicating CH3I, CH2Cl2,
and CHCl3 in the presence of silicon nanowires under
ambient circumstances led to the formation of MWCNTs. It
was found that ultrasonic irradiation facilitated the dissoci-
ation of solvent molecules and their subsequent contact
with the silicon nanowires’ hydrogen-terminated surfaces.67

Figure 4: Synthesis mechanism of PEG-PSMF copolymers and PEG-PSMF/SWCNTs.
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Furthermore, ultra-pure SWCNTs were synthesized via a
sonochemical method. The solution mixture was subjected
to 20 min of pulsed high-intensity ultrasound. Silica par-
ticles acted as nucleation sites, while ultrasonic energy
helped break down ferrocene to produce Fe nanoparticles,
which stimulated the development of nanotubes.68 In spite
of promising early findings, carbon nanotubes made with
the use of ultrasound cannot compete with carbon nano-
tubes made using more traditional techniques. Therefore,
ultrasound-assisted CNT manufacturing is unlikely to
find widespread use in industry without significant
improvements and optimization. Surface modifications
and dispersion/solubilization of carbon nanotubes using
ultrasound-assisted methods have nonetheless seen
widespread use.69

3.6 Plasma-enhanced chemical vapor
deposition

By producing a glow discharge within the chamber, nano-
tubes may be produced using plasma enhanced chemical
vapor deposition.70 The temperature range for thermal
chemical vapor deposition is 700–1,000 °C.71 Despite itsmany
benefits and adaptability, this strategy has two major flaws.
To begin, it’s possible that the tubes aren’t oriented properly
or aren’t perfectly straight. Furthermore, the substrate ma-
terial degrades due to the increased temperature.

The synthesis of aligned nanotube at low temperatures
utilizing PECVD techniques is the current subject of several
studies.72 Carbon nanotubes may be manufactured in an
ordered array by plasma-enhanced chemical vapor deposi-
tion. According to a 2,000 study, plasma processing is the
most promising and beneficial approach for manufacturing
nanotubes at low temperatures. The PECVD method is
attractive because it has the potential to yield nanotubes and
nanofibers that may be used as electron emission sources.
Displays, parallel electron beam lithography, microwave
amplifiers are just a few applications for these electron
emitters.73 The PECVD method relies heavily on plasma. It is
vital to grasp the notion of plasma and the technique of
creating plasma via glow discharge inductively coupled
plasma.

According to many studies, plasma is the fourth state of
matter.74,75 According to studies,76,77 Langmuir initially used
the term “plasma” in 1928. Electric gas discharge is the most
frequent technique for producing plasma in the labora-
tory.50 The discharge occurs inside an electric field produced
by a combination of techniques. In the simplest case, two
electrodes are housed within a glass tube. A power source is
connected to the electrodes. Glow discharge plasma occurs

when gases are present within a vessel at a specific low
pressure. Non-equilibriumdischarges are characterized by a
large temperature difference between electrons, ions, and
neutrals in the plasma. Inductively Coupled Plasma is uti-
lized to create the plasma for our experiments. The electric
field necessary for the discharge is produced by winding a
coil around themostly borosilicate glass vessel wall. Because
of this, placing electrodes within the chamber is unnec-
essary. When an electromagnetic field is introduced to the
coil, an electric field is created in the reaction chamber,
whichmaintains ionization and leads to gas breakdown. The
chemical energy required by the enclosed beings comes
from the dispersed gaseous state. If the process conditions
are optimized, most of the substancewill be deposited on the
walls. These days, IC-PECVD is often used in conjunctionwith
other techniques to create carbon nanotubes. Aligned car-
bon nanotubes are the primary focus of this study, which
focuses on their production using the IC-PECVD method.

The underlying idea is based on themethod of ionizing a
mixture of gaseous vapor using a plasma reactor in order to
synthesis carbon nanotubes that are aligned in a specific
way.78 A copper wire of 8 mm in diameter was wound into
five turns to form the inductor. An inductor and radio fre-
quency generator operating at 13.56 MHz were coupled via a
matching box to minimize power loss due to reflections off
the load. For this purpose, we use a plasma chamber that is
85 mm tall and 44 mm wide.

4 Properties of carbon nanotubes

Carbon nanotubes are far stronger than steel or Kevlar
because of their superior sp2 bond, which is even stronger
than diamond’s sp3 link. Carbon nanotubes are ideal for
improving the functionality of several polymers and
ceramics used in the manufacturing of everyday items due
to their high strength and low flexibility. Following is a
summary of the most salient features of carbon nanotubes.

4.1 Chemical characteristics

Graphene makes up the structure of carbon nanotubes,
and chemical amplification happens all through the
manufacturing process. CNT’s reaction is proportional to
the pi-orbital discrepancy brought on by the increased
curvature.79 Carbon nanotubes’ sidewalls and end caps
diverged to this degree. As the diameter becomes smaller,
the reactivity gets higher. The reaction is done on both the
sidewall and end cap of the carbon nanotube. Carbon
nanotubes are a good example since their solubility and
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reactivity in different solvents may be controlled. Nano-
tubes are impure, making research into their chemical
modification difficult.

4.2 Mechanical properties

Carbon nanotubes are nowwidely acknowledged as nature’s
most durable materials. This chemical component is the
most stable and adaptable since it has a C–C covalent bond
and a perfect hexagonal network structure. This property
aids in the calculation of Young’smodulus.When two carbon
atoms come together, they create a covalent sp2 bond that is
very stable. The predicted range for the young modulus of
SWNT is between 1 Tpa and 1.8 Tpa. The fabrication of
scanning microscopy probe tips, for example, makes use
of moduli with such huge values. Multi-walled carbon
nanotubes have qualities that are affected by the number of
sidewalls, whereas single-walled nanotubes have attributes
that are governed by their diameter and chirality.

Experiments that can endure stress in the tubes are
likely dispersedwithin an epoxymatrixwith a value of 1.3, as
suggested by the existence of an exterior graphite shell. The
cohesiveness of SWNT inner tubes ismuch lower than that of
individual linkages.80 Carbon nanotubes have remarkable
promise in aerospace because of their excellent mix of me-
chanical qualities and lightweight nature. Carbon nanotubes
are employed in the notion of the “space elevator,” a cable
imagined by Arthur C. Clarke that links Earth to space. CNTs
take on the structure of the metallic or semiconducting
substance from which they are made. When compared to
silicon, copper’s conductivity is far higher. Multiple gadgets,
such as scanning-probe microscopes, sensors, flat-panel
displays, make use of carbon nanotubes.81 Because of its
unique properties, carbon nanotubes may be used in a
variety of contexts.82

4.3 Optical properties

Counterpropagating nonlinear transmission is a funda-
mental component in the science of optics. This is tied to
their linear.83 According to theoretical studies, the optical
impact of the chiral nanotube decreases with increasing
nanotube size. Only about a third of nanotubes, those that
act like metals, can be explained by the tight-binding para-
digm. Semiconducting nanotubes make up the remaining
two-thirds, with varying characteristics depending on their
indices (n, m).84 From 1 nm to 2 nm, the band gap decreases
as the diameter of the cylinder increases. This causes an
optical absorption at 1,550 nm, which is in line with the

visible spectrum. The utilization of optical properties is
common in fiber optic technology. There is a possibility that
optical devices will be developed as a consequence of optical
work.85

4.4 Thermal properties

Nanotubes exhibit a phenomenon known as “ballistic con-
duction” and have exceptionally high heat conductivity. Due
to the strength of the in-plane C–C bonds in graphene,
superconductivity in CNT occurs at temperatures below
around −253 °C (−423.4 °F). Carbon-carbon bonding provides
the material resilience and axial stress resistance. The end
product is a remarkable adaptability to off-axis forces. It has
a greater thermal conductivity than copper at normal tem-
perature, up to 6000W/m/K.86 At low temperatures, when
the 1D quantum of the phonon band structure is also
measured, it has been shown that single-walled nanotubes,
3D graphite, and 2D graphene all have different specific
heats.87 The thermal conductivity of nanotubes is excep-
tionally high, even in large-scale samples. When it comes to
conducting heat, pyrolytic graphite really shines. In contrast
to minerals like mica or large-sized gem graphite, which do
not display the same degree of thermal conductivity as
strongly oriented pyrolytic graphite, diamond has the high-
est documented thermal conductivity among materials.
Metal’s thermal conductivity is exceptional, with 385W m1
K1. Carbon nanotubes have a high heat tolerance, func-
tioning at temperatures up to 2,800 °C in a vacuum and
roughly 750 °C in air. Unlike regular graphite fibers, carbon
nanotubes have a rather uniform thermal property in all
directions. However, it is also highly anisotropic,meaning its
thermal characteristics vary depending on the direction one
looks at it.88 Nanotubes’ thermal conductivity varies with
both temperature and environmental factors.

4.5 Electronic characteristics of CNT

Symmetry plays a vital role in defining the electrical band
structure via a number of different symmetrical features.

n = m, n –m = 3j

That n and m are equivalent may be shown from the
equation n = m. The statement that n is a metal is also
included. Ifn is anevennumber andm is anoddnumber, then
the difference between the two is 3j, where j is an integer
greater than zero. The tube’s diameter, together with the
values of n and m, establish the bandgap.89 The elasticity of
carbon nanotubes is measured in terms of Young’s modulus.
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The modulus of carbon nanotubes is around 1800 GPa,
whereas that of steel is approximately 210 GPa. CNT’s tensile
strength is 20 times that of steel, making it a very powerful
material. The maximum stress before a material begins to
deform permanently may bemeasured by a metric called the
yield stress. Carbon nanotubes are stronger in tension than
steel and can withstand more force before breaking. This
material has a higher electrical current flow density than
metals like copper,with 4,109 A/cm2.90 Dispersion andflaws in
the inner walls of carbon nanotubes brought on by lattice
vibrations affect theCNTs’ electrical characteristics. Similar to
how bulk materials behave, this causes changes in their
resistance, capacitance, and inductance. Anisotropic com-
posite materials are desirable for potential uses.91

5 Methods for modifying carbon
nanotubes for use in wastewater
purification

Carbon nanotubes possess distinctive features in terms of
their form, physicochemical composition, and adsorption
properties. There are some difficulties associated with
pure carbon nanotubes, including the tendency for carbon
nanotubes to bundle or agglomerate. These phenomena
have negative impacts on both the efficiency of carbon
nanotubes and the manufacturing process of mem-
branes.92–94 The primary factors contributing to the inad-
equate dispersion of carbon nanotube in various solvents
are the presence of van der Waals forces and strong
intermolecular interactions, resulting in the formation of
CNT clusters or tightly bound bundles.95 According to study,
the process of functionalization enhances the chemical
reactivity and adsorption capabilities of carbon nanotubes
by augmenting their dispersion in an aqueous medium.
According to the findings, several physical and chemical
techniques may be used to achieve functionalization of
carbon nanotubes.96,97

In order to facilitate the binding of bioactive compounds
to carbon nanotubes, modifications may be noticed at the
terminations or lateral surfaces of carbon nanotubes. The use
of carbon nanotubes in this procedure is intended to improve
the pollutant’s dispersion or elimination. This is done in an
effort to boost the performance of carbon nanotubes in a
number of water treatment applications and to make mem-
brane fabrication easier. Covalent functionalization of carbon
nanotubes with phenol groups by the 1, 3-dipolar cycloaddi-
tion technique dramatically improved undernanotubes
dispersion in polar liquids. This enhancement in dispersion
permitted the successful integration of CNTs into the

polymer matrix. This research looked at how well func-
tionalized multi-walled carbon nanotubes may selectively
adsorb Zn2+ and Pb2+ ions from wastewater. Researchers
report that the increased surface area and ligand interac-
tion sites of multi-walled carbon nanotubes may be
responsible for their improved adsorption capability.96

Hydrochloric acid, hydrogen peroxide, potassium per-
manganate, nitric acid, sodium hypochlorite, and sulfuric
acid, are only some of the oxidizing chemicals that have been
utilized in the oxidative treatment of carbon nanotubes to
create an oxidative characteristic on pure carbon nano-
tubes. When it comes to removing harmful pollutants from
water, oxidized polymers excel at both dispersing them and
soaking them up. Carbon nanotubes may be made more
malleable by modifying their surface with metal oxides like
Fe2O3, MnO2, and Al2O3. This modification strategy has been
found to boost the ability of CNTs to efficiently remove
aquatic contaminants.98

Functionalized carbon nanotubes have their ability
to remove contaminants from water tested.99 For phenol
removal in electrocatalytic water treatment, study investigated
the use of metal oxide-modified carbon nanotube filters.
Modified carbonnanotubefilterswerealmost twice as effective
as unmodified CNT filters.100 Researchers performed a
research that modified carbon nanotubes were utilized to
recover hydrocarbons from water (Figure 5a).101 Recent
research byAbdullah et al. indicates that functionalized carbon
nanotubes are useful for cleaning up oil spills in water. Study
described the use of functionalized carbon nanotubes in
desalination.102 Researchers conducted research in which they
desalinated water using Rim-modified carbon nanotubes. Re-
searchers report that Zwitterion customized/polyamide nano-
composite membranes have recently been utilized for water
desalination using a membrane format.103 In order to purify
wastewater from the petroleum industry of phenol and ben-
zene pollutants, a composite polymer membrane containing
carbon nanotubes was synthesized and evaluated in this
research. Based on the findings obtained, the integration of
f-CNT into the composite membrane acted as a strengthening
agent, leading in the production of a membrane material that
demonstrated good separation qualities.104 Hydroxamic acid
analogs were produced with MWCNTs in a separate investi-
gation (Figure 5b). The Pb(II) particles were successfully
chelated thanks to the amazing coordination sites present in
theanalogues, suchashydroxyl, carboxyl groups, andamine.105

6 Functionalization

Due to their chemical characteristics, CNTs are notoriously
difficult to disperse and dissolve in aqueous solution, water,
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and the vast majority of organic solvents and aqueous sol-
vents. Significant research into enhancing the chemical
properties of carbon nanotubes has been performed to
address these concerns.101 Covalent and noncovalent in-
teractions, such as van der Waals forces, may alter the sur-
face of CNTs. The technique used is determined by themeans
by which the CNTs are linked to the active molecules.101

6.1 Covalent functionalization

Researchers used multiwalled carbon nanotubes with func-
tional groups added to create a Fe/Mnbimetallic heterogenized
catalyst by covalently connecting Mn and Fe porphyrins to
the nanotubes’ surfaces. In terms of catalytic efficiency
the bimetallic nanohybrid dominates its monometallic
analogue.106 A sp2 carbon framework is used to link functional
groups including carboxyl, amino, and hydroxyl. Covalent
functionalization typically involves linking these entities to the
surface of carbon nanotubes.107 This improves their solubility
and dispersion in a wide variety of solvents such as dime-
thylformamide chloroform, 1,3-dimethyl-2-imidazoleidinone,
water, dimethyl sulfoxide, and ethyl alcohol.108 By establishing
covalent connections between zinc porphyrin and single-
walled carbon nanotubes researchers have successfully

transformed carbon nanotubes with porphyrin dendrons us-
ing click chemistry.109 To the contrary, researchers looked into
cycloaddition, radical and oxidation processes to learn more
about covalent surface modification of carbon nanotubes. The
goal was to evaluate how well these strategies worked for
chemically altering the CNTs’ surface.110 Phase engineering
by covalent functionalization was used to produce mono-
layered transition metal dichalcogenides.111 Researchers also
applied this procedure and underlined that modified carbon
nanotubes displayed changed dispersibility and enhanced
hydrophilicity following functionalization. Because of this
modification, the suspension is much more stable than that of
pure CNTs, making them ideal for use in electrochemical
sensing (Figure 6a).112 Thus, researchers adopted them for us-
age in hydrogen storage. Creating surface defects that allow
ahigher surface area for hydrogen adsorption is a key function
played by chemical modifications in enhancing the density of
hydrogen storage (Figure 6b).113

6.2 Non-covalent functionalization

Instead of using covalent functionalization, carbon nano-
tubes rely on non-covalent functionalizations to coat mole-
cules of surfactant or polymers. The chemical structure of

Figure 5: Functionalization of CNTs. (a) Functionalization of CNT with phenol101 and (b) functionalization of CNT with phenol hydroxamic acid.105
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the – network of CNTs is not altered, save for the length
restriction brought on by the Sonication utilized in the
functionalization technique,114 and the physical character-
istics of nanotubes are well retained by the non-covalent
approach. It is mostly composed of biomacromolecules,
polymer, surfactants coatings. Hydrophobic parts of the
associated micelles and polymer should be encapsulated
inside the carbon nanotubes to form supramolecular com-
plexes.115 Because of the non-covalent dispersion, soluble
nanotubes maintain its aromatic structure and electrical
properties. Polyaniline, polythiophene, polypyrrole, and
their derivatives are advantageous materials for surface
modification of CNTs because of the existence of diverse
oxidation structures.116

6.2.1 Surfactants

Cationic, nonionic, and anionic, surfactants have all been
used in an attempt to disperse nanotubes. CNT suspensions
with concentrations of 0.1 and 0.5 mg/mL were made using
the surfactants sodium dodecyl sulfate and Triton X-100,
respectively. This moratorium lasted for no more than
seven days. Sodium dodecylbenzene sulfonate was utilized
as an alternative because it showed increased stability for a
month, resulting in a suspension concentration of 10 mg/
mL, which allowed for better results. Combining the
extended lipid chains of sodium dodecylbenzenesulfonate
with the k-k combination of aromatic moieties found in
carbon nanotubes increases the complex’s efficacy. When

Figure 6: Covalently functionalized (a) [Fe/Mn(THPP)@MWCNT],112 and (b) carbon nanotubes.113
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single carbon nanotubes are present, atomic force micro-
scopy and transmission electron microscopy have shown
that the surfactant remains linked to the cylinders. A long
amphiphilic lipid chain generates a micelle-like structure,
with molecules packed into a chamber that is either
perpendicular to or angled with respect to the cylinders.
Another way to promote the adsorption/dispersion of car-
bon nanotubes includes synthesizing a succinimidyl ester
from 1-pyrenebutanoic acid. Protein building blocks, such
those found in streptavidin and ferritin react quickly and
strongly with this molecule. For biological uses, the rela-
tively low solubility of carbon nanotubes (between 0.1 and
0.7 Mg/mL) is ideal. It’s possible that surfactants may help
dissolve CNT, but they’re also poisonous and have been
shown to damage cell membranes. Since surfactants might
have unintended consequences for living organisms, their
usage in biomedical settings is limited.117

6.2.2 Polymers

Medication delivery systems often use polymers as molec-
ular carriers. Solubilization does not result in enhanced
scattering capabilities fromCNTs. They are not as effective as
surfactants, but they do provide an alternative. The disper-
sion causes the polymer to wrap around the cylinders. The
scattering effectiveness is due to the hydrophilic component
of nonionic polymers, notably copolymers of poly(oxy-
ethylene). The positively charged tetra alkyl ammonium
groups on the surface of the nanotubes were exposed while
the hydrophobic polymer backbone enveloped them, mak-
ing them soluble in water.117 The effect of these fluorescent
polymers on mammalian cells has also been studied. Poly
(vinyl pyrrolidone) was chemically bonded to a variety of
fluorescent pigments. Carbon nanotubes and fluorescent
polymers were joined in a solution containing 1 % SDS to
form supramolecular structures. The potential for these
structures to serve as cutting-edge molecular sensors is
encouraging.118

6.2.3 Biopolymers

K-k interactions, like those often seen in double-stranded
DNA, the self-assembly mechanism may be associated with
the widespread distribution of nanotubes Nucleic acids are
great building blocks for supramolecular complexes due to
the K-stacking interactions between aromatic bases and the
surface of carbon nanotubes. In the milligram per milliliter
level, DNA-nanotubes These complexes are allowing ion-
exchange chromatography, and very stable to be used
for purification. The unique class of biopolymers known

as amphiphilic peptides has been shown to efficiently
disseminate CNTs. Amino acids including tryptophan,
phenylalanine, tyrosine, and histidine have a significant
impact on a peptide’s ability to dissolve in water. Very spe-
cific peptides are arranged in such a way that they overlap
onto the nanotubes, which is an attractive method for
ensuring solubility and may serve as a useful tool for eval-
uating separation, leading to enhanced performance and
application. More recently, cyclic peptides have been
demonstrated to have similar properties.119,120

6.3 Medicinal chemistry of CNTs

Size, aggregation, surface functionalization, chemical
composition, shape, and solubility are only few of the
physicochemical features of carbon nanotubes that affect
nanoparticle biodistribution and pharmacokinetics.121

Intraperitoneal injection of iodine-labeled, oxidatively
functionalized, single-walled carbon nanotubes was
employed.122 The intraperitoneal technique was compared
to others, including the subcutaneous and oral (by stomach
incubation) approaches. This technique allowed for the
distribution of carbon nanotubes throughout the body,
rather than only in specific locations. Favored tissues and
organs include the kidney, stomach, and bone.123 During
the safety examination, it was determined that 94 % of
the nanotubes were eliminated in the urine, while the
remaining 6 % were excreted in the stool. Our research has
shown that the tissues are resilient and unaffected by the
experimental perturbations. Additionally, the structure was
functionalized with single-walled carbon nanotubes and
multi-walled carbon nanotubes utilizing a 1, 3-dipolar cyclo-
addition procedure, another surface chemistry approach.
After that, this technique was compared to only using single-
walled nanotubes. Diethylenetriaminepena acetate and
radiolabeled indium are used to functionalize carbon nano-
tubes. In this study, we use DTPA to measure the effect of
biodistribution and blood flow on the surface area of de-
gree. Both forms of functionalized DTPA-SWNT are found
in the kidneys, muscles, skin, bones, and blood, as shown
by the biodistribution study. There was a considerable
improvement in tissue cleanliness and blood flow after
using any kind of nanotube.124 Functionalization using
diethylenetriaminepentaacetic acid was performed on
both single- and multi-walled carbon nanotubes. It was
shown that following intravenous administration, DTPA
was removed in the urine via the renal system. The DTPA-
CNT was observed without any defects in voided urine
using TEM.
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7 CNT-based materials for
adsorption process
pharmaceuticals

The extensive misuse of antibiotics has resulted in signif-
icant environmental issues. Several biopolymer gels,
which are often used as adsorbents, have subpar adsorp-
tion capabilities and insufficient mechanical characteris-
tics.125 Jie Ma et al. explored the synergistic effects of
incorporating carbon nanotubes (CNTs) and graphene ox-
ide (GO) into sodium alginate (SA) to enhance the adsorp-
tion efficiency and overall characteristics of conventional
adsorbents. Carbon nanotubes/L-cysteine@graphene ox-
ide/sodium alginate (CNTs/L-cys@GO/SA) triple-network
composite hydrogels were synthesized using hydrogen
peroxide and L-cysteine (L-cys) (Figure 7a). These triple-
network composite hydrogels have the ability to enhance
their adsorption capacity by using their three-dimensional

structure, in contrast to both standard hydrogels and
the double-network hydrogels now under development.
The presence of an independent triple-network structure
enhances the spatial dimensions, resulting in a greater
number of pores and sites for adsorption of pollutants,
hence enabling the effective removal of ciprofloxacin. The
CNTs/L-cys@GO/SA hydrogels had an adsorption capacity of
181 and 200 mg/g at 25 and 15 °C respectively in a weakly
acidic environment. Indeed, the hydrogels composed of
carbon nanotubes (CNTs), L-cysteine (L-cys), and graphene
oxide (GO) with sulfonic acid (SA) have superior charac-
teristics at low temperature conditions. The adsorption
capacities of CNTs/SA, CNTs/GO/SA, and CNTs/L-cys@GO/SA
hydrogels were 107, 156.6, and 160.2 mg g−1 at an initial
concentration of 200 mg l−1, respectively, which is close to
the primary adsorption capacities of 109, 158.8, and
181 mg g−1, as shown in Figure 7b. The experimental setup
used a ciprofloxacin solution with a concentration of
10 mg L−1 to examine the hydrogels’ capacity to remove the

Figure 7: Schematic of hydrogel formation process and regeneration performance of different hydrogels after multiple cycles with varying ciprofloxacin
concentrations. (a) Illustrative schematic showing the formation process of the CNTs/L-cys@GO/SA triple-network hydrogel. Regeneration performance
of three different hydrogels after multiple cycles using ciprofloxacin solution of (b) 200mg L−1 and (c) 10 mg L−1.126
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antibiotic from wastewater at a low concentration. The
adsorption capacity for 12 h of three different hydrogels was
compared using a four-fold repetition. The regeneration
performance was outstanding on the first three occasions, as
demonstrated in Figure 7c. Furthermore, the triple-network
hydrogels had shown enhanced thermal stability, mechanical
characteristics, and swelling ability. The independent multi-
layer network preserves the exceptional characteristics of the
original materials while expanding the internal volume of
hydrogels. The potential of these multinetwork hydrogels for
wastewater treatment was significant in terms of pollutant
removal. Furthermore, the CNTs/L-cys@GO/SA hydrogels had
a greater ability to adsorb ciprofloxacin when exposed to
weakly acidic conditions, low temperatures, and low con-
centrations of inorganic salts.126

Ildiko Lung et al. manifested the effectiveness of a
nanocomposite of carboxy-carbon nanotubes (CNT-COOH),
manganese(IV) oxide (MnO2), and iron(II,III) oxide (Fe3O4) in
adsorbing cymoxanil. He studied the effect of pH (2–10),
temperature (20–60 °C), starting cymoxanil concentration
(7–20 mg L−1), adsorbent dosage (0.5–5 g L−1), and contact
time (2–30 min) on the adsorption process to find the best
conditions. They analyzed the experimental data using
the isotherm and kinetic models. There was a maximum
adsorption capacity of 10.672 mg g−1, indicating that the
Langmuir isotherm model offered the greatest fit. Not only
that, but the pseudo-second order kinetic model describes
the cymoxanil adsorption process. The result suggested that
a nanocomposite of carbon nanotubes, metal oxides, and
ferric oxide could be useful in the removal of cymoxanil
from water.127

The adsorption of pharmaceuticals from wastewater by
carbon nanotubes (CNT) is an issue of substantial experi-
mental attention. These nanomaterials reveal intriguing
designs for interactions with this class of pollutant of
growing concern (CECs). Cristiane Ferraz de Azevedo et al.
described the interaction between single (SWCNT) and
multi-walled carbon nanotubes (MWCNT) and the diclofenac
potassium (DP) anti-inflammatory by adsorption and

spectroscopic tests. Raman and Infrared spectroscopy tech-
niques were applied to elucidate the interaction between
both CNT and DP molecules. Scanning electron microscope
was used to see the morphology of prepared materials
(Figure 8a and b) additionally, batch adsorption studies were
carried out to examine CNT for removing DP from aqueous
solutions. The carbon-based nanostructures give rapid
kinetics of adsorption of DP. Also, the maximum adsorption
capacity (Qmax) for adsorption of the DP medicine at 40 °C,
yielding high values such as 77.54 and 150.37 mg g−1 for
MWCNT and SWCNT, respectively. The interaction between
diclofenac anti-inflammatory and CNTwas spontaneous and
endothermic, being regulated by physisorption. In addition,
utilizing the thermodynamic and spectroscopic measure-
ments, amechanism based especially on hydrogen-bond and
π-π interactions was hypothesized to explain the adsorption
of DP onto both CNT.128

Researchers assessed the efficacy of green-modified
carbon nanotubes (CNTs) as an adsorbent material for the
elimination of two antibiotics (ciprofloxacin and ofloxacin)
in water-based solutions. Analysis of the material pre and
post adsorption revealed that the crystalline structure of the
CNTs remained intact throughout the process. Consequently,
adsorption is confined to the surface through interaction
with the C=C, O–H, C–O, and CO–O groups of the adsorbent.
This interaction is further intensified by the presence of
iron nanoparticles on the nanotubes’ surface. The MWCNT-
E + OFL exhibited superior heat resistance in comparison
to the other systems under investigation, suggesting the
establishment of stable links between the adsorbent and this
medication. The rate of reaction was rapid for both pollut-
ants in all tested systems (either single or competitive),
achieving equilibrium within a time frame of 20–30 min. All
kineticmodels examined exhibited a strongfit to the data for
both medicines, suggesting that both chemisorption and
physisorption had a role in influencing the process. In the
single adsorption of CIP, intraparticle diffusion was identi-
fied as the limiting phase, whereas for OFL, external diffu-
sionwas the limiting step (Figure 9a). However, in the binary

Figure 8: SEM images of (A) SWCNT and (B)
MWCNT.
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removal of pollutants, both intraparticle diffusion and
external diffusion were found to be important. The most
effective approach for ANNmodelling was utilizing a neural
network design consisting of [3 5 5 2] neurons. This archi-
tecture was trained using the Log-sigmoid transfer function
and the Bayesian regularization training technique. The

ANN model had superior performance compared to the PSO
model in accurately predicting both single and binary data,
exhibiting a decreased Mean Relative Deviation (MRD) from
the experimental values (Figure 9b). This suggests that the
use of ANN is a promising method for modelling competitive
adsorption data. Ultimately, the findings demonstrated that

Figure 9: Overview of adsorptionmechanisms and enhanced artificial neural network (ANN) design for improving CIP/OFL adsorption on nanotubes. (a)
Potential mechanisms involved in the adsorption process of CIP and OFL and (b) enhanced design for the artificial neural network (ANN) used in the
adsorption of CIP/OFL on nanotubes.129
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green-modified nanotubes exhibit high efficacy in elimi-
nating emerging pollutants from water-based solutions,
even when present in small amounts.129

The adsorbent MCNTs–UiO–66–NH2, which is envi-
ronmentally safe, demonstrated excellent water stability
within a pH range of 1–10. It possesses a magnetic strength
of 23.68 emu g−1 and can effectively adsorb Ibu and Nap in
water within a pH range of 1–10 or a salinity range of
0–0.2 mol L−1. The adsorption of Ibu (Nap) achieved a state
of equilibrium within a period of 2 h. At a solid-liquid ratio
of 1 g L−1, the MCNTs-UiO-66-NH2 material demonstrated an
adsorption capacity of 139 mg g−1 for Ibu and 136 mg g−1 for
Nap at a temperature of 303 K. The regenerative capacity of
exhausted MCNTs–UiO–66–NH2 maintained consistently
over 90 % even after undergoing five cycles using NaHCO3

as the eluent. MCNTs–UiO–66–NH2 have shown the ability
to completely eliminate Ibu and Nap from simulated
wastewater (with initial concentrations of 10 mg L−1)
within a pH range of 3–9. The isotherm and kinetic studies
indicated that both processes involved monolayer chemi-
sorption. Based on XPS analysis and static adsorption
investigation, it was inferred that the two adsorption
mechanisms may include complexation, π–π conjugation,
electrostatic interaction, and H–bonding. To summaries,
MCNTs–UiO–66–NH2 can be used to remove Ibu and Nap
from real water sources.130 The detail comparison of
various CNT-based materials for photocatalytic degrada-
tion is given in Table 1 and 2.

8 CNT-based materials for
adsorption process
pharmaceuticals

The structural diversity of pharmaceutical chemicals has led
to their detection in awide range of water sources, including
groundwater, surface water, wastewater, and drinking wa-
ter. Hospital effluent, urban agricultural runoff, treated and
untreated industrial wastewater, and other sources often
release these chemicals into the environment.159 Patients’
excretion and the improper disposal of unwanted pharma-
ceuticals make hospitals a significant contributor to phar-
maceutical discharge into the environment.160 Another
important source of environmental contamination is the
improper disposal of pharmaceutical waste from industrial
processes. Many different medications can end up in water,
which is bad for everyone’s health. As an example, para-
cetamol, an analgesic, increases the risk of kidney cancer,
liver damage, and asthma, whereas sulfamethoxazole, an
antibiotic, induces genetic mutations and chronic effects
even at low doses.160 In general, medications have negative
impacts, such as causing environmental systems to develop
tolerance to microbes and disrupting the endocrine system.
It is difficult to analyse, identify, and remove pharmaceuti-
cals from aquatic systems because they are often present
at extremely low quantities. The biggest problem with
researching drug incidence and destiny is that there aren’t

Table : Carbon nanotube-based adsorbents for pharmaceutical with different parameters.

Adsorbent Co (μg/L) Source of water Surface area
(m g)

Sorption
capacity
(mg/g)

Pharmaceutical Reference

g-CN/H-ZSM-  Synthetic water   Fipronil 

MWNTs, SWNTs,
MWNTs-O

– Synthetic water ,,  , ,  Ibuprofen 

SnO/Ni@NCNT , – –m >% Cephalexin 

MWNTs , Synthetic water  – Asulfapyridine 

SWNTs , Synthetic landfill
Leachate

,  .– Hormones a-ethinyl
estradiol

–

BNNS , – , – Ofloxacin , 
MWNTs-H ,–

,
Synthetic water   Tylosin 

MWNTs-COOH , Synthetic water – .c Carbamazepine 

SWNTs –

,
Synthetic water
i.e., DOM

  Antiepileptics , 

Acid-treated
SWNTs,
SWNTs

 Synthetic water  ., . Bisphenol A 

MWCNTs –, – – .–. Sulfapyridine ,
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enough sensitive and robust tools for quantitative analysis,
which makes detection very difficult.161

Researchers covered the structural, morphological, and
photocatalytic properties of stretchable composites made up
of carbon nanotubes (CNTs), silicon rubber, and Ti@TiO2:W
nanoparticles (TiWNi NPs) with an average size of 37 ± 2 nm.
Under the microscope, the TiWNi nanoparticles sparkled like
jewels on the surface of the precisely aligned carbon nano-
tube strands. Anatase and rutile phases, organised in a cubic
form, made up the composite composition of the TiWNi NPs.
We evaluated TiWNi powders and stretchable composites for
their photocatalytic degradation of the anti-inflammatory
drug diclofenac (DCF) using UV-visible light. In Figure 10a it
can see the effects of 0% and 100% strain on the stretchable

CNT + TiWNi composite during the photocatalytic process.
Figure 10b displays the DCF deterioration curves versus time
(3 h). After 180min, or 3 h, the maximum DCF degradation
efficiencies got as follows: 2.2 % for the bare silicon elastomer
substrate (SSR), 34.6 % for the CNT composite (stretched at
0 %), 91.9 % for the TiWNi powders, CNT+ TiWNi (stretched at
0 %), CNT + TiWNi (stretched at 50 %), and 100% for the
CNT + TiWNi (stretched at 100%), respectively. Figure 10c
displays the time-dependent reduction of the typical DCF
absorption band at 276 nm for both the CNT + TiWNi com-
posite (stretched at 100%) and the TiWNi powders. The
stretched CNT + TiWNi composite showed a quicker disap-
pearance of the DCF absorption band, suggesting a greater
degradation rate. Figure 10d showed the results of the reuse

Table : Multiwalled carbon nanotube-based adsorbents for pharmaceutical with different parameters.

Adsorbent pH Pharmaceutical Maximum
adsorption

Removal
efficiency

(%)

Isotherm model References

CNTs/L-cys/SA/GO ,  Ciprofloxacin  – Freundlich–Langmuir 

m-MWCNT-CYS
m-MWCNT-HYD
m-MWCNT-HA

 Ibuprofen .
.
.

.
.


Langmuir 

FeO/MWCNT
MWCNT

– Sulfamethazine .
.

.
.

.
.



L-MCNT- nm
(:)

 Ibuprofen
Sodium
Diclofenac
Ketoprofen

.


.

– Langmuir 

MWCNT–COOH – Ibuprofen . – – 

MWCNT – Ciprofloxacin
hydrochloride

. . Freundlich 

MWCNT
SWCNT
N-CNT
MWCNT-COOH

 Dimetridazole
Metronidazole





– Redlich–Peterson 

PMCNT
FMCNT

 Aspirin 



– – 

O-MWCNT  Enrofloxacin – – Freundlich 

SWCNT
MWCNT
H-MWCNT
H-MWCN









Sulfamethazine .
.
.
.

– Langmuir 

PAni/MCNT  Meloxicam . . Dual site Langmuir–
Freundlich



MWCNT 









Seven sulfonamides
Carbamazepine
Diclofenac
Three chloramphenicols,
Ibuprofen

– – Freundlich 

MWCNT  Triclosan
Acetaminophen
Ibuprofen

.
.
.

.
.
.

– 
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tests that proved the stability of the TiWNi powders and the
CNT + TiWNi composite in degrading DCF. They were able to
accomplish this by extending the material to introduce addi-
tionalflaws, particularly oxygenvacancies. Delaying electron-
hole recombination and speeding up DCF breakdown, these
flaws acted as electron drains. Raman absorbance measure-
ments validated the existence of such defects. In addition,
according to the scavenger’s research, the ·OHandO2− radicals
were the reactive oxygen species (ROS) that attacked and
destroyed the DCF molecules. Results from the study confirm
that stretchable CNT/TiWNi composites can effectively
remove pharmaceutical contaminants from water. Another
advantage over photocatalytic powders is the possibility of
manually separating these composites from the purified
water.162

To activate peroxymonosulfate for antipyrine break-
down, a hybrid catalyst system was used, which consisted of
MWCNT and Co–TiO2 by simple physical mixing. In 12 min,
the antipyrine elimination rate rose from 53.24 % to 100 %

in the presence of 2 mM peroxymonosulfate, Co–TiO2, and
a half-and-half combination of MWCNTs and Co–TiO2,
respectively, with a weight of 0.2 g/L. They went even deeper
into the effects of changing several factors, such as the
catalyst dose, peroxymonosulfate dose, antipyrine concen-
tration, and starting pH. Quenching experiments and EPR
analysis revealed the catalytic mechanism that underpinned
the synergistic impact. The reasons given included the ac-
celeration of Co3+/Co2+ due to produced superoxide and the
transfer of electrons between Co–TiO2 and MWCNT163

(Figure 11).
Na Tian et al. reported the effective synthesis and use of

a ternary ZnO@spinel cobalt ferrite@carbon nanotube
magnetic photocatalyst (ZSCF@CNT) for the degradation of
the antibiotic Cefixime (CFX) when exposed to ultraviolet
light. Experimenters used XPS, XRD, FESEM-EDX, TEM, BET,
VSM, UV–vis DRS, and PL studies to study the morpholog-
ical, optical, structural, and physicochemical characteris-
tics of ZSCF@CNT. When tested under UVC irradiation and

Figure 10: Images, degradation curves, absorption spectra, and performance after multiple cycles of CNT+TiWNi composites and TiWNi powders in the
photocatalytic degradation of diclofenac. (a) Images of CNT + TiWNi composites stretched at (i, ii) 0 % and (iii) 100 %, (b) diclofenac (DCF) degradation
curves using TiWNi powders, CNT, and CNT + TiWNi composites (subjected at different strains or having different content of TiWNi powder on their
surface), (c) DCF absorption spectra as a function of time during the photocatalytic degradation by using TiWNi powders (inset) and CNT + TiWNi
composites, and (d) DCF degradation percentages after multiple cycles of usage for the TiWNi powders and CNT + TiWNi composites.162
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PMS, the ternary ZSCF@CNT photocatalyst showed faster
removal of CFX than either the individual components or
the binary composite catalysts. They found that the best
circumstances were a pH of 7.0, catalyst at 0.3 g/L, and PMS
at 3.0 mM, which allowed us to eliminate all of the CFX
(10 mg/L) in around 20 min. The radical scavenger experi-
ments revealed that the ZSCF@CNT/PMS/UVC system
featured a number of radicals and non-radical species, such
as sulphate, hydroxyl, and superoxide radicals, as well as
singlet oxygen and electrons. The enhanced catalytic ac-
tivity and stability of the ZSCF@CNT photocatalyst were
due to its increased surface area, less agglomeration
formation, and effective separation of photogenerated
electron-hole pairs. As a photocatalyst for the activation
of PMS for the treatment of genuine aqueous matrices,

ZSCF@CNT showed promise in the experiments conducted
in real water matrices.164 The detail comparison of various
CNT-based materials for photocatalytic degradation is
given in Table 3.

9 Challenges and Prospects

9.1 Challenges

i. Although carbon nanotubes (CNTs) show great promise
in the treatment of water, there are major barriers to
their widespread use in industry. These include the high
cost of CNT synthesis and the difficulties in scaling up
production for larger uses.

Figure 11: Proposedmechanism of (a) Co–TiO2/
PMS/LED process and (b) MWCNT/PMS/LED
process.163
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ii. Another important issue is the effect that the production
and disposal of CNTs would have on the environment. It
is unclear how long-termCNTusemay affect ecosystems,
and releasing CNTs into the environment may be haz-
ardous to human health and aquatic life.

iii. A recurring problem that can lessen CNTs’ efficacy in
water treatment procedures is fouling, or the buildup of
undesirable elements on their surface. Adsorption ca-
pacity and photocatalytic effectiveness are reduced
by fouling, which raises maintenance and operating
expenses.

9.2 Prospects

i. Research on more economical and efficient ways to
synthesise carbon nanotubes (CNTs) is ongoing and
could help address some of the issues related to cost and
scalability. The utilization of less expensive carbon
sources and innovations like chemical vapor deposition
(CVD) should increase the accessibility of CNTs for large-
scale applications.

ii. The performance and sustainability of CNT-based ma-
terials could be greatly enhanced by the creation of new
functionalization methods that are environmentally
friendly and efficient.

iii. As our knowledge of CNT-based materials advances, we
may see new uses for them that go beyond the elimina-
tion of pharmaceuticals. In order to handle other water
contaminants like heavy metals or persistent organic
pollutants, CNTs may be extremely important, which

would increase their usefulness and commercial po-
tential. Furthermore, as the world’s water shortage
worsens, there will probably be a greater need for so-
phisticated water treatment technology, which will
create a powerful commercial incentive for the contin-
uous development of CNT-based solutions.

10 Conclusions

Constant and growing emissions of pharmaceuticals com-
pounds (PHCs) are depleting the world’s water supply.
For long-term environmental management, it is critical to
develop effective, environmentally acceptable methods of
removing PHCs from water. Water contamination from
organic matter pollutants poses serious threats to the health
of aquatic organisms, plants, and humans alike. There are a
lot of proposed technologies for decontaminating waste-
water, but most of them are either complicated or too
expensive to be practical. Carbon nanotubes (CNTs) have
found use in environmental management for a variety of
pollutants through their adsorption properties. Several
chemical and physical characteristics, including CNTs’
nanosize, big surface area, and hollow structure, make them
an effectivematerial for PHCs removal. Since they are simple
to work with, CNTs are being explored as a possible solution
for PHCs removal from wastewater. However, there are
a number of problems with using CNTs on a big scale,
including impurity, increased production costs, hydropho-
bicity, and environmental discharge. The sorption

Table : CNT based materials for photocatalysis process pharmaceutical’s.

Photocatalyst Pollutants time Light source Maximum
decomposition

ability

Synthesis method Reference

WO/CNT mg L−

tetracycline
min US and visible light

irradiations
η = % Sol–gel/hydrothermal

method


FCNT–BiOCO/g-CN Tetracycline min W Xe lamp
(λ ≥  nm)

η = % One-step hydrothermal
method



N-CNT/mpg-CN mg L−

MO
min W Xe lamp

(λ >  nm)
η = % One-step hard template

method


CNTs/ZnO/MoS  ppm
aniline

min W LED lamps η = % Hydrothermal method 

MWCNTs–CuNiFeO Ampicillin min UV light irradiation η = % Coprecipitation method 

CNT/CuS–MD mg L− RhB min W Xe lamp η = .% In situ coprecipitation
method



CNT-based CuFeO  ppm
erythrosine

min UV irradiation η = .% Sol–gel and microwave 

AgPO@MWCNTs@PANI mg L−

phenol
min W Xe lamp

(λ >  nm)
η = % In situ precipitation

method

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conditions, pollutant type, and CNT properties all play a
significant role in the PHCs elimination process. How and
how well CNTs remove PHCs from water depends on the
kind of pollutant and the characteristics of the CNTs them-
selves. Thus, carbon nanotubes (CNTs) can have their
structures and characteristics altered by chemical, physical,
biological, or mechanical activation/modification to produce
sorbents that are very effective at removing a specific
pollutant.

Decontaminating wastewater with CNTs tailored to a
specific pollutant type is therefore a viable, long-term,
sustainable, cost-effective, and environmentally beneficial
option. To make CNTs more cheaply and more pure, how-
ever, future studies should concentrate on creating novel
manufacturing methods and functionalization methodolo-
gies. In addition, before using CNTs as a wastewater treat-
ment method, it is necessary to evaluate the likelihood of
loaded CNTs removal from water, possible influences on
microbial populations, and harmful ecological concerns of
CNTs. To ensure that commercial CNT products do not harm
the environment, research on their stability and dispersive
capabilities in ecosystems is necessary. In addition, there
has to be a thorough investigation of the possible effects of
long-term exposure of humans and animals to CNT residues
in drinking water.
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