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ABSTRACT: Industrialization and technology developments have increased the release of hazardous pollutants
into the environment. Though many treatment techniques have been developed, persistency and number of
pollutants is on increase day by day. In recent years, application of carbon nanotubes in wastewater treatment has
gained much interest due to its versatile properties. Carbon nanotubes and its composites have greatly enhanced
adsorption efficiency for individual and mixed pollutants removal. In current article, we have summarized the
treatment property of carbon nanotubes towards different organic and inorganic pollutants with emphasis on
enhancement of treatment efficiency by different surface modifications and nano-composite preparations. This
paper enlightens the pathway towards development of more advanced materials for the treatment of variant mixed
pollutants.
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I.

INTRODUCTION
As the world is heading towards luxury and comfort through development in technology and industrialization,
safety and cleanliness of the environment is being neglected. Though focus on treatment and safeguard of
environment has begun, it stands negligible in comparison to destruction of the environment on the other side.
Development in the economic demand of the increasing population has polluted every sector of environment [1].
These problems have to be addressed sooner to escape environmental disasters which may substantially eradicate
life on earth.
The basic problem today many countries face is availability of clean drinking water [2,3]. Industries generate
large amount of organic and inorganic waste, which mixes with the environmental bodies leading to increase in
pollutants. There has been increasing concern and more stringent regulation standards pertaining to the discharge
and removal of organic and inorganic matter like dyes, heavy metals, due to their toxicity and detriment to living
species including humans [4,5]. Research on treatment of water has begun decades back, but with an increase in
number of emerging pollutants, conventional methods tend to be non-effective. Thus, an urgent up-gradation and
addition of new treatment materials and techniques are required to the available techniques [6].
Carbon nanotubes (CNT’s) are one such material belonging to carbon family has been in focus of research. Among
different materials like zeolite, silica, carbon (carbon nanotubes, graphene and activated carbon), carbon
nanotubes has been of greater interest, due to its distinctive tubular structure, higher mechanical strength, larger
specific area and wider electric properties [7]. The overall adsorption capacity of CNT’s is higher than activated
carbon (AC) due to the higher surface area that helps in interaction with the pollutants [8]. There uniqueness lies
in the stronger bonding between the atoms and tubular structure, which can have extreme aspect ratios. Based on
the structural variation, CNT’s are classified into two types: Single wall carbon nanotubes (SWCNT) and
multiwall carbon nanotubes (MWCNT). In SWCNT’s a single tubular ring makes up the structure, whereas in
MWCNT’s there are multiple nested tubes with increasing diameter, held together by interatomic forces among
them, providing larger surface area and higher thermal and chemical stability.
Iijima was the first person to discover CNT’s in 1991. Multiwall Carbon nanotubes were the first observed CNT’s
with adjacent tube separation of ∼0.3nm and inner diameter of ∼1nm. In 1993, SWCNT’s with smaller diameter
were discovered by Iijima, Ichihashi and Bethune et al., independently. Later researchers have developed both
structures with different sizes and diameters [9, 10].
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Selection of carbon nanotubes for multiple application was due to its extraordinary physical, chemical, mechanical
and electric properties [11-13]. In environmental applications, it has shown a wider positive application in
treatment of variant pollutants. In the current article, we have reviewed the application of carbon nanotubes for
the removal of organic and inorganic pollutant with an emphasizes on adsorption of pollutants with and without
structural modifications.

II.

CARBON NANOTUBES: ADSORPTIVE TREATMENT
Adsorption is a process of binding or adhesion of molecules on to the surface of a matrix. The nature of binding
depends upon the type of bond formed between the two surfaces. In recent years, use of carbon nanotubes as
adsorbents has gained much attention, holding uniqueness from others in carbon-adsorptive family. They provide
well-defined uniform structure with large surface area and chemical inert surface for physical adsorption. Use of
CNT’s as adsorbents for organic pollutants and inorganic pollutants like metallic ions has been reported [14,15].
CNT’s has different adsorption sites which together increases the site of adsorption: Internal surface of tube,
interstitial spaces between the tubes, grooves (bonding location with neighboring tube) and external surface of the
tube.

Adsorption of Hazardous Gases
CNT’s are widely used in electronic applications as sensitive gas detector, which established a new platform for
investigation of CNT’s in gas detection and storage. Adsorption of gases can occur on the all inner and outer sites
of CNT’s. Reports have also proved that adsorption occurs in the pores or on surfaces formed due to aggregation
of nanotubes [16-19]. Successful investigations on adsorption of gases were carried out to locate the site and
pattern of adsorption. Rols et al. studied the structure of argon gas adsorption on various adsorption sites of
SWCNT’s bundles using thermodynamics and neutron-diffraction measurements combined with molecular
dynamics simulation to determine the structure. Results demonstrated that adsorption proceeded first on inner
walls of individual nanotubes and formed one-dimensional Ar chains in the grooves at the outer surfaces of the
bundles, followed by adsorption on the axial sites and quasi-hexagonal monolayer on the outer surface of the
CNT’s [20].
Further, a new possible adsorption site was discovered at the entrance of the channel in a bundle of closed CNT’s,
which hindered the adsorption process. Theoretical and experimental data suggested that external grooves has
quick adsorption with highest adsorption energy (capacity to adsorb) compared to other sites. Experiment
conducted upon adsorption of Xenon and Krypton showed that grooves exhibited higher adsorption energy 218meV and -175meV respectively. Whereas in case of methane gas, internal adsorption sites showed higher
adsorption energy of 8.44kcal mol-1` and groove site showed 5.8kcal mol-1 [17, 21-24]. CNT’s can be used for
adsorption and storage of atmospheric carbon dioxide (CO2), a major causative agent for global warming. The
level of CO2 has increased dramatically in the last decade and expected to increase further [25]. Researchers
started designing and investigating different novel materials to address the increasing CO2 levels by possible
treatment or capture and storage of emitted CO2 from industries [26, 27]. Further research indicated that carbon
capture and storage is the sustainable technique to face the challenge of increasing CO2 concentration until the
full-fledged development and use of renewable energy [28]. Theoretical investigation showed that CO2 forms
stronger interaction with Boron carbon nanotubes compared to hydrogen, nitrogen and methane. It also concludes
that Boron carbon nanotubes could serve as a promising material for CO2 capture and storage and could further
enhance the ability by introduction of negative charges [29]. These studies indicate that, CNT’s can be used as a
sustainable matrix for capture and storage of variant hazardous gases.
2.2 Adsorption of Organic Pollutants
Carbon nanotubes have an efficient adsorption property towards organic pollutant due to its porous membrane
with larger surface area and higher binding affinity. Use of CNT’s as adsorbents has demonstrated satisfying
results compared to other carbon materials such as carbon molecular sieves, activated carbon and bonded silica
(C18) [30-32]. CNT’s have demonstrated excellent adsorption properties towards various organic pollutants, such
as dye, phenols, trichloromethane, benzene, polycyclic aromatic hydrocarbons and dioxins [33-36]. Yao et al.
studied the adsorption kinetics of methyl orange from aqueous solution and found to be following pseudo secondorder reaction kinetics. Calculated change in Enthalpy (∆H0) and Gibbs free energy (∆G0) were 19.39kJ/mol and
0.1015kJ/mol respectively, which indicates reaction was endothermic and spontaneous in nature [37]. Similarly
adsorption of basic Yellow 28 dye on to MWCNT’s-carbon ceramic composite (CCC) followed Freundlich
isotherm model with endothermic and spontaneous reaction, exhibiting MWCNT’s-CCC as promising adsorbent
for dye removal [33]. Molecular dynamics simulation studies on adsorption of benzene, alkylated benzene and
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alkylated naphthalenes by CNT’s indicated them to be suitable material for selective adsorption and shapeselective separation of aromatic molecules with respect to different sizes and different shapes [38].
Adsorption mechanism of organic pollutants is unpredictable, depending upon the nature of pollutants (polar or
non-polar). The interaction can be due to the hydrogen bonding, electrostatic or hydrophobic interaction and
dominant bonding type depends upon the nature of the pollutant [39]. Different factors that affects the adsorption
process also has tooptimized to achieve maximum removal. Fig. 1 displays predominant factors that affect the
adsorption process. All parameters plays vital role based upon the nature and conditions of adsorbate and
adsorbent. Thus, CNT’s has shown wider application in the adsorptive treatment of organic pollutants and could
be further investigated for enhanced removal. Researchers have developed novel techniques to enhance the
efficiency of overall adsorption by surface modification or composite preparation, which has been discussed
further.

2.3. Adsorption of Heavy metals:
Heavy metal is one of the predominant pollutant present in waste water and its removal essential in treatment
process. The process of metal ions binding onto CNT’s is attributed to electrostatic attraction, precipitation and
chemical interaction between the ions and the surface functional groups. Among these, chemical interaction is the
predominant adsorption mechanism [40-42]. Compared to other carbon adsorbent materials, CNT’s has been
reported for having greater potential in removing lead, cadmium, zinc, nickel, copper [43-48]. Reports also present
the role of functional groups in the adsorption of Pb is important for efficient adsorption [49].
Other than nature of adsorbent, few other parameters also affect the process (Fig1) and mostly pH of the adsorbate
solution plays a vital role in adsorption process [50]. Thus, CNT’s displays adsorption towards metal ions and
additional introduction of functional chargers and composite enhances the treatment efficacy.

Fig. 1: Illustrates various factors that affect the adsorption of Organic and Inorganic pollutants onto
CNT’s
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SURFACE MODIFICATION OF CARBON NANOTUBES
Surface modification is addition of functional group/metal oxide of interest by either mechanical or chemical
method such as amine group, chelating agents and other functional groups as shown in Table1, based on the final
target application. The modifications largely prevent bundling or agglomeration of CNT’s, which could enhance
dispersion stability and miscibility in the solution, and improve interfacial bonding with the matrices through
stronger chemical or physical interaction. Fig 2 illustrates advantages of surface modification on CNT’s.
Dispersion stability is a major problem due to the inherent building or entangling nature of CNT’s [51, 52]. The
interfacial interaction among the CNT’s and matrices are weaker which attempts its dissociation from the matrices
[53-55]. Modification techniques are chosen based on the target application: mechanical or chemical method.

3.1 Mechanical modification:
Mechanical modification is a technique of applying external pressure on to the particle to disperse it in the solution.
Low dispersion property of CNT’s is targeted by an external force, which may involve exposure to reactant gases
or dispersing agents. Resultant particle is easily dispersible with modified surface functional groups. Ball milling,
ultra- sonication and mechanical stirring is the most predominantly used technique [56, 57]. Surfactant is added
to enhance the dispersion ability and change the adsorbent surface nature to cationic or anionic [58].
In Ball milling method, the high-energy balls hits the surface of the CNT’s creating localized energy states [59].
Combination of ball milling with exposure to reactant gases, ultra-sonication and mechanical stirring on
functionalized CNT’s with surfactant treatment are also reported [60, 61]. Ultra-sonication and mechanical
stirring is a method of external pressure application onto the CNT’s for better dispersion in solution. The
dispersion rate depends upon the energy applied and the surface nature of CNT’s, which is enhanced by the effect
of surface modifications [62]. Amine functionalized and composites with non-modified CNT’s showed better
dispersion, whereas hydroxylated showed poor dispersion [61]. Surfactants rises the adsorption by forming
hydrophilic region across CNT’s and thus increases the contact angle with metal ions. It also tends CNT’s to
attract charge specific metallic ions. Anionic surfactant favoring cationic metals and cationic surfactants favoring
anionic metal adsorption [63].
Fig. 2: Major advantages of surface modification on CNT’s
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3.2 Chemical Modification
Chemical modification is a process of addition of molecule, chelating agent or any other functional group over
the CNT’s surface (Table1 and Fig3) to enhance the interaction and stability of the surface with the pollutants
[64]. Modification is usually carried with the functional group containing lone pair electron and through sharing
of electron forming an efficient bond [65]. Treatment by chelating agents bonded upon CNT’s was tested but with
the growing need of advanced adsorbent material, researchers developed methods of functional group addition on
to the surface of CNT’s. Among all the possible functional groups (Fig 3), addition of oxide and amine group
gained higher interest due to many advantages.

3.2.1 Addition of chelating agent:
Chelating agent is a chemical molecule, which aids in formation of bond with toxic metallic ions and thus favors
the detoxification. Chelating agents are added onto the surface of CNT’s with Vander Waals forces and ionic
interaction between the hydrogen bonding. Other than adsorption property, they are also used in determination of
metallic ions. Table 3 enlists examples tested for adsorption and determination of metallic ions. The major
disadvantages in the usage of chelating agent, it often leaks affecting the reusability [65]. Further to enhance the
reusability and develop a material for treatment of mixed pollutant both organic and inorganic (in case of chelating
agents, it is metal-ion specific) modification by addition of chemical molecule is widely adopted.

Table1: List of various chelating agents and their application in towards treatment of metallic ions

Chelating agent

Metallic Ions

References

5-(4′-

Au(III)

[66]

Mn(II), Au(II)

[67]

Zn(II), Ni(II), Cu(II)

[68]

Co(II), Zn(II), Pb(II), Cd(II),
Ni(II)

[69, 70]

dimethylaminobenzyliden)rhodanine
(DMABRH)

N,N′-bis(2hydroxybenzylidene)2,2′(aminophenylthio)ethane
(NBHAE)

di-(2-ethyl hexyl phosphoric
acid) + tri-n-octyl phosphine
oxide (D2EHPA+TOPO)
1-(2-pyridylazo)-2-naphthol
(PAN)

3.2.2.

Oxidation

Carbon nanotube modification by oxidation involves addition of oxygen groups like carboxylic, carbonyl,
hydroxyl, nitro and other groups (Fig 3) onto the CNT’s. Addition of desired modifier has to performed under
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mixing condition as it supports in opening of tube caps, formation of holes, addition of oxygen containing
functional group, exfoliation of CNT’s and easy dispensability [65]. Use of oxidized CNT’s in biological and
environmental applications with satisfying results has been reported [71-74]. Similarly, Multi- oxidation of CNT’s
by intercalating agent (H2So4) and oxidants (KMnO4 and NaNO3) created porous layer and bonding of large
amount of oxygen containing groups on CNT’s that enhanced dispersion in water without surfactant addition [75].
The carbon nanotube’s surface becomes more deprotonated and causes electrostatic interaction between metallic
ions and oxidized CNT’s [76]. Adsorption affinity of metallic ions towards oxidized MWCNT’s at varying pH
7.0-9.0 showed that Cu(II) has greater affinity and Mn(II) has lowest affinity. The affinity of order is as follows:
Cu(II) > Pb(II) > Zn(II) > Co(II) > Ni(II) > Cd(II) > Mn(II) [77].

3.2.3.

Amination:

In this technique, amine group is added on to the surface of material by a donor chemical or biological source.
Major advantage of addition of amine group is to create stronger interaction between CNT’s and surface polymers.
Reports have showed that amine treated CNT’s had enhanced interfacial bonding with the plasma resin [78].
Combined effect of oxidation and amination upon MWCNT’s interaction with epoxy resin showed overall
enhancement of dispersion and minimal agglomeration, with stronger interaction towards resin [79].

Fig. 3: Illustrates various functional groups which can be linked on to the surface of Carbon Nanotubes
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CARBON NANOTUBE COMPOSITE
The term composite defines the material, which is designed with combination of different materials. Materials of
similar properties or different properties can be combined to form a composite. The driving force towards the
development of composite material was to achieve a single composite material, which can enhance the rate of
reaction and employed for multiple environmental applications. Based on specific application such as organic
pollutant degradation, a catalyst is added to the composite, whereas for treatment of inorganic pollutants like
metallicions composite with magnetic oxides or metal oxides along with chemical functional groups are used as
composite [80]. Composite materials have unique adsorption and condensation property, which facilitates
degradation of organic compounds. Literature reports that it exhibits superior properties under different
environmental stimuli (pH, temperature and mechanical or bio/chemical stress) [81, 82]. In recent years, textiles
combined with nanomaterials have been in use for potential applications in wearable displays, power storage and
bio monitoring. The CNT-coated cotton fabrics reported for greater hydrophobicity with improved physical
property and enhanced conductivity [18, 83, 84]. Thus exhibiting a possible CNT composite with versatile
materials, paving way for its multidirectional usage in environmental applications.

4.1 Composite preparation methods:
Composite is a combination of two or more materials held together by strong bonding by physical interaction or
chemical bonding. There are different methods in use for preparation of composites. Fig 4 displays commonly
used methods for preparation of composite for catalysis and adsorption. Among which sol-gel and co-precipitation
method is most widely followed for its proven reliability and stability. Many reports on successful use of these
methods in composite preparation over other methods has been reported [33, 85-87].

Fig. 4: Outlay of commonly used reliable techniques for surface modification and carbon nanotube
composite preparation by various mechanical and chemical methods

4.1.1.

Sol-gel method:

Sol-gel method involves metal alkoxides or metal chlorides for preparation of solvated metal precursor (sol) as
displayed in Fig 5. Precursor (sol) is hydrolyzed and polycondensed to form a colloid (gel). Reaction is continued
until a solid mass is obtained and then further subjected to calcination at 8000C [88]. Fig 5 also displays other
possible routes for obtaining dense ceramic, dense film and aerogel.
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Fig. 5: Different routes in Sol-gel method of composite preparation to achieve various physical structures
of composites

Use of CNT’s for preparation of composite by sol-gel technique has gained much popularity due to its multiple
advantages. Textile based composite with special properties such as anti-wrinkle finishing, dye fastness, UVradiation protection, incorporation of antimicrobial function and formation of organic-inorganic coating at room
temperature are reported in many findings [89, 90]. Esfandiyari et al. reported that MWCNT’s – carbon ceramic
composite had a special surface area of (SSA) 20.7m2/g and pore volume (PV) 4.75 cm3/g much higher than the
only carbon ceramic composite (SSA =13.71 m 2/g and PV=3.15 m3/g). It could be attributed to the fixation of
MWCNT’s upon the surface of carbon ceramic composite by Sol-gel method [33]. MWCNT’s coated upon
hydrophobic conductive cotton fabrics using sol-gel method showed water contact angle of 1460 and surface
resistance 40kΩ cm-2 [91]. Thus, sol-gel method exhibited usage in wider applications and a promising linker of
CNT’s with other metals.

Co-precipitation method:
Co-precipitation methods involves formation of desired composite, with simultaneous doping of material on to
the surface of adsorbent material, followed by thermal decomposition. Optimization on particle size with doped
molecules is also reported [92]. As CNT’s have higher sorption capacity and high surface area, it is one of the
best surface materials chosen for composite formation [48]. Table 2 displays few of the novel composites designed
for environmental applications. Composites remain stable for longer period up to 200 cycles [93].

Table 2: List of various CNT composites used in Treatment of various pollutants
Composite

Application

Reference

Ceria nanoparticles and Carbon
nanotube

Adsorption for Cr(VI)

[93]

Manganese oxide and Carbon

Adsorbent

Nanotube

Cd(II)

CNT - Carbon ceramic composite

Adsorption of Cationic dye

for

Pb(II)

and [48]

[33]
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and Treatment of Aqueous aniline solution [95]
for by catalytic wet air

Platinum catalyst

oxidation

Nanocomposite

Adsorption of Ni(II),

[93]

CNT’s composite formed with catalyst are also employed for organic pollutant breakdown. The catalyst present
in composite helps in catalysis of organic pollutant, simultaneously CNT’s surface helps in adsorption of pollutant,
enhancing the overall removal efficiency. Platinum catalyst supported upon CNT’s with the support of Xerogel
(Table2) was tested for the treatment
of aqueous aniline solution which showed significant activity [95]. For efficient removal of metallic pollutants,
composite with magnetic oxides were developed. Magnetic oxides are doped upon CNT’s to form composite for
metal removal application (Table 2), which do not require packing into column or on a stationery surface. These
magnetic oxides composites exhibits magnetic attraction property towards metals in mixed pollutants [96].
Composites suspended into the solution with metallic pollutant can be recovered using an external magnetic
support, indicating metal oxide composite to have major applications in the field of environment and could further
be enhanced or altered as per target application.

V.

CONCLUSION
Carbon Nanotubes stands novel with its wider applications in environmental treatment. Use of CNT’s in pollutant
treatment process as adsorbent has shown significantly satisfactorily results with the presence of its unique
properties which caters the need of higher adsorption. It has excellent rate of adsorption towards toxic gases,
organic and inorganic pollutants. Surface modification (oxidation and amination) has increased the efficiency of
binding towards the pollutants. Use of CNT’s with other adsorptive material as a composite has completely
upgraded the properties of CNT’s, with increased adsorptive and catalytic property. Surface modification and
composite preparation of CNT’s needs more better understanding towards physical and chemical interaction
among the materials, regeneration of materials, increasing the stability of the composite. Adsorption of Gas
requires much more intense study towards the adsorption pattern of various gases, there binding affinity and hold
time for longer storage to face the challenges of increasing CO2 concentration. CNT’s could prove to be the
futuristic weapon against all the environmental challenges.
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