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Abstract: Nanomaterials such as carbon nanotubes (CNTs) have been used as an excellent material
for catalysis, separation, adsorption and disinfection processes. CNTs have grabbed the attention
of the scientific community and they have the potential to adsorb most of the organic compounds
from water. Unlike, reverse osmosis (RO), nanofiltration (NF) and ultrafiltration (UF) membranes
aligned CNT membranes can act as high-flow desalination membranes. CNTs provide a relatively
safer electrode solution for biosensors. The article is of the utmost importance for the scientists and
technologists working in water purification technologies to eliminate the water crisis in the future.
This review summarizes about the application of CNTs in water purification.
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1. Introduction

Recently, the evolution of nanotechnology has been the one of the fascinating topics among the
scientific community for conducting interdisciplinary research [1]. For the first time in 1959, Richard
Feynman introduced the term “nanotechnology” [2]. Nanotechnology is described as the study of atomic
or molecular aggregates of size ranging from 1 to 100 nm, commonly known as nanoparticles (NPs).
NPs also known as ultrafine particles comprising of bulk materials with modified physicochemical
properties by varying the size, chemical composition or shape of the particles. They can be of both
organic and inorganic nature and are less stable or more reactive. NPs include both nanoparticles.
Fullerenes, carbon nanoparticles, dendrimers and liposomes are the common organic nanoparticles.
A brief about organic and inorganic nanoparticles is as depicted in Figure 1 [3].

Figure 1. Types of nanoparticles.
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The elevated levels of global warming have led to variation in the properties of natural systems
leading to less availability of fresh water in today’s time. Although, it seems difficult to eliminate
the effect of climatic changes, including global warming and problems arising due to water pollution
problems, but the need of effective and low-cost water purification technology has already highlighted
the clean water crisis across the globe [4-8]. This water crisis is extremely serious and has been
a hindrance in the path of economic growth and social progress [9]. Clean water is an important
requirement for human health. Conventional water treatment processes, such as ozone, UV, chlorination
and reverse osmosis (R.O.) are very harmful to health and demand a high maintenance cost [10].
Traditional water treatment techniques, including filtration, distillation, coagulation—flocculation,
biosand and reverse osmosis fail to remove all heavy metal ions from the water sample.

Nanotechnology seems to provide a promising application in the field of water treatment
and remediation wherein various nanomaterials can be exploited to purify water through different
mechanisms [11,12]. Some of these are as follows; removal and inactivation of pathogens, adsorption
of and various hazardous water contaminants including heavy metals and the transformation of
hazardous materials into less hazardous compounds. In order to explore the potential of nanoparticles
for water treatment applications, they have been synthesized in different shapes, functionalized
with active components and transformed in composites. Nanostructured catalytic membranes have
proven to be of great importance in water treatment applications [13]. In this review article, we have
tried to throw light on the popular nanomaterials, carbon nanotubes (CNTs) and its application in
water purification.

The potential applications of CNT in water purification are critically reviewed in this article.
The review summarizes about the latest research studies on CNT to eliminate the water crisis in the
future. In this review, we have explained how CNT based membranes are the most reliable solution for
water purification problems in addition to their adsorption and sensing and desalination applications.
Additionally, we have also mentioned about the toxic effects and challenges involved in the usage of
CNTs for water purification, which will pave the way for scientists for future research problems.

2. Carbon Nanotube Based Water Purification Technology

Since their discovery, the CNTs have been the center of nanotechnology research because of its
remarkable physicochemical properties. These are safe to be used for water treatment applications [14].
Carbon nanotubes (CNTs) are cylindrical macromolecules where the carbon atoms are arranged in the
form of a hexagonal lattice in the partitions of the tubes that are capped at the ends with the aid of
half of a fullerene-like structure [15]. These are basically classified based on the hybridization of the
carbon atom in the CNT layers. Therefore, CNTs can be as single-walled carbon nanotubes (SWCNTs)
and multiwalled carbon nanotubes (MWCNTs). The SWCNTs are usually close to 1 nm in diameter
and are several thousand times longer in length. The rolling of a single layer of graphite (called a
graphene layer) into a seamless cylinder (long wrapped graphene sheets) may form single-walled
carbon nanotubes (SWCNTs). Multiwalled carbon nanotubes (MWCNTSs) can be viewed as a series of
compressed SWCNTs with different diameters (consisting of several layers of graphite rolled in on it to
create a tube shape. Although SWCNTs have diameters of between 0.3 and 3 nm, the MWCNTs can
achieve diameters up to 100 nm [16]. The application of CNTs for different water purification processes
are as seen shown in Figure 2 [17].

2.1. CNTs5 for Adsorption

Adsorption refers to a surface phenomenon where the toxic pollutant (sorbate) adsorbs over
the surface of a sorbent as an outcome of the force of attraction between them. It arises by external
intraparticle/film mass transfer, internal particle pore diffusion and adsorbent sorption and desorption.
Apart from the different materials being available as adsorbents including zeolites and resins, activated
carbons (ACs) are widely used forms of adsorbents for water treatment due to various advantages:
removal of the broad spectrum, pollutant strength, chemical inertia and thermal stability. Nevertheless,
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the use of ACs in water treatment often lacks in certain parameters, including poor adsorption kinetics
and regeneration issues. Activated carbon fibers (ACFs) have emerged as the second generation
of carbonaceous adsorbents, to address these problems. The openings in ACFs open directly over
the carbon matrix area that lessens the distance of contaminants from adsorption sites to diffusion.
When compared to ACs, this leads to more adsorption kinetics in ACFs. CNTs having with one
dimensional structure seem to be identical to miniaturized ACFs, where all adsorption loci are located
on the surface of the inside and outside layer of CNTs. CNTs may take a step ahead forming a convincing
third generation of carbonaceous adsorbents because of their layered and hollow architecture and
flexible surface chemistry [18]. Burakov et al. contrasted the overall adsorption potential of CNTs for
heavy metal with some traditional materials. It has been proposed that plasma-oxidized multiwalled
CNTs could be used as adsorbents for some metals instead of chemically oxidized multiwalled CNTs.
Plasma oxidized tubes displayed an improved adsorption ability compared with chemically oxidized
CNTs, primarily due to the addition of functional groups containing oxygen in the CNT surface. Plasma
oxidized CNTs have the tendency to desorb metal ions more easily as shown by the experimental
results [19]. Researchers are investigating the feasibility of deploying CNTs for the adsorption of
contaminants from the water. For the elimination of toxins in water both MWCNTs [20-22] and
SWCNTs [23] have been introduced in recent years. While activated carbon is the most prevalent
sorbent demonstrating a specific surface area (SSA) of 500-1000 m? g_l [24], however CNT being
a popular adsorbent material because of the unique properties that include; (i) SSA of CNT is high
(100-300 m? g~1) with a high sorption potential; (ii) a malleable surface charge influences the collection
of a particular water pollutant and (iii) an enormous pore size of fibrous material gives more exposure
to the surface. Most organic contaminants get adsorbed on the outer layer and internal sites of
open-ended CNTs. The accessible surface area and surface functional groups are the main determinants
that affect this enhanced adsorption, and these parameters have been the subject of much research.

Figure 2. Applications of carbon nanotubes (CNTs) in water purification.

Nonetheless, parameters such as the external surface area, pore density, functionality and purity
determine the rate of CNT adsorption [25]. There are four major potential CNT adsorption sites for the
adsorption of water contaminants. There are (a) interstitial channels, (b) inner CNT holes, (c) grooves
and (d) outer surfaces of the CNT (Figure 3). Interstitial channels serve as a significant trap for small
contaminants depending upon the form of the nanotube. For example, because of its aggregation effects,
SWCNTs generate more interstitial channels. The aggregation rate declines with growing numbers of
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layers of CNT [26]. The aggregation pattern of CNTs is as follows MWCNTs < DWCNTs) < SWCNTs.
The aggregation of CNTs can be beneficial or detrimental for the adsorption [27]. Although, it reduces
the total surface area of SWCNTs specifically needed to get pollutants adsorbed in bulk. Not only
does it generate interstitial spaces between tubes, which in turn result in the increased size of the pore
(chiefly MWCNTs), but the grooves in the peripheral spaces of the CNT bundles also get enlarged.
Unlike MWCNTs, the open-ended SWCNTs offer more flexibility in adsorbing multiple adsorbents
due to their comparable sizes. SWCNTs having a lower diameter promote adsorption effects in case
there is a high possibility of that chemical interactions between the size of the adsorbate and diameter
of the nanotube. The outermost surfaces and groove of the CNT bundles serve as beneficial effects for
the adsorption of both inorganic and organic contaminants to sit [25].

Interior site (1)
Interstitial Site (2)
Groove site (3)
Exterior site (4)

Figure 3. Adsorption sites of CNTs for water pollutants.

CNTs have attracted considerable interest as strong adsorbents for a different variety of organic
compounds. These include DDT and its metabolites, dioxin, polynuclear aromatic hydrocarbons
(PAHs), PBDEs, chlorophenols and chlorobenzenes, trihalomethane, dyes, phthalate esters, pesticides
(thiamethoxam, imidacloprid and acetamiprid) and herbicides such as sulfuron derivatives,
and dicamba, atrazine, bisphenol A and nonylphenol [28-30]. It has been revealed that the internal
voids of open-ended MWCNTs (2-5 nm) and single-walled (SWCNTs; diameter: 1-2 nm) regulate the
amount of sorbed aromatic compounds, for example, 2-phenylphenol (0.54 nm), phenanthrene (0.80 nm)
and biphenyl (0.47 nm) [31]. In comparison to SWCNTs, the contribution of internal site pore volumes
is relatively more in the case of MWCNTs. The pattern of accumulation decreases the number of walls.
Moreover, the accumulation of CNTs follows the following trend: MWCNTs < DWCNTs < SWCNTs.
The strong van der Waals forces along the tube length axis in SWCNTs allow them to aggregate,
which in turn results in the formation of grooves and interstitial sites. Nevertheless, the SSA of
as-grown SWCNTs and MWCNTs is as follows 400-900 m? g~! and 200400 m? g~!, which gets
significantly reduced by accumulation [31]. SWCNTs with the same diameter packed into a bundle
(homoaggregation) result in the interstitial channel having a uniform diameter. Mismatched diameters
in the SWCNT bundle (heteroaggregation) contribute to a greater interstitial channel diameter
as compared to homoaggregation [32]. Similarly, aggregated MWCNTs also showed comparable
behavior [33]. It has been found that interstitial channels are essential for water contaminants with
a diameter of <1 nm in the sorption of polycyclic aromatic hydrocarbon (PAH; e.g., tetracene and
naphthalene) [26]. The morphology of CNTs, including the nanoscale curvature, is expected to have
a major impact on the adsorption of organic contaminants, specifically for those stacked as the m—m
interactive force. A notable difference was observed between the adsorption ability of phenanthrene
and tetracene on the tube surface of CNTs due to the nanoscale curvature effect [26].

One limitation that reduces the usage of CNTs as adsorbents for water purification is their high
cost as compared to graphite, carbon fiber, carbon black and clay. Functionalization of CNT provides
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a reliable solution to CNT-based water treatment by reducing the cost [34]. By air oxidation or acid
oxidation, functional groups like -C=0, -COOH and -OH may be immobilized into CNT surfaces.
The ion exchange, electrostatic interactions, hydrophobic interactions, covalent bonding, 7 electron
binding, hydrogen bonding and mesopore filling are significant factors affecting the interaction between
functionalized CNTs and water contaminants. The attachment of functional groups to CNTs increases
hydrophilicity and enhances the adsorption capacity for small molecular weight and polar pollutants,
such as 1,2-dichlorobenzene [35] and phenols [36]. Sitko et al. [37] widely investigated the role of
functionalized CNTs in metal sorption. To sorb the desired pollutants, it is important to understand
the CNT with different chemical groups. CNTs are often mixed with other metals or support types
to enhance the adsorption, mechanical, optical and electrical properties [38]. The functionalization
increases the number of nitrogen, oxygen or other groups on the CNT surface, improves their
dispersibility and thus improves the specific surface area [39-41]. For example, Gupta et al. has
reported a study using CNTs as a support for magnetic iron oxide [42]. A “composite” adsorbent was
designed to remove chromium from the water, combining the adsorption properties of CNTs with the
magnetic properties of iron oxide. Apart from having excellent adsorption properties, the “composite”
adsorbent can be conveniently isolated from the water by means of an external magnetic field.

The sorption of 1,2-dichlorobenzene (DCB) onto CNTs has been over a broad pH range of 3-10
and that sorption of DCB to CNTs took 40 min to achieve a maximum sorption of 30.8 mg/g [35].
In the recent past, new high-surface sorbents (in excess of 189 m?/g) have been prepared consisting
of cerium oxide assisted either by aligned carbon nanotubes (CeO,-ACNTs) or carbon nanotubes
(CeO,-CNT) [43,44]. While the CeO,-CNTs were successful As(V) sorbents, the addition of the divalent
cations Ca(II) and Mg(Il) in an increasing concentration from 1 to 10 mg/L increased the amount of
sorbed As(V) (from 10 to 82 mg/g) [44].

The activation of CNT using KOH increases the amount of SSA and mesopore as well as the
anchoring of oxy functional groups (OFGs) specifically, the hydroxyl group on the surface of CNTs.
It means that significant water contaminants such as m-xylene (247.83 mg/g), methyl orange (MO;
149 mg/g), ethylbenzene (322.05 mg/g), methylene blue (MB; 399 mg/g) and toluene (87.12 mg/g)
are more likely to be trapped [45]. Not only, CNT functionalization may significantly enhance the
sorption of different water contaminants, but also the ability of CNT to host hydrophobic organic water
pollutants such as polychlorinated biphenyls, phenanthrene, naphthalene and pyrene, which interact
strongly with virgin CNTs through hydrophobic and -7 interactions, will be reduced. It is important
to take great care to operate the material in a regulated manner, so that the hydrophobic CNT skeleton
can be preserved and hydrophilic groups for multipollutant adsorption can be immobilized [17].

Surface chemistry is one of the crucial parameters that influence the action of CNT adsorption.
The exterior surface of CNTs can not only be used to adsorb organic but inorganic contaminants
as well [46]. CNTs have recently been used as strong adsorbents for metal ion adsorption, such as
NiZ*, Sr2*, Pb2+, Zn?*, Cu?*, Cd?*, Co®** and Cr?* [47,48]. Li et al. demonstrated the ability of
MWCNTs to adsorb heavy metals such as Cu(II), Pb(Il) and Cd(II) ions. [21]. Kandah et al. revealed
that capacities of the MWCNTs to sorb metal-ion are far superior over both the powder and granular
activated carbon, being the widely used sorbents used in water purification. Ni(Il) ions have also been
shown to adsorb onto CNTs [49]. CNT supported cerium oxide (CeO,) has been used to fabricate an
arsenate sorbent with a high-surface area (189 m? g=!) [44]. Functionalized nanosorbents with very
small concentrations can target different micropollutants and contaminants. If CNTs are functionalized
with -OH and -COOH, they can adsorb higher concentrations of polar and low molecular weight
compounds compared with activated carbon [50]. It was observed that the adsorption of organometallic
compounds on pure multiwalled CNTs is greater than for carbon black [51].

Aside from their potential to sorb organic compounds and heavy metals, CNTs offer benefits
in water treatment applications as adsorbents for herbicides. Based on a report by [52], indicating
that the efficiency of removal of dioxin with CNTs is substantially higher than with activated carbon,
and MWCNTs have subsequently been widely used as a preconcentration and chlorophenol separation
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sorbent [53] and varied herbicides, such as sulfonylurea herbicides [54], triazine herbicides [55] as well
as DDT and its metabolites [56] from the different water system samples. Another dual functional
adsorbent made up of molecularly impressed polymer (MIP) grafted MWCNT (MWCNT-MIP) has
been synthesized not only to decompose an organophosphate (OP) pesticide (paraoxone), but also to
eliminate the toxic 4-nitrophenol (paraoxone degradation product). Cyano (CN) functionalized CNTs
are best suitable for the elimination of phenol-type water pollutants through solid phase extraction
(SPE). MWCNT —-CN was prone to bind to 2,4-dichlorophenol (DCP), 4-chlorophenol, 1-naphthol and
2 naphthol, respectively, in water at the sea and shore. CNT functionalization with HNO3 and H;SO4
(1:3) is a common method of wet oxidation for the attaching surface oxide functional groups (OFGs),
like carbonyl (-CQO), carboxylate (-COOH) and hydroxyl (-OH). Such functional groups can either be
used to adsorb positively charged metal ions including Cu(Il), Pb(Il), Cd(II) and Hg(II) from wastewater
or to enable covalent attachment functionality for different functional groups such as ethylenediamine
and (3-mercaptopropyl) trimethoxysilane (MPTMS) for -NH; and —SH, respectively [57]. Therefore,
it is important to note that in a study, [58] performed a statistical analysis on the cost of the replacement
of NaClO-oxidized SWCNTs and MWCNTs, both of which were stated to be potential Zn(II) sorbents
and could be reused through 10 water treatment and regeneration cycles [59,60]. The results showed
that these reusable carbonaceous sorbents can provide an economical alternative, ignoring their high
unit cost in the current times [58].

In addition to serving as direct adsorbents, CNTs have an amazing scaffold with intrinsic
adsorption capacity for the removal of metal oxides. CNTs can be capable of acting as promising
support for composite adsorbents because of the tunable surface chemistry and adjustable pore
size. CNTs can act as pollutant removal scaffolds. For example, CNT iron oxide for europium
adsorption [61], chromium adsorption using ceria nanoparticles [43], adsorption of malachite green
using polyaniline [62] and methyl orange adsorption using chitosan [63]. Maggini et al. [64] used
poly(vinylpyridine) to coat magnetic CNT to develop a supermolecular adsorbent, demonstrating a
unique ability to extract divalent metals from water, and the residual component can be removed by
the magnetic field and regenerated by treatment with acid. The special characterstics of CNTs may be
used with electrochemical assistance for enhanced adsorption [65].

2.2. CNTs in the Membrane and Filtration

Filtration is a physical and mechanical process of separation that allows fluids to flow through
the membrane while retaining excessive solutes at the same time. Due to its lower chemical
mass, high stability, permeating flux, pollutant retention efficiency, process strength, automated
process control and operational robustness, filtration has been the most popular water purification
methodologies over the years. Distillation, pervaporation, nanofiltration (NF), ultrafiltration (UF),
reverse osmosis (RO), forward osmosis (FO), electrodialysis (ED) and electrodeionization (EDI) are the
currently utilized membrane-based filtration methods. The microfiltration (MF) membrane (0.05-1 mm)
in the macroporous form contains microorganisms and suspended particles. The mesoporous UF
membrane (0.005-0.5 mm) is typical in majority of the rejected viruses and colloidal substances.
Nanoporous NF membrane (0.0005-0.01 mm), and ED and EDI methods are commonly used to
remove inorganic (metals and ions) and organic contaminants. Microporous FO and RO membranes
(0.0001-0.001 mm) are water desalination workhorses. Distillation and pervaporation may be used
for desalination but are less commonly used in industrial applications in the field. The pitfalls of
these filtration processes are fixed solution selectivity, energy intensive operations, regular fouling
and low recrudescence. Most filtration membranes have to be cleaned and/or heated with chemicals
after several cycles. It has been demonstrated that cleaning and repairing a membrane requires 60 and
30 per cent of the overall pretreatment and desalination costs, respectively. Hence, making the best use
of NMs is important to optimize and explore the applications of existing membranes.

In order to enhance the chemical properties specifically hydrophilicity along with the mechanical
properties, it was proposed to functionalize CNTs. CNT based smart membranes provide a great
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potential for water purification. However, the scope of composite membranes in water treatment
applications can be extended by blending with methodologies [66]. It has been found out that CNTs
in combination with membrane filtration technology are capable of removing endocrine disrupting
compounds, pharmaceuticals/ personal care products up to 95% [67].

Types of Nanotube Membranes and Their Fabrication

There are two types of nanotube membranes based on the current fabrication systems, vertically
aligned (VA) and mixed matrix (MM) CNT membranes [68]. In the VA-CNT membranes, CNTs are
arranged as cylindrical pores that forces the fluid to pass only through the hollow CNT interior or
between the CNTs bundles. The VA-CNT membranes can be synthesized between the tubes by aligning
perpendicular CNTs with supporting filler material (epoxy, silicon nitride, etc.) [69]. A mixed matrix
(MM) CNTs membrane, on the other hand, consists of several layers of polymers or other composite
material. Such membranes operate with low energy consumption due to the frictionless capacity of
CNT to move water through hydrophobic hollow cavity nanotubes. The membrane is highly sensitive
to multiple pollutants and salts, being permeable to antifouling, self-cleaning, reusable and good water.
A brief comparison between the vertically aligned and mixed matrix CNT membranes is tabulated in
Table 1.

Table 1. A brief comparison between the vertically aligned and mixed matrix CNT membranes.

Vertically Aligned CNT Membrane Mixed Matrix CNT Membranes

Vertical CNT arrangement Mixed CNT arrangement
Compact CNT network CNT networks loosely fit
Water flux rate is high Water flux rate is moderately fast
Complicated fabrication Simple fabrication
Operating system adjustable Operating system feasible

One promising way of purifying water with CNTs requires VA-CNT sequence membranes.
Theoretical and experimental studies demonstrated immense water flow through the VA-CNT
membranes, with the purpose of improving the new ultra and nanofiltration substances [70].
Usually, the VA-CNT arrays are synthesized by mounting them on a solid or permeable base and
by penetration of a non-porous polymeric material (epoxy, urethane) around the CNTs to ensure the
proper positioning [71,72]. Mostly, the work on VA-CNT membranes was associated with desalination,
but also the physical removal of organic pollutants [73,74]. Current quality, reliability and long-term
performance have restricted the widespread use of VA-CNT membranes, but this method may also be
used in combination with other water purification methodologies.

Several techniques have been used to synthesize the MMCNT membranes (Figure 4). The widely
employed methods by researchers include phase inversion [75-78], solution mixing [79,80], polymer
grafting [81], in-situ polymerization [82-84] and in-situ colloidal precipitation [85], spray-assisted
layer-by-layer [86] and interfacial polymerization [87].

Phase inversion can be represented as a process of demixing (liquid-liquid demixing) by
transforming a homogeneous polymer solution from a single-phase solution into two solid and
liquid phases in a controlled manner [88]. Choi et al. [75] used water as a coagulant phase inversion
process to prepare MWCNTs/PSf blend membranes. Interfacial polymerization is a type of step-growth
polymerization, which occurs at the interface between two immiscible phases, resulting in a polymer
constrained to the interface. Interfacial polymerization [89] has been used for the synthesis of polyamide
(PA) RO membranes coupled with CNTs. The aqueous solutions of functionalized CNTs with
m-phenylenediamine (MPD) and trimesoyl chloride (TMC) solutions in n-hexane were used for
the synthesis of polyamide RO membranes.
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Figure 4. Techniques for the synthesis of mixed matrix (MM) CNT membranes.

Solution blending has been used for synthesizing nanocomposite membranes of PVDEF/
poly(styrene-butadiene-styrene)/thiocyanate and silver-modified MWCNTs [80]. Liu et al. [86] used
the spray-assisted layer-by-layer technique to prepare the PES/functionalized MWCNT (F-MWCNTs)
membrane. Shawky et al. [81] used N, N-dimethylacetamide (DMAc) as a solvent to prepare
MWCNT/aromatic PA nanocomposite membranes through a polymer grafting technique. Lee et al. [84]
documented the use of MWCNTs/polyaniline (PANI)/PES membranes through in-situ polymerization.
The distinctive characteristic of in-situ polymerization is that the raw material contains no reactants.
All polymerization occurs in the continuous phase, as in interfacial polymerization, rather than on
both sides of the interface between the continuous phase and core material. Ho et al. [85] reported
in-situ colloidal precipitation synthesis of the oxidized MWCNTs (OMWCNTs)/graphene oxide
(GO)/PVDF membrane.

2.3. CNTs as the Catalyst

CNTs are known for providing an exceptional support as a catalyst for a variety of factors: (1) they
have a wide specific region, typically 50-1315 m?/g [90]. Heterogeneous catalysis for the removal of
aqueous contaminants is ideally based on the Langmuir-Hinshelwood process that allows chemicals
to be adsorbed before they get depleted on the surface of the catalyst. The growing, unique surface
area is useful for the adsorption of the pollutant. Importantly, CNT’s actual surface area is relatively
lesser than AC’s, hence these CNT merits are more relevant; (2) carbonyl and hydroxyl molecules can
be used to functionalize CNT through acid treatment and could be further changed for enhancing
the adsorption sensitivity to other different chemicals, resulting in “selective degradation” processes
such as pollutant degradation rather than benign species and highly toxic contaminants rather than
low toxic contaminants; (3) additionally, the consistent permeable framework of CNTs eliminates the
limitations of the bulk transfer of reactants from solution to active catalytic sites and (4) strong thermal
stability and acidic and basic media resistance and may therefore be used in extreme conditions [18].

2.3.1. Photocatalysis

CNTs were used in combination with other semiconductors such as ZnO, TiO, and so on
as reinforced photocatalytic composite materials [91,92]. This increases the overall photocatalytic
efficiency, total surface area, the defects and electrical conductivity [14].
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Recent studies have illustrated the euphoria of the CNTs to TiO, nanoparticles. Increased
photocatalytic oxidation activity of CNT/TiO, composites to phenol has been evidenced by decreased
photoluminescence strength due to reduced recombination load. Due to more individual contact
between the surface of the TiO, nanoparticles and SWCNT, SWCNT are more capable of enhancing
the photocatalytic activity of TiO, compared to MWCNT [93]. Additionally, indium tin oxide (ITO)
thin films have been used at the interface between SWCNTs and TiO,. This helped in decreasing the
resistance between the two layers and showed a significant part in improving photo electrochemical
behavior [94].

CNT-TiO, composites are found to be efficient in photodegrading aqueous contaminants, including
carbamazepine [95], derivatives of benzene [96] and dyes [97]. The CNT/TiO, composite repeated
photocatalytic operation as revealed by the removal of nitro phenols from real sunlight wastewater [98].
CNT applications often include the use of CNTs as pillars of reduced graphene oxide platelets for
rhodamine B (RhB) degradation [99], and the preparation of Au NP@POM-CNT tricomponent hybrid
photocatalyst [100]. Despite being capable as effective visible light photosensitizers, Au nanoparticles
are inconsiderable of photocatalytic activity because of the rapid rate of the recombination of charges.
The excellent electron-conductive capacity of the CNTs has made the Au NP@POM-CNT hybrid
an effective visible light catalyst. It was reported that Ag’s loading into CNTs clearly increased
CNT’s photocatalytic activity. The Ag/CNT composite had a photocatalytic degradation action against
RhB [101]. Qu et al. reported that CNTs synthesized from poplar leaves can photocatalytically degrade
bisphenol A, and CNT in combination with metal oxide that induced the photocatalytic activity on the
CNT surface [102].

2.3.2. Catalytic Wet Air Oxidation (CWAO)

Wet air oxidation uses air oxygen to oxidize suspended and dissolved organic matter in water
and has been used widely for about 60 years as an efficient tool for handling wastewater. Nevertheless,
high operating costs and extreme reaction conditions prohibit its use for industrial wastewater treatment.
Additionally, it was observed that the efficiency of oxidation can be improved and can be made cost
effective by using catalysts (usually noble metals) in the process of wet air oxidation [18].

Several researchers used CNT in catalytic wet air oxidation to treat biological and toxic
wastewater [103-108]. The mesoporous design of CNTs, as opposed to AC, is much preferred for the
diffusion of contaminants to the catalyst surface. Additionally, many scientists have used CNTs in
combination with catalysts like Pd, Pt, Ru [104-106,108] and so on to improve catalytic performance
and reduce costs [18]. Yang et al. [107] revealed about the functionalized phenol MWCNTs in a batch
reactor for catalytic wet air oxidation (CWAO). At 160 °C and 2.0 MPa, carboxylic groups (-COOH) on
CNTs showed excellent catalytic performance in phenol oxidation (1000 mg/L). Liquid oxygen has
been shown to get adsorbed, which further resulted in dissociation on graphite sheets of MWCNTs
and resulted in the dissociation of oxygen atoms (DOA) [109]. Kim et al. [110] summarized the CNTs
based CWAO process for the mineralization of primary industrial organic water contaminants.

2.4. Carbon Nanotube Materials for Antimicrobial and Antibiofouling

One of the important applications of CNTs in water purification is for the inactivation of bacteria
and viruses or nanofiltration to remove these microorganisms from the water. An antifouling capacity
to prevent the adhesion of bacteria and the formation of biofilms is another desirable property for
advanced water purification materials. Different CNT composite materials have been explored to
determine the platforms for water purification neutralization and antifouling [111].

CNTs also exhibit certain intrinsic antimicrobial activity. It has been shown that highly purified
SWCNT aggregates resulted in the damage of irrecoverable Escherichia coli K12 membrane through
physical interaction with SWCNT leading to bacterial cell death [112]. Membrane disruption eventually
contributes to reduced permeability of the membrane. This was further proved by calculating the efflux
of cytoplasmic materials into the solution. It was confirmed that the concentrations of plasmid DNA
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and RNA in contact with SWCNTs in solution almost doubled and even increased up to 5 times [112].
Therefore, SWCNTs were proposed as elementary units for antimicrobials. Many researchers have also
proposed that the main killing mechanism is the physical interaction of carbon-based nanomaterials
with cells [113]. SWCNTs have been demonstrated to have antibacterial activity against Gram-positive
and Gram-negative bacteria in their monocultures, in normal microbial river water populations and in
wastewater effluent [114].

Due to the nanoscale characteristics of CNTs, this material is a promising means of producing size
exclusion membranes, capable of preventing the transportation of certain microorganisms across the
membrane. Aggregated CNTs accumulated on a porous polymer membrane can effectively remove
bacteria from aqueous solutions, where the concentration of CNT loads also affects the filtration ability
of viruses [115]. A special polymer bound, vertically aligned CNTs membrane has been fabricated
for bacteria and virus filtration enabling a size exclusion of sub 5 nm materials [116]. Lee et al. [72]
observed that self-supported CNT membranes resisted bacterial adhesion and the same being due to
an effect of the nanoscale surface roughness. An epoxy entangled vertically aligned CNT material
has exhibited similar antibiofouling properties to microorganisms with physical damage and oxidant
stress [117]. By incorporating the natural bactericide nisin into the CNTs, a more direct approach to
the manufacture of antibacterial CNT water purification membranes was achieved [118]. The nisin
adsorbed CNTs were then sprayed onto a filter membrane of polycarbonate where bacteria would be
trapped and then neutralized. It has been seen that Gram-positive bacteria being soft and smooth cells
were found to be more susceptible towards an attack by CNTs as compared to Gram-negative bacteria.

2.5. Desalination

Since brackish water and seawater sources form approximately 98% of all Earth’s water, collecting
a small fraction is anticipated to have a significant effect on water shortage issues. Consequently,
desalination of seawater and brackish water through various desalting technologies seems to be the
most upfront and promising ways to enhance the water supply by producing more freshwater from
seas. The CNT membrane is a single, open ended, hollow structure oriented perpendicularly to the
impermeable filler matrices. Aligned CNT membranes can act as high-flow desalination membranes.
A catalytic chemical vapor deposition was used to produce a sub-2-nm aligned nanotube membrane
and further uncap the nanotubes by laser etching [119]. CNT membranes have already shown strong
permeability of water and rejection of salt, making them interesting for desalination.

Unlike reverse osmosis (RO) and nanofiltration (NF) membranes that purify water at diffusion,
an ultrafiltration (UF) membrane removes suspended water particles. On the other hand, a CNT
membrane not only helps to remove suspended solids and dissolved ions but also is beneficial for gas
separation [120]. Unlikely, RO, NF and UF where the elementary units are organic polymers; CNT is a
carbon allotrope. Compared to conventional membranes, CNT membranes are often functionalized
with other nanoparticles such as TiO,, Ag and Fe3O4, which may have specific physicochemical
characteristics [121].

The highest water permeability of CNT bucky paper and retention of sodium ions was
observed [122]. Additionally, the CNT interface may be modified by implanting various functionalities
such as negative (-COO™ and sulfonic acids), positive (-NH3*) and hydrophobic (aromatic) groups
by different wet oxidizing agent treatments [123]. The groups can reject a single pollutant and draw
molecules of water through the nanotube opening. Ratto et al. [124] have patented a CNT based
membrane with ion rejection efficiency of greater than 99%. This suggests the potential of CNT based
membranes for desalination applications. Additionally, Yang et al. have used plasma to modify CNTs
and revealed that the capacity to adsorb salt exceeded 400% by weight. Additionally, the efficiency
is twice as compared to activated carbon-based materials for water desalination [125]. Although,
nanotube-based membranes have smaller pore sizes, their water permeability has been found out to be
relatively much higher than that of conventional polycarbonate membranes. High density vertically
aligned CNT membranes were synthesized so that full advantage of the inside pores of CNTs can be
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explored [126]. Gong et al. [127] designed a controllable ion-selective nanopore based on SWCNTs
with varying arrangement of carbonyl oxygen atoms inside the nanopores. Such nanopores possess
tunable ionic selectivity by varying patterns of carbonyl oxygen atoms, which regulate the hydration
arrangement of Na*™ and K* inside the nanopores Majumder et al. [128] used electrochemical grafting
of diazonium salts to modify the tips of CNTs and suggested that the varying voltage can help to
tune the separation coefficient of the CNT membranes. Additionally, aligned CNT membranes reject
ions efficiently up to 98% ions on introducing negatively charged moieties through plasma treatment,
and the charge exclusion mechanism was used for the exclusion of ions [129].

Son et al. immobilized functionalized CNTs in the porous support layer to develop a novel
architecture for increasing the performance of thin-film composite membrane for seawater and brackish
water reverse osmosis [130]. With the increase in hydrophilicity and pore characteristics of the support
layer, water permeability of the new membranes gets better without affecting the movement of
the solvent.

2.6. CNTs for Sensing and Monitoring

Using conventional sensor technologies, rapid detection of toxic water contaminants has become
a challenging task. Additionally, complex wastewater matrices have urgently increased this adversity.
The perspective led to the development of highly sensitive and quick responsive sensors based
on CNT due to certain characteristics of CNT such as high adsorbent strength so that water
contaminants aggregate on their surface before sensing and trapping, strong electro conductivity,
hydrophobicity, high recovery rate and kinetics of the first reaction. Enzymes that are immobilized on
CNTs oxidize water contaminants accompanied by the transformation of electrons to detect a high
signal. Additionally, the electrical conductance of charged or ionic contaminants adsorbed into CNTs
can be calculated as the ratio between analyte concentrations and current fluctuations. An enzyme
(tyrosinase)-integrated-CN'Tepoxy composite electrode (CNTECE-Tyr) was developed by Lopez and
Merkogi [131]. A tyrosinase biosensor is based on a graphite epoxy-composite (GECE-Tyr), which can
be used for monitoring phenolic water toxins such as catechol. It was investigated that the CNTEC-Tyr
electrode showed excellent electrocatalytic behavior of CNTs over a graphite sheet by exhibiting
higher signals.

The use of CNTs as an electrode for biosensors applications is relatively safe. Direct water
interaction with the CNT electrode is rarely possible. Nonetheless, some measurements of the risk may
be followed. Firstly, for high electroconductivity and mechanical strength 1D CNTs are mostly paired
with 2D NMs, specifically with graphene. These macro frameworks have varied physicochemical
characteristics and present various environmental risks that need to be carefully evaluated [132].
Additionally, poly (diallyl dimethylammonium chloride) (PDDA)-functionalized CNTs are widely
popular for electrochemical biosensor applications. CNTs-PDDA is hazardous as the polymer can
influence hemolysis and cell viability [133]. To investigate chemical, inorganic and biological water
contaminants, biomolecules such as DNA, proteins and others have been commonly immobilized
on CNTs. This biomolecules’ preferred immobilization approach is physical adsorption rather than
covalent modifications to preserve the integrity of the CNT and the structure of the biomolecule that
results in high electrical conductivity. Since biomolecules leached from the system are also harmful to
human beings, such a system is not stable and enduring. Consequently, the efficiency of a biosensor
and its risk quantifications depend entirely on the strategies taken to yield the end-product. Although
the use of carbon nanotube structures in separation technology has been proposed, it remained a
challenge to build macroscopic molecules that control geometric shapes, dimensions and density for
specific filtration applications [134]. Srivastava et al. fabricated carbon nanotube filters, which helped
in the removal of bacterial pathogens (Escherichia coli and Staphylococcus aureus) and Poliovirus sabin
1 from contaminated water. It has been found that such carbon nanotube filters can be reused and
can be washed by autoclaving or ultrasonication. It is predicted that the unique characteristics of
CNT based filters including a combination of mechanical and thermal stability of nanotubes with
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cost-effective fabrication of the nanotube membranes with the high surface area may compete with
commercially available ceramic and polymer-based separation membranes [135]. The fabrication of
innovative nanocapillary array (NCA) membranes with scaled down fouling tendency and increased
solute retention has also been studied [136].

2.7. CNT Electrodes as a Microbial Fuel Cell (MFC)

Microbial fuel cell (MFC) is an environmentally sustainable system for treating wastewater with
the use of microorganisms to produce self-supporting electricity. MFC can be characterized as a bio
electrochemical cell or system in which current is generated using microorganisms, imitating natural
bacterial interaction. The performances of MFCs, which can be determined in terms of chemical oxygen
demand and its removal and electricity generation, is dependent on various aspects, including the
electrode material, pH, reactor design and microbial species. The device consists of two electrodes—the
anode and cathode—divided by a membrane in different compartments. The anodic section can be
packed with wastewater, which acts as oxidized nutrients by microbes leading to the production of
protons, electrons and carbon dioxide. The outside membrane of cells of bacteria has redox proteins
(cytochromes) that serve as an intermediary to pass the electrons to the cathode. Another significant
parameter in boosting the power density of MFC is the anode-microbe interaction. Promising anode
materials can be CNTs with a high surface-to-volume ratio and high conductivity. Due to the extensive
surface area along with a high aspect ratio, CNTs have high electrical conductivity and offer a
convincing future for better electrode—microbial interactions. Moreover, the cytotoxicity of CNT limits
its application in MFC, which can impact the bacterial growth. CNTs when layered with conductive
polymers, like polypyrrole [137] and polyaniline [138], can be used as the anode substrate and are
suitable for the expansion of the SSA of the electrode. These further result in the improvement of
charge transfer efficiency.

Additionally, surface oxidation could improve CNT biocompatibility. The vertically grown
oxidized-MWCNT has been deployed as an anode to fabricate a MFC at the microscale (1.5 pL) [139].
CNTs can also be used to assemble electrodes with innovative structures. A uniform coating of
CNT on macroscale porous substrates results in a three-dimensional structure [140]. The microbial
biofilm interacts strongly with the 3D CNT anode and facilitates the displacement of electrons from
exoelectrogens to the electrode surface, thereby significantly reducing the load transfer resistance and
improving MFC efficiency [136]. In the MFC cathode, electrons are generally taken up by oxygen,
the most dependable acceptor of terminal electrons. Poor reactions under reduced oxygen operating
conditions decrease MFC efficiency. Few bacteria may catalyze cathode reactions to the oxygen
reduction. CNTs are in great proximity with the redox active center of redox proteins inside these
bacteria due to their size and shape, thus facilitating electron transfer along with an enhanced rate of
the oxygen reduction reaction [141]. CNT also serve as a desirable support for other electrocatalyst
oxygen reduction reactions, such as manganese dioxide [142,143]. We can say that the unique structure
of CNTs with good electrical properties makes them exceptional as the future MFC electrodes.

3. Toxic Potential of CNTs

Several researchers stated that the respiratory system might be susceptible to CNTs, which could
result in serious health issues including bronchitis, lung cancer, emphysema and asthma. Additionally,
a few industrial plants seem to be potentially dustier due to the lack of hygiene conditions at the
industrial level [144]. The use of pulverized CNTs or composites containing fine CNT particles
may present an inhalation exposure. Several laboratory research on inhalation risk have helped in
understanding the impact of CNTs on the respiratory tract and to define the exposure limits.

CNTs are known to be carcinogenic and can trigger tumors in the lung. The carcinogenicity of CNTs
will, however, diminish if the fiber length is shorter [145]. The detrimental effects of nanotoxicity have
been overlooked on vulnerable populations including pregnant women, neonates, aged populations
and diseased populations. Research indicates that they suffer more from differences in physiological
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structures and functions, and their responses are also more extreme [146]. The toxicity of CNTs depends
primarily on the aggregation state, volume, stiffness, concentration, exposure period and so on. Most
parameters are responsible for the toxicity of CNTs such as the manufacturing process, purification
and preparation of the tested formulations [145]. These CNTs have a high risk of interacting with
specific biomolecules found in the water system that could potentially have harmful effects on the
marine ecosystem [121].

One major challenge is the difficulty of designing and developing biocompatible CNTs in this
area [147]. Most research on CNT toxicity demonstrated the insoluble nature and toxicity of CNTs in
water. Carboxyl, amine and hydroxyl groups may be used in some cases to functionalize CNTs and
enhance their solubility in water.

4. Conclusions

The researchers claimed that carbon nanotubes (CNTs) are the most promising adsorbents
for various environmental applications including water purification. The CNTs are innovative
one-dimensional macromolecules with high thermal and chemical stability. CNT based technology
may be integrated with the conventional water treatment processes by developing new cost-effective
and efficient manufacturing processes.

Several studies have been conducted on CNT supported catalysts focusing on the enhanced
catalytic activity by making use of some standard pollutants, such as dyes or phenol. CNTs offer various
advantages over conventional techniques for water treatment. They act as an effective adsorbent
offering superior adsorption selectivity, larger adsorption capacity, easier regeneration, and shorter
equilibrium. Secondly, CNT based filters are excellent in the removal of bacteria and viruses through
adsorption and microbe killing. They have great application in the filtration application. Additionally,
CNT based polymeric membranes show better water permeability, higher strength and antifouling
ability. The fascinating feature is to explore the ability of a CNT based membrane to maintain both high
flux and high selectivity for water desalination. Due to the immense adsorption capacity, electrical
conductivity and high strength, CNTs provide excellent catalyst support. For example, combining
CNT with TiO; can provide improved visible photoactivity and better charge separation.

Major challenges include the manufacturing cost of CNT and optimization of CNTs in terms of
alignment, uniform dispersion, functionalization and tip opening. Since, CNTs exhibit cytotoxicity,
risk involved in the leakage of CNT in water treatment devices needs to be properly examined. It is
hopeful that the use of CNTs in water purification applications brings a revolution and improves the
existing technologies.
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