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Abstract

Water treatment is the key to coping with the conflict between people’s increasing demand for water and the world-wide water
shortage. Owing to their unique and tunable structural, physical, and chemical properties, carbon nanotubes (CNTs) have exhibited
great potentials in water treatment. This review makes an attempt to provide an overview of potential solutions to various environmental
challenges by using CNTs as adsorbents, catalysts or catalyst support, membranes, and electrodes. The merits of incorporating CNT to
conventional water-treatment material are emphasized, and the remaining challenges are discussed.
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Introduction

Water crisis is one of the greatest challenges of our time.
The lack of fresh and clean water is a ubiquitous problem
around the world. Water demand is growing rapidly as
a result of increasing population and rapid urbanization.
However, water resources are limited in populated areas
and arid regions. The shortage of water resources calls
for efficient technologies for waste water reclamation and
seawater desalination. Meanwhile, pollution exacerbates
the water shortage problems. Various contaminants are
entering water resources from anthropogenic activities:
from conventional pollutants, such as heavy metals and
distillates, to emerging micropollutants, such as micro-
cystins and antibiotics (Shannon et al., 2008). Some of
these pollutants could not be removed from water effi-
ciently via traditional water treatment methods. Moreover,
more effective and low-cost technologies to decontaminate
and disinfect water for point-of-use purposes are needed,
especially in rural regions.

Since the first discovery in 1991 (Iijima, 1991), CNTs
have attracted enormous research attention in various
scientific communities. Owing to their tunable physical,
chemical, electrical, and structural properties, CNTs can
inspire innovative technologies to address the water short-
age and water pollution problems. Carbon nanotube based
nanotechnologies have found water-treatment applications
in many fields, such as sorbents, catalyst, filters, or

* Corresponding author. E-mail: sjzhang@nju.edu.cn

membranes. Cost is often a limiting factor in large scale ap-
plications of CNT-based water-treatment materials. CNTs
are relatively expensive, with current price around 75–
250 dollars/g for single-walled carbon nanotubes and
around 5–25 dollars/g for multi-walled carbon nanotubes
(Cheap Tubes Inc., 2012). However, recent developments
have demonstrated that it is possible to manufacture high
quality CNTs at low prices. CNT can be mass produced
using catalytic chemical vapor deposition in fluidized bed
reactor and a production rate of 595 kg/hr can be achieved
(Agboola et al., 2007). Mitsui projected that the cost of
MWCNTs produced on commercial scales in their plants
will be about 80 dollars/kg, and an eventual price of 10
dollars/pound seems to be achievable (Dalton et al., 2004).
The large scale manufacturing at low costs may pave a way
to the wide applications of CNTs. Through rational design
and manipulation, CNTs can be incorporated into conven-
tional water treatment materials, opening a new avenue to
more efficient water purification and disinfection.

1 CNTs as adsorbents for removal of organic

and inorganic pollutants

Adsorption is a simple and efficient method for the removal
of organic and inorganic compounds in drinking water
treatment. Among the various adsorbents, such as activated
carbons (ACs), zeolites, and resins, ACs are one of the
most widely used type of adsorbents in water treatment,
because of their several merits: broad-spectrum removal

http://www.jesc.ac.cn
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capability toward pollutants, chemical inertness, and ther-
mal stability. However, the application of ACs in water
treatment also suffers from several bottlenecks, such as
slow adsorption kinetics and difficulty for regeneration.
To overcome the above problems, activated carbon fibers
(ACFs) were developed as the second generation of car-
bonaceous adsorbents. The pores in ACFs are directly
opening on the surface of carbon matrix, which shortens
the diffusion distance of pollutants to adsorption sites. As
a result, ACFs usually possess higher adsorption kinetics
than ACs. CNTs, with one dimensional structure, like
miniaturized ACFs. All adsorption sites locate on the inner
and outer layer surface of CNTs. With the hollow and
layered structures and tunable surface chemistry, theo-
retically, CNTs may be a promising third generation of
carbonaceous adsorbents.

Adsorption study on CNT started several years later than
its first report in 1991 (Mackie et al., 1997) and boomed
in the past decade. As listed in Table 1, a wide spectrum
of organic compounds or heavy metals has been studied
as the target pollutants on CNTs with various physical
structures and surface chemistry. The effects of solution
chemistry, including solution pH, ionic strength, and co-
existing matter, have also be investigated. Through these
studies, adsorption mechanisms were elucidated at the
molecular level.

In most cases, several driving forces act simultane-
ously, including hydrophobic effect, π–π interaction, π–π
electron-donor-acceptor (EDA) interaction, electrostatic
interaction, and hydrogen bonding. Because of the hy-
drophobic nature of their outer surfaces, CNTs have a
strong affinity to organic chemicals, especially to nonpolar
organic compounds, such as naphthalene (Gotovac et al.,
2007b), phenanthrene, and pyrene (Yang et al., 2006).
Meanwhile, the abundant π electrons on CNT surfaces
enable a strong π–π coupling of aromatic pollutants with
the CNT surface. Chen et al. (2007) investigated the
adsorption of several polar and nonpolar pollutants onto
CNTs and proposed that hydrophobic effect was not the
dominant mechanism. For example, cyclohexane has a
much higher KOW (n-octanol-water partition coefficient,
a parameter indicating the hydrophobicity of a chemical)
value than nitrobenzene, but the adsorption affinity of cy-
clohexane was over 2 orders of magnitude weaker than the
adsorption of nitrobenzene; the adsorption of nitrobenzene

was much stronger than that of benzene, toluene, and
chlorobenzene, although it is less hydrophobic. In these
cases, π–π EDA interaction between the nitroaromatics (π
acceptors) and the grapheme sheets (π donors) of CNTs
became the predominant mechanism. Within the groups of
nitroaromatics, the adsorption affinity increased with the
number of nitro groups.

In the light of the above mechanisms, the morphology
of CNTs including nanoscale curvature and chirality of
graphene layers is expected to have a great influence on
the adsorption of organic pollutants, especially for those
with π–π stacking as the interaction force. Gotovac et
al. (2007a) observed remarkable difference between the
adsorption capacities of tetracene and phenanthrene on the
tube surface of CNTs because of the nanoscale curvature
effect. The morphology difference of CNTs may also result
in a difference in their aggregation tendency, which may
further impact their adsorption ability. CNTs are prone
to aggregation due to the strong van der Waals forces
along the length axis. The aggregation tendency reduces
with increased number of walls, or in other words, re-
duced nanocurvature. Generally, the aggregation of CNTs
follows such an order: single-walled CNTs (SWCNTs)
> double-walled CNTs (DWCNTs) > multi-walled CNTs
(MWCNTs) (the interlayer spacing between the coaxial
layers of MWCNTs was not available for adsorption). As
shown in Fig. 1, SWCNTs usually exist as bundles or ropes
while MWCNTs are randomly entangled as individual
tubes. As a consequence of aggregation, the available
outer surface was reduced while new adsorption sites
appeared as interstitial channels and grooves between the
tubes in CNT boundles. Zhang et al. (2009) developed
equations to calculate the changes in pore volume and
specific surface area caused by aggregation and found that
aggregation of CNTs was unfavorable for the adsorption
of several synthetic organic compounds (SOCs) on CNTs,
since the surface area was more important than the pore
volume in adsorption of SOCs. Ultrasonication significant-
ly enhanced the adsorption kinetics of SOCs on CNTs,
indicating that the dispersion status of CNTs affected the
adsorption kinetics (Zhang et al., 2012).

Surface chemistry is another important factor influ-
encing the CNTs adsorption behavior. Functional groups
such as –OH, –C=O and –COOH could be intentionally
introduced onto CNT surfaces by acid oxidation or air

 

500 nm 200 nm
10 nm

Outmost surface

dt-t

d

d
w

Peripheral groove

Inner cavity

Interstitial channel

Fig. 1 SEM image of SWCNT, SEM image of MWCNT, TEM image of SWCNT, and schematic illustration of SWCNT bundle (from left to right)
(Reprinted with permission from Zhang et al., 2009). Copyright 2009 American Chemical Society.
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Table 1 Application of CNTs in removal of target pollutants from aqueous solutions

Adsorbents Pollutants Comments Reference

As-grown CNTs and 1,2-Dichlorobenzene (DCB) As-grown CNTs had rough surface which made adsorption Peng et al., 2003
graphitized CNTs of organics much easier. Graphitized CNTs became smooth

and the adsorption of organics decreased.
The removal efficiency of DCB by both as-grown CNTs and

graphitized CNTs kept stable in the pH range 3–10. When
pH exceeds 10, the removal dropped suddenly due to the
adsorption of water molecules onto –COO− groups that
could hinder the access of DCB.

CNTs purified by mixed Polycyclic aromatic Adsorption capacity of phenanthrene by MWCNTs was Yang et al., 2006
HNO3 and H2SO4 hydrocarbons related with surface area or micropore volume.

(PAHs) SWCNTs exhibited a larger adsorption capacity
toward PAHs than MWCNTs.

PAHs In low-concentration range, adsorption affinity of 13 PAHs Kah et al., 2011
was directly related to the solubility of their
subcooled liquid.

Phenolic compounds Four possible solute-sorbent interactions, i.e., Pan and Xing, 2008
phenol, pyrogallol, 1-naphthol hydrophobic effect, electrostatic interaction,

hydrogen bonding, and π–π electron
donor-acceptor interaction acted simultaneously.

CNTs with smaller outer diameter had higher
distribution coefficients (Kd).
The Kd values of the three polar phenolics tended
to increase with increasing pH and then decrease
with pH over their pKa value.

Triton X-series Hydrophobic and π–π interactions between Bai et al., 2010
surfactants the surfactants and CNTs were the dominant mechanisms.

The adsorption of Triton X-series surfactants
facilitated suspending CNTs in water.

Adsorption remained constant within pH 2–12,
indicating that electrostatic interaction and
hydrogen bonding were not the major mechanisms.

Uranium Acid treatment increased the surface Schierz and Zänker, 2009
acidic functional groups of CNTs, therefore
increased their colloidal stability and
adsorption capacity for uranium.

As-received CNTs Atrazine and Hydrophobic interactions were the Brooks et al., 2012
trichloroethylene dominant adsorption mechanism.

The impurities in SWCNTs contribute
a significant mass but do not provide
strong adsorption sites.

CNTs activated Pharmaceutical KOH etching is an effective activation method Ji et al., 2010
by KOH etching antibiotics: sulfamethoxazole, to improve the adsorption affinity and

tetracycline, tylosin adsorption reversibility of organic pollutants
on carbon nanotubes.

The activated CNTs showed an increased
adsorption capacity toward antibiotics
due to more interconnected pore structure
and less pore deformation.

As-prepared and Ionizable aromatic compounds (IACs): The adsorption capacity of MWCNTs Sheng et al., 2010
oxidized MWCNTs 1-naphthylamine, 1-naphthol, phenol toward IACs was higher than other common

adsorbents such as natural bentonite,
apatite and kaolinite.

Oxidation of MWCNTs increased the surface
area and added oxygen-containing functional
groups to the surfaces of MWCNTs, which
depressed the adsorption of IACs on MWCNTs.
The adsorption was considerably hindered when pH > pKa .

MWCNTs grown Antibiotic ciprofloxacin The adsorption of ciprofloxacin was compared Carabineiro et al., 2012
by CVD between AC, carbon xerogel and CNT. CNT

exhibited the best adsorption performance
per unit surface area.

CNTs Microcystins CNTs showed higher adsorption affinity Yan et al., 2006
(MC) to MCs as compared to ACs. The pore size

of CNTs was fit for the molecular
dimension of microcystins.
CNTs with smaller outside diameter
could adsorb more MCs.

MWCNTs Natural organic matter (NOM) The higher molecular weight fraction Hyung and Kim, 2008
of NOM was preferentially adsorbed,
as proved by size exclusion chromatographic analysis.

CNTs opened Phenol The influence of hydrothermal opening Wiśniewski et al., 2012
using hydrothermal conditions on surface chemical composition
opening method and adsorption capacity of CNTs were investigated.
Amorphous Al2O3 Fluoride The CNT supported Al2O3 had much higher Li et al., 2001
supported on CNTs adsorption capacity toward fluoride,

which may be attributed to the nano-size
Al2O3 clusters on CNTs and the intrinsic
adsorption capacity of CNTs toward fluoride.

The adsorption performs well at pH 5–9,
which was a much broader range than that
of the activated alumina (pH < 6).

CNTs purified Lead The adsorption capacity of acid-refluxed Li et al., 2002
by HNO3 CNTs (11.2 mg/g) was higher than that

of ACs (about 5.5 mg/g).
The surface oxygen-containing functional

groups were the most important factor
for lead adsorption.

The higher adsorption capacity of
CNTs at pH = 7 may be due to the
cooperating role of adsorption and precipitation.

Ceria nanoparticles Arsenate The As(V)-loaded adsorbent can be Peng et al., 2005
supported on CNTs efficiently regenerated.

Ca2+ and Mg2+ ions in water
enhanced the adsorption capacity
of CeO2-CNTs toward arsenate
due to the formation of ternary surface complex.

Iron(III) oxide Arsenate Influence of pH, iron oxide loading Velic̆ković et al., 2012
coated ethylenediamine and interfering ions were modeled
functionalized using MINTEQ program.
MWCNTs
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oxidation. Those functional groups make CNTs more
hydrophilic and suitable for the adsorption of relatively
low molecular weight and polar contaminants, such as
phenol (Lin and Xing, 2008a) and 1,2-dichlorobenzene
(Peng et al., 2003).

Figure 2 is an overview of the surface modification and
effects of functional groups on the adsorption properties
of CNTs (Pan and Xing, 2008). The adsorption of heavy
metals on CNTs depends mainly on the specific complex-
ation between metal ions and the hydrophilic functional
groups of CNTs (Rao et al., 2007). Therefore, without
doubt, surface functionalization of CNTs is favorable for
the uptake of metal ions. Cho et al. (2010) reported that
surface oxidation of CNTs enhanced the adsorption of zinc
and cadmium ions from aqueous solutions. Using two-
site Langmuir adsorption modeling, they found that the
carboxyl-carbon sites of CNTs were over 20 times more
energetic for Zn(II) uptake than the unoxidized carbon
sites. Another direct consequence of surface modification
of CNTs with hydrophilic groups is the improvement
of CNT dispersion in aqueous media. Rosenzweig et al.
(2013) reported that the alcohol (OH) and acid (COOH)
moieties on CNTs can determine the aggregation state and
accessible sites for copper adsorption. The surface func-
tionalized CNTs had higher adsorption capacity for copper
than pristine CNTs. It is worth noting that increasing the
oxygen-containing functional groups is a double-edged
sword. It may have an adverse effect on the adsorption
of highly nonpolar chemicals like naphthalene (Cho et
al., 2008). Wu et al. (2012) systematically investigated
the influence of surface oxidation of MWCNT on the
adsorption capacity and affinity of organic compounds
in water, and found that surface oxidation of MWCNTs
decreased the surface-area-normalized adsorption capacity

of organic compounds significantly because of the com-
petition of water molecules; meanwhile, the adsorption
affinity of organic chemicals were not altered because
of the adsorption interactions (hydrophobic effect, π–π
interaction and hydrogen bond) remained constant.

The complex mechanisms involved in CNT adsorption
could be explained from two aspects: thermodynamics
and kinetics. Thermodynamic parameters, including free
energy change of adsorption (∆G), enthalpy change (∆H),
entropy change (∆S) and activation energy (Ea), provide
an insight regarding the inherent energetic changes dur-
ing adsorption. Adsorption of Pb2+ (Li et al., 2005),
trihalomethanes (Lu et al., 2006), 1-naphthol and phenol
(Sheng et al., 2010), methyl orange (Yao et al., 2011) were
demonstrated to be spontaneous processes based on the
negative ∆G and the positive ∆S. The positive ∆S values
imply that the degree of freedom increased at the solid-
liquid interface during the adsorption of contaminants onto
CNTs. This could be attributed to the entropy increase
of water molecules after the ordered water shells being
destroyed in the adsorption process (Sheng et al., 2010).

In terms of adsorption kinetics, the ordered pore struc-
ture of CNTs makes it easier for the diffusion of pollutants
to adsorption sites (Lu et al., 2005). This can be well
reflected through the comparison with ACs. ACs is usually
rich in micropores, which are sometimes not available for
the access of relatively large organic molecules. Ji et al.
(2009) investigated the adsorption of tetracycline to CNTs,
graphite and AC and found that the adsorption affinity
of tetracycline decreased in the order of graphite/SWNT
>MWNT≫ AC upon normalization for adsorbent surface
area. The weaker adsorption of tetracycline to AC indicat-
ed that adsorption affinity was greatly influenced by the
accessibility of available adsorption sites. The remarkably

As-grown CNT Heat treated (350°C) Acid treated Functionalized Graphitized (2200°C)

Inner pores blocked Amorphous carbon removed;

Metal catalyst oxidized

Catalyst removed Functional groups added Functional groups removed

Adsorption increased Adsorption increased

For nonpolar and/or 

planar chemicals:

Adsorption decreased;

For polar chemicals:

Adsorption increased

For polar chemicals:

Adsorption decreased;

For nonpolar chemicals:

Adsorption increased

Catalyst Oxidized catalyst Amorphous carbon

Fig. 2 Adsorption properties of CNTs as affected by the functional groups (Reprinted with permission from Pan and Xing, 2008). Copyright 2008
American Chemical Society.
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strong adsorption of tetracycline to CNTs can be attribut-
ed to the strong adsorptive interactions (van der Waals
forces, π–π EDA interactions, cation-π bonding) with the
graphene surface of CNTs. From a kinetics point of view,
Lu et al. (2005) studied the adsorption of trihalomethanes
to CNTs and a powdered activated carbon (PAC). CNTs
reached adsorption equilibrium much faster than the PAC.
This may be explained by the different porous structures
of CNTs and PAC. PAC had more micropores in which
trihalomethanes have to move from the exterior surface to
the inner pores of PAC to reach equilibrium. The more
uniform pore structure of CNTs was beneficial for the
diffusion of pollutants into the inner pores. Zhang et al.
(2012) examined the adsorption kinetics of phenanthrene
and biphenyl on a granular activated carbon (GAC) and
CNTs. Fitting the kinetic data with intra-particle diffusion
model indicated that external mass transfer controlled the
adsorption of organic compound to CNTs, while intra-
particle diffusion dominated in the adsorption of organic
compounds onto ACs (Zhang et al., 2012). Therefore, in
well mixed systems, CNTs are superior to ACs in terms of
sorption kinetics.

Besides adsorption capacity and kinetics, adsorption
selectivity or resistance to harsh environment is another
important evaluation criterion for an adsorbent. A number
of studies have examined the importance of aqueous chem-
istry conditions on the adsorption of SOCs by CNTs (Chen
et al., 2008; Hyung and Kim, 2008; Lin and Xing, 2008b;
Wang et al., 2008b, 2009c; Yang et al., 2008a). Effects
of solution pH and ionic strength on SOC adsorption by
CNTs were somewhat SOC-specific, the extent of which
depends on the ionizability and electron-donor-acceptor
ability of the involved SOCs (Chen et al., 2008; Lin and
Xing, 2008a; Pan and Xing, 2008; Yang et al., 2008a).
Zhang et al. (2009) observed that solution pH and ionic
strength exhibited only slight or insignificant impacts
on the adsorption of three representative SOCs (phenan-
threne, biphenyl, and 2-phenylphenol), which are variant in
planarity, polarity, and hydrogen/electron-donor/acceptor
ability. The removal of Ni2+ and Zn2+ increased with
solution pH in the range of 1–8, reached maximum in
the range of 8–11, and decreased as pH over 12 (Lu and
Chiu, 2006a, 2006b). The maximum adsorption in the pH
range of 8–11 could be attributed to the negatively charged
surface functional groups of CNTs and the formation of
hydrated ion species such as M(OH)+1 and M(OH)2

0.
At a pH higher than 12, the predominant metal species
was M(OH)3

−1, and the heavy metal removal decreased
due to the competition between OH−1 and M(OH)3

−1 and
the repulsive force between the negatively charged CNT
surface and M(OH)3

−1. The net impact of NOM on SOC
adsorption by CNTs is a tradeoff between two opposite
effects: increase in adsorption sites due to better dispersion
of CNTs in the presence of NOM (Hyung et al., 2007; Lin
and Xing, 2008b) and decrease in adsorption sites due to

competition and/or blockage by NOM (Wang et al., 2008b,
2009c). Under identical conditions, minimal NOM effects
occurred on a macroporous MWNT while severe NOM
effects were observed on a GAC (HD4000) and an ACF,
of which the dominant structures are microporous (Zhang
et al., 2011a). Although the single-solute adsorption capac-
ities of the SWNT were much lower than those of HD4000,
in the presence of NOM the SWNT possessed adsorption
capacities similar to or even higher than those of HD4000.

Recently, quantum chemical calculations have been
successfully applied to assess and predict the adsorption
of pollutions by CNTs. Woods et al. (2007) studied the
adsorption of benzene derivatives by CNT using density
functional theory and found that physical adsorption dom-
inated through the interactions between the π orbitals of
benzene derivatives and CNT. Tournus and Charlier (2005)
carried out an ab initio study of benzene adsorption on
CNTs and found that the adsorption energies varied with
the chiral angle of CNT. Zou et al. (2012) systematical-
ly investigated the adsorption of cyclohexane, benzene
derivatives, and polycyclic aromatic hydrocarbons on CNT
using M05-2X of density-functional theory. The contribu-
tion of different functional groups on CNT to adsorption
was quantified, and the calculated ∆G correlated well with
the experiment values (Fig. 3). With the development of
molecular simulation methods, the adsorption of pollutants
by CNTs can be predicted effectively using chemical
calculations.

With the number of aforementioned advantages:
stronger chemical-nanotube interactions, tailored surface
chemistry, rapid equilibrium rates, and high sorption ca-
pacity, CNTs were considered as superior sorbents for a
wide range of organic chemicals and inorganic contami-
nants than the conventional ACs. However, for practical
application in water treatment, the small particle size of

2,4-Dinitrotoluene

1,2,4,5-Tetrachlorobenzene

1,2,4-Trichlorobenzene

Nitrobenzene

4-Nitrotoluene
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Chlorobenzene

Toluene
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Fig. 3 Regression of calculated ∆Gcal with experimental ∆Gexp values
for 9 aromatic compounds on SWCNT (Reprinted with permission from
Zou et al. 2012). Copyright 2012 American Chemical Society.
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CNTs will cause excessive pressure drops and the recovery
of spent CNTs is a true challenge. The macroscopic
manipulation of CNT monolithic blocks via appropriate
methods provide breakthrough for this bottleneck. Gui
et al. (2010) made a monolithic CNT sponge by chem-
ical vapor deposition using ferrocene as precursor. The
as-made CNT sponge had a randomly intertwined three-
dimensional structure and displayed high porosity and
very low density. The CNT sponge can float on oil-
contaminated water and remove oil with a large adsorption
capacity (80 to 180 times their own weight for a wide range
of solvents and oils) (Fig. 4). The sponge had a tendency
to move to the oil film area due to its high hydrophobicity,
leading to the unique “floating-and-cleaning” capability
that is very useful for spill cleanup.

In addition to serving as direct adsorbents, CNTs can
also be utilized as excellent scaffold for macromolecules or
metal oxides with intrinsic adsorption ability. The tunable
surface chemistry and controllable pore size make CNTs
good support for composite adsorbents. Examples of CNTs
as scaffolds for pollutant removal include CNT decoration
with iron oxide for europium adsorption (Chen et al.,
2009), chitosan for methyl orange adsorption (Zhu et al.,
2010), polyaniline for malachite green adsorption (Zeng et
al., 2013) and ceria nanoparticles for chromium adsorption
(Di et al., 2006). Maggini et al. (2013) synthesized a
supermolecular adsorbent by coating magnetic CNT with
poly(vinylpyridine), which exhibited excellent removal
capacity of divalent metals from water, and the exhausted
material can be separated using magnetic field and regen-
erated by acid treatment. The unique electrical properties
of CNTs could be utilized for enhanced adsorption with
electrochemical assist (Li et al., 2011b).

The mechanical flexibility and robustness, thermal sta-
bility and resistance to harsh environment endow CNTs
with excellent application potential in water treatment.
CNTs have the potential to serve as superior adsorbents for
removal of both organic and inorganic contaminants from
water systems. Nevertheless, there are several aspects that
need to be evaluated prudently before the real application
in water treatment facilities, including cost, reusability and
the possibility of leakage into the environment.

2 CNTs as catalysts or co-catalysts for biore-

fractory and persistent organic pollutants

CNTs have been demonstrated as excellent catalyst-
support (Table 2) due to several reasons: (1) CNTs have a
large specific surface area, generally > 150 m2/g (Peigney
et al., 2001). Heterogeneous catalysis degradation of
aqueous pollutants is best modeled by the Langmuir-
Hinshelwood mechanism, which requires the adsorption
of chemicals before the chemicals are degraded on the
catalyst. The large specific surface area is helpful for the
adsorption of pollutants. It should be noted that the specific
surface area of CNT is smaller than that of AC, so the
following merits of CNT are more important; (2) CNT
could be easily functionalized with carbonyl and hydroxyl
moieties via acid treatment, and these groups could be
further modified to improve the adsorption affinity toward
some specific chemicals, leading to “selective degrada-
tion” processes, like degradation of pollutants over benign
species, and highly-toxic pollutants over low-toxic pollu-
tants; (3) the uniform porous structure of CNTs reduces
the mass-transfer limitations of reactants from solution to
active sites on the catalyst; (4) CNTs have good thermal
stability and resistance to acidic and basic media thus could
be used in severe conditions.

2.1 CNTs in photocatalysis

Photocatalysis has been a hot topic in the degradation
of organic pollutants for several decades (Hoffmann et
al., 1995). Traditional photocatalysts include TiO2, CdS,
Fe2O3, ZnO etc. These semiconductors suffer from some
disadvantages: TiO2 has a large band gap and can only
be excited by ultraviolet light, thus could not effectively
harvest the spectrum of sunlight; CdS and ZnO hold the
drawback of photocorrosion and cause the decrease in
photoactivity and stability; in addition, all the semicon-
ductors have the bottleneck of low quantum efficiency due
to the rapid recombination of photo-generated electrons
and holes, i.e., most charges quickly recombine without
participating in photocatalytic reactions.

Owing to their excellent mechanical, electrical and
optical properties, CNTs can serve as an ideal building
block in hybrid catalysts and improve the performance
of photocatalysts. CNT can be either semiconducting or
metallic depending on their diameter and chirality. CNTs

Before

After

As-grown      Densified     Recovered

Fig. 4 Application of CNT sponge in the cleanup of oil on water and densification of cubic-shaped sponges into small pellets and full recovery to
original structure upon ethanol absorption (Reprinted with permission from Gui et al., 2010). Copyright 2010 Wiley-VCH.
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have a large electron-storage capacity and it was estimated
that every 32 carbon atoms in SWCNTs can store an
electron (Kongkanand and Kamat, 2007). When in contact
with TiO2 nanoparticles, CNTs prompt electron transfer
from the conducting band of TiO2 to the CNT surface due
to their lower Fermi level. Thus, CNTs accept and store
photogenerated electrons and inhibit the recombination of
electrons and holes. Those electrons can be transferred
to another electron acceptor, such as molecular oxygen,
forming reactive oxygen species (O−2 , H2O2 and ·OH)
which degrade and further mineralize organic pollutants.

Recent research highlighted the euphoria of CNTs to
TiO2 nanoparticles. CNT/TiO2 composites showed en-
hanced photocatalytic oxidation activity to phenol due to
reduced charge recombination as evidenced by the dimin-
ished photoluminescence intensity, and SWCNT enhanced
the photocatalytic activity of TiO2 better than MWCNT
because there are more individual contact between the
SWCNT and the TiO2 nanoparticle surface (Yao et al.,
2008). In addition to the inhibitation of charge recom-
bination, the introduction of CNTs increases the amount
of hydroxyl groups on the catalyst surface, which can be
oxidized by h+ and generate hydroxyl radicals, as proved
by EPR results (Yu et al., 2005b). Aqueous pollutants
including dyes (Li et al., 2011c; Yu et al., 2005a), benzene
derivatives (Silva and Faria, 2010), and carbamazepine
(Martinez et al., 2011) were efficiently photodegraded
by CNT-TiO2 composites. More practically, CNT/TiO2

composite has found application in the degradation of
nitro phenols from real wastewater under sunlight and the
composite held repetitive photocatalytic activity (Wang et
al., 2009b).

The addition of CNT to TiO2 may change the absorption
spectrum of the catalyst. Annealing of CNTs coated with

thin and uniform TiO2 results in carbon diffusion into
oxide phase via oxygen lattice substitution. Carbon doping
produced a mid band-gap state close to the TiO2 valence
band and extended light absorption to the visible region
(Fig. 5) (Cong et al., 2011; Lu et al., 2010). Considering
their semiconductor property, CNTs may also act as photo-
sensitizers and inject the photo-excited electrons to the
conducting band of TiO2 (Wang et al., 2005a).

CdS is a visible light-responsive photocatalyst, but it
suffers from photocorrosion. Anchoring CdS onto CNTs
inhibited the photocorrosion phenomenon, and the author
attributed it to the enhanced adsorption capacity toward
reducing agents in the solution, which can capture holes
and stabilize CdS (Ma et al., 2008).

Applications of CNTs in photocatalysis also include
using CNTs as pillars of reduced graphene oxide platelets
for rhodamine B (RhB) degradation (Zhang et al.,
2010), and the preparation of Au NP@POM-CNT tri-
component hybrid photocatalyst (Li et al., 2011a). Very
interestingly, although Au nanoparticles are visible light
photo-sensitizers, they donot hold photocatalytic activity,
due to the fast rate of charge recombination. The excel-
lent electron-conducting ability of CNTs made the Au
NP@POM-CNT hybrid an effective visible light photocat-
alyst.

It is worth noting that CNTs can absorb the incident
light, thus excess CNTs may have an adverse impact on
the activity of the composite photocatalyst. Therefore, it
is critical to control the dosage of CNTs to photocata-
lysts (Yu et al., 2005b). Moreover, the interfacial contact
between CNTs and metallic semiconductors dictate the
performance of the hybrid photocatalyst. Appropriate syn-
thetic approaches are needed for the improvement of the
CNT/TiO2 interface. Eder and Windle (2008) used benzyl

OH•

hν

e

e e e e

h h h h

TiO
2

MWCNT

hν
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hν
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b
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C-doping state

Fig. 5 Proposed mechanisms of synergistic enhancement in TiO2-CNT composites. Left panel: (a) CNTs inhibit charge recombination by acting as
sinks for photogenerated electrons in TiO2; (b) photosensitizing mechanism based on electron–hole pair generation in the CNT. Depending on the
relevant positions of the bands, the electron or hole may be injected into the TiO2, generating reactive oxygen species; (c) CNTs act as dopants through
the Ti-O-C bonds (Reprinted with permission from Woan et al., 2009). Copyright 2009 Wiley. Right panel: enhancement of visible light photocatalytic
activity in carbon-doped TiO2 coating on CNTs (Reprinted with permission from Cong et al., 2011). Copyright 2011 Elsevier.
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Table 2 CNTs as photocatalyst support for the degradation of organic pollutants

Hybrid photocatalyst Target pollutants Highlights Reference

CNT/TiO2 Azo dye Enhancement of adsorption of dye; Yu et al., 2005a
Inhibitation of charge recombination.

CNT/mesoporous TiO2 Acetone Inhibitation of charge recombination; Yu et al., 2005b
More hydroxyl groups on the catalyst
and more hydroxyl radicals generated.

CNT/TiO2 nanowire film and Methyl Orange CNT/TiO2 nanowire film was more Daranyi et al., 2011
CNT/P25 film suitable for photocatalytic filtration

application owing to its less pore blockage.
CNT/TiO2 Rhodamine B Electrospinning method was Im et al., 2012

employed to fabricate CNT/TiO2 composite.
SWCNT/TiO2 Congo Red The addition of silica promoted the Jafry et al., 2011

coating of TiO2 on CNT.
Imitate contact between CNT and
TiO2 were needed to achieve
enhanced photocatalytic activity.

CNT/TiO2 Phenol SWCNTs were better support for Yao et al., 2008
TiO2 than MWCNTs due to more
interfacial contact.

CNT/TiO2 heterojunction array Phenol The thickness of TiO2 layer Yu et al., 2008
could be controlled by varying
the deposition time.

MWCNT/TiO2 2,6-Dinitro-p-cresol No obvious decline in efficiency Wang et al., 2009a
of the composite photocatalysts
was observed after 5 repeated cycles.

MWCNT/TiO2 2,4-Dinitrophenol The composite was very Wang et al., 2009b
effective in decolorization and
COD reduction of real wastewater
from DNP manufacturing.

MWCNT/TiO2 Eosin Yellow Nitrogen was doped to enhance Kuvarega et al., 2012
visible photoactivity, and palladium
was doped to reduce charge recombination.

MWCNT/TiO2 Acid Blue 92 MWCNT prevented the agglomeration Zarezade et al., 2011
of TiO2 particles.

CNT/TiO2 Aniline, nitrobenzene, benzoic acid The presence of oxygen-containing Silva and Faria, 2010
functional groups had a positive
effect on the photocatalytic activity
of the composite.

CNT/TiO2 Methyl Orange CNT also acted as a dispersing template Xu et al., 2010
to control the morphology of TiO2.

CNT/titanium silicate 4-Nitrophenol, Rhodamine B Ball milling removing the physical Krissanasaeranee et al., 2010
contact between CNT and titanium
silicate greatly reduced the
photocatalytic activity, indicating
the significance of interfacial charge transfer

MWCNT/TiO2 Atrazine Microwave was used to enhance Chen et al., 2011
the photocatalytic activity;
CNT had a beneficial effect
on absorbing microwave energy.

TiO2-CeO2/CNT Phenol derivatives Presence of mesopores in composite matrix. Wilson et al., 2012
Titania nanotube/CNT Acetaldehyde Visible light photoactivity was Vijayan et al., 2012

caused by Ti-O-C bond, which was
confirmed by XPS and EPR

CNT/ZnS Methylene Blue Post-refluxing treatment played Feng et al., 2008
a key role in the improvement
of the interaction between
ZnS nanocrystals and CNTs

CNT/ZnS Methyl Orange Microwave assisted synthesis Wu et al., 2008
promote the dispersion of ZnS
and the size of ZnS nanospheres
were easily tunable.

CNT/CdS Azo dye CNTs hampered the Ma et al., 2008
photocorrosion of CdS.

CNT/WO3 Rhodamine B Mass ratio of CNTs and Wang et al., 2008a
WO3 were optimized.
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alcohol (BA) as surfactant in the preparation of CNT/TiO2

composite. The addition of BA could improve the dis-
persion state of TiO2 on CNTs through π–π interaction
between BA and CNT and coordination between BA and
titanium. Lee et al. (2012) synthesized N-doped CNT/TiO2

nanowires through biomimetic mineralization, in which
the direct contact between CNT and TiO2 was the key
for band gap narrowing. Some studies also emphasized on
the contact resistance of CNT/TiO2 in terms of electron
transportation. SWCNT can enhance the photocatalytic ac-
tivity of TiO2 more than MWCNT due to more individual
contact, but the resistance of SWCNT is high, so there is
a need to reduce the interface charge transfer resistance of
SWCNT/TiO2. Duong et al. (2011) introduced indium tin
oxide (ITO) thin films at the interface between SWCNTs
and TiO2. The transparent conducting ITO films remark-
ably reduced the contact resistance and played a key role
in enhancing photoelectrochemical activity.

CNTs can also act a photocatalyst directly. Yan et al.
(2011) reported that the loading of Ag to CNTs obvi-
ously enhanced the photocatalytic activity of CNTs. The
Ag/CNT composite exhibited photocatalytic degradation
activity toward RhB and the mechanisms are shown in
Fig. 6 (Yan et al., 2011). Qu et al. (2013) reported that
CNTs synthesized from poplar leaves could photocatalyti-
cally degrade bisphenol A, and the photocatalytic activity
was caused by CNT and the metal oxide on the surface of

CNT.

2.2 CNTs in catalytic wet air oxidation

Wet air oxidation, a process that utilize the oxygen in air to
oxidize dissolved and suspended organic matter in water,
has been commercially used as an effective method for
wastewater treatment for around 60 years. However, severe
reaction conditions and high operating costs impede its
application for treating the industrial wastewater. Using
catalysts (usually noble metals) in wet air oxidation pro-
cess helps to promote the oxidation efficiency and reduce
costs. Several studies used CNT as catalyst support in
wet air oxidation for the treatment of organic and toxic
wastewaters (Garcia et al., 2005, 2006; Gomes et al., 2004;
Taboada et al., 2009; Yang et al., 2007, 2008b). CNT
supported Pt, Pd and Ru catalysts have found applications
in wet air oxidation of organic pollutants like phenol
and aniline (Garcia et al., 2006; Yang et al., 2008b). As
compared to AC, the mesoporous nature of CNTs is more
advantageous for the diffusion of pollutants to the surface
of catalyst.

CNTs themselves can act as effective catalyst in wet air
oxidation processes. MWCNTs display catalytic activity
in the wet air oxidation of phenol, and the mechanisms are
shown in Fig. 7 (Yang et al., 2007). Molecular oxygen in
water adsorbed on the surface of functionalized CNTs, and
then was dissociated on the graphite layers to produce dis-
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Fig. 6 Photocatalytic mechanism of RhB degradation on Ag/CNT (Reprinted with permission from Yan et al., 2011). Copyright 2011 Elsevier.
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sociated oxygen atoms. Thereafter, the carboxylic groups
on CNTs and the oxygen atoms formed HO2· radicals
through hydrogen bonding, leading to the degradation of
organic pollutants.

3 CNT membranes for water purification

Membrane technologies, including microfiltration, ultra-
filtration, nanofiltration and reverse osmosis, constitute
vital units of many water treatment systems. Polymer
membranes are widely used in water treatment facilities
and have chemical and mechanical stability, but they are
hydrophobic in nature and have a propensity for adsorption
of organic foulants. The irreversible adsorption of organic,
inorganic and biological substances onto the membrane
surface leads to membrane fouling and consequently con-
tinuous flux-decline. Studies have demonstrated that CNT
filters can achieve high water flux at reasonably low
pressure (Brady-Estévez et al., 2008). CNTs owing to
the several merits: strong antimicrobial activity, higher
water flux than other porous materials of comparable size,
tunable pore size and surface chemistry, and electrical
conductivity, are promising materials for filtration and
separation.

3.1 CNT filters as anti-microbial materials

Millions of people die each year from water related
diseases. The removal of bacteria and other organisms
from drinking water is an extremely important process.
CNTs, especially SWCNTs, exhibit strong antimicrobial
activity (Kang et al., 2007). Direct contact with SWC-
NTs causes severe membrane damage and subsequently
cell death. SWCNT filter showed high bacterial retention
(Brady-Estévez et al., 2008), and MWCNT filter exhibited
high viral removal at low pressure (Brady-Estévez et al.,
2010b), both through size exclusion effect. To combine
their advantages, SWCNT-MWCNT hybrid filter achieved
efficient bacterial inactivation and viral retention at low
pressure (Brady-Estévez et al., 2010a). By applying exter-
nal electric field, viral removal by CNT filter was markedly
enhanced as a result of increased viral particle trans-

port (Rahaman et al., 2012). In combination with silver
nanoparticles (Akhavan et al., 2011) or silver nanowires
(Schoen et al., 2010), enhanced antibacterial ability were
achieved.

The above-mentioned CNT filters were prepared by
simple filtration of CNT suspensions through a porous
substrate. Srivastava et al. (2004) fabricated a monolith-
ic uniform macroscopic hollow cylinder having radially
aligned CNT walls by using a continuous spray pyroly-
sis method. The CNT aligns had a uniform nanoporous
structure which was favorable for filtration with low block-
age. The cylinder also had high mechanical strength and
thermal stability. Figure 8 shows the application of a
CNT filter in the removal of E. coli bacteria from water.
The CNT filter had a major advantage over conventional
membrane filters: it can be cleaned repeatedly by simple
ultrasonication and antoclaving. After regeneration, the
filter regained its full filtering efficiency.

3.2 CNTs as additives for anti-fouling membranes

Fouling of polymer membranes depends on the interaction
between membrane surface and foulants, which is related
to the membrane morphology and chemistry as well as
the properties of foulants. Tuning the membrane surface
chemistry is an effective method to control membrane
fouling. It is generally accepted that increasing the surface
hydrophilicity offers a better fouling resistance because
many organic foulants are hydrophobic. CNTs, although
hydrophobic in nature, can be changed to hydrophilic
via acid treatment. It has been demonstrated that CNT
blended polysulfone membrane (Choi et al., 2006) and
polyethersulfone membrane (Celik et al., 2011) are more
hydrophilic and have an enhanced fouling resistance due to
the hydrophilic carboxylic groups of functionalized CNTs.
Other functional groups can also be introduced onto CNT
surface, such as hydrophilic isophthaloyl chloride groups
(Qiu et al., 2009) and amphilic-polymer groups with
protein-resistant ability (Liu et al., 2010). The property of
CNT has an influence on the performance of CNT-blended
membrane. The study by Ajmani et al. (2012) revealed that
CNT-membrane constructed with larger diameter CNTs

a b c d e

Fig. 8 Removal of E. coli bacteria using CNT filter. (a) E. coli-ridden solution; (b) colonies of E. coli bacteria (marked by arrows) grown by the culture
of the polluted water; (c) cylindrical CNT filter; (d) filtrate; (e) no bacterial colonies grown by the culture of the filtrate (Reprinted with permission from
Srivastava et al., 2004). Copyright 2004 Nature Publishing Group.
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was more effective for fouling control compared with
membrane made from smaller diameter CNTs, which can
be explained by the superior ability of larger-diameter
CNT to remove large organic foulants.

Biofouling, the growth of a biofilm on membrane sur-
faces, can also be alleviated by the incorporation of CNTs.
As mentioned before, CNTs have anti-bacterial properties,
so the introduction of CNTs to polymer membranes could
impart biocidal properties to the membrane, resulting in a
better biofouling resistance (Tiraferri et al., 2011). CNT
can also be used to improve the dispersion of other
antimicrobial agents, like Ag nanoparticles (Gunawan et
al., 2011). The Ag nanoparticles loaded on MWCNTs
achieved an excellent dispersion with size around 2–5 nm,
leading to more direct contact with bacteria and more
effective antibacterial activity.

There are several other benefits for blending CNTs with
conventional polymer membranes. Due to the superior
mechanical strength of CNTs, the CNT-blended mem-
branes can have an improved tensile strength than the
pristine membranes. The tensile strength of the MWC-
NT/polyacrylonitrile membranes (Majeed et al., 2012)
and MWCNT/chitosan composite membranes (Tang et al.,
2009) at 2 wt.% MWCNTs loading increased 97% and
90%, respectively, compared to the neat ones.

CNTs also help to increase the water permeability of
the polymer membrane. Wang et al. (2005b) developed
a high flux filtration membrane by introducing surface-
oxidized MWCNTs in the coating layer. Increasing the
MWCNT dosage could improve the water flux while
retaining the total organic rejection. The improved flux
rate was attributed to the generation of more effective hy-
drophilic nanochannels for water passage in the composite
membranes (Majeed et al., 2012; Zhao et al., 2013).

3.3 Aligned CNT membranes for future seawater de-

salination

In the context of global water crisis, seawater desalination
is playing an important role in providing a seemingly
unlimited, steady supply of fresh water. Current desali-
nation relies on polymer reverse-osmosis membranes to
filter out dissolved salts and fine solids. High pressure and
thus significant energy is needed to drive the desalination
process. There is also a trade-off between high water flux
and high selectivity in the membrane design process.

In the past decade, it has been proved by theoretical
calculations (Hummer et al., 2001) and experiments (Ma-
jumder et al., 2005) that water transports several orders of
magnitude faster in CNTs than in other porous materials
of comparable size. This high fluid velocity is attributed to
the smooth and hydrophobic inner walls of CNTs. Ordered
hydrogen bonds are created in water-CNT interface and
they introduce a vapor phase barrier between the chain
of water molecules and the nonpolar CNT wall, so water
molecules move almost frictionless inside the walls.

Aligned CNT membranes have the potential to act
as high-flux desalination membranes. Holt et al. (2006)
developed sub-2-nm aligned nanotube membranes using
catalytic chemical vapor deposition followed by laser
etching to uncap the nanotubes. Water permeabilities of
these nanotube-based membranes were several orders of
magnitude higher than those of commercial polycarbonate
membranes, despite having smaller pore sizes. To fully
take advantage of the inner pores of CNTs, high density
and vertically aligned CNT membranes were fabricated
by Yu et al. (2009). The CNT arrays made by chemical
vapor deposition were soaked into an organic solvent
like n-hexane, and then the layers were dried at room
temperature. Evaporation of solvents shrank the layer to
approximately 5% of its original area, leading to a high
density, vertically aligned CNT forest membrane.

Via tip functionalization, CNT membranes can acquire
ion exclusion ability. Gong et al. (2010) designed a con-
trollable ion-selective nanopore based on SWCNTs with
specially arranged carbonyl oxygen atoms modified inside
the nanopores. The different patterns of carbonyl oxygen
atoms determined the hydration structure of K+ and Na+

within the nanopores, leading to a tunable ionic selectivity.
Majumder et al. (2007) modified the tips of CNTs using
electrochemical grafting of diazonium salts, and suggested
the separation coefficient of the CNT membranes can be
tuned by changing the voltage apply (Fig. 9). In the work of
Fornasiero et al. (2008), negatively charged groups intro-
duced by plasma treatment made aligned CNT membranes
reject as high as 98% ions, and the ion exclusion was
dominated by charge exclusion mechanism.

However, in high ion-strength environment like seawater
and blackish water, the efficiency of charge exclusion
mechanism may be declined significantly. Another ion-
rejection mechanism, size exclusion effect, needs more
attention. To date, the diameter of CNTs has reached
as small as 0.3 nm (Zhao et al., 2004), which nearly
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Fig. 10 Schematic diagram of the electrode configuration and electron-transfer mechanisms for the CNT-textile anode (right), compared with the widely
used carbon cloth anode (left) (Reprinted with permission from Xie et al., 2011). Copyright 2011 American Chemical Society.

approaches the hydrated radium of sodium ions, ranging
from 0.178 to 0.358 nm depending on environment con-
ditions (Carrillo-Tripp et al., 2006; Tansel et al., 2006).
By calculating the potential of mean force for ion and
water translocation, Corry (2008) proposed that ions face a
large energy barrier and will not pass through the narrower
tubes ((5,5) and (6,6) “armchair” type tubes) but can
pass through the wider (7,7) and (8,8) nanotubes. Water,
however, faces no such impediment due to the formation
of stable hydrogen bonds and crosses the tubes at very
large rates. Thus, the manufacture of defect-free CNT
membranes with sub-nanometer pores can shine light on
future desalination technologies.

4 CNT electrodes for microbial fuel cell

Microbial fuel cell (MFC) is an environmental friend-
ly method for wastewater treatment with self-sustained
electricity generation using microorganisms. The per-
formances of MFCs, including COD (chemical oxygen
demand, an index of organic matter concentration) removal
and electricity generation, depend on several factors, such
as reactor design, pH, microbial species and electrode
material.

In anode, the organic matter in wastewater is oxidized by
mediation of exoelectrogens, microorganisms that transfer
electrons to an electrode. The anode material requires
large specific area for microbe colonization, high con-
ductivity, stability and catalytic activity. To date, carbon
materials such as carbon cloth, carbon paper, and carbon
foam are applied in most MFC anodes. However, they
have little electro-catalytic activity for the electrode mi-
crobial reactions. CNTs with high conductivity and high
surface-to-volume ratio can be promising anode mate-
rials. However, CNTs have cellular toxicity which lead
to proliferation inhibition and cell death and could not
be used directly. Coated with conductive polymers, such
as polyaniline (Qiao et al., 2007), polypyrrole (Zou et
al., 2008), CNTs can be used as anode material and are
favorable for increasing the specific surface area of the

electrode and enhancing the charge transfer efficiency.
The biocompatibility of CNT could also be improved by
surface oxidation. A microsized (1.5 µL) MFC has been
successfully fabricated using vertically grown oxidized-
MWCNT as the anode (Mink et al., 2012). CNTs can also
be used to fabricate electrodes with novel configurations.
A three dimensional structure was achieved by uniformly
coating CNT on macroscale porous substrate (e.g., textile
or sponge) (Xie et al., 2011, 2012). The 3D CNT anode
exhibits strong interaction with the microbial biofilm and
facilitates electron transfer from exoelectrogens to the
electrode surface, thus remarkably decreases the charge
transfer resistance and enhances the performance of MFC
(Fig. 10) (Xie et al., 2011).

In cathode of MFC, electrons are accepted usually by
oxygen, the most sustainable terminal electron acceptor.
However, poor oxygen reduction reactions under common
operation conditions undermine the performance of MFC.
Some bacteria have the ability to catalyze oxygen reduc-
tion reactions in cathode. Because of their size and shape,
CNTs have good contact with the redox active center
of redox proteins inside those bacteria, thus CNT-based
cathode will facilitate the electron transfer and enhance
oxygen reduction reaction (Liu et al., 2011). CNT can
also act as excellent support for some oxygen-reduction-
reaction electro-catalyst, such as manganese dioxide (Chen
et al., 2012; Zhang et al., 2011b). In all, the unique and
tunable structure and electrical properties make CNTs
promising in acting as the future MFC electrodes.

5 Conclusions

CNT based nanomaterials have advantages over conven-
tional materials in various environmental applications. The
development of cost-effective and highly efficient manu-
facturing routes may find the entry point to integrate CNTs
into traditional water treatment processes. Surface modifi-
cation and macroscopic manipulation of CNTs are often
effective ways to fully take advantage of CNTs’ unique
physical, chemical, and electrical properties. Despite the
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euphoria, the potential threat of CNTs to the environment
and human health should be taken into consideration
before large scale applications.

CNT based materials are especially suitable for point-
of-use (POU) purposes. The cytotoxicity of CNTs can
prohibit the formation of biofilm and make CNT filters
more easily regenerated than the GAC-based filers. CNT
filters have removal ability toward a wide range of organic
and inorganic pollutants together with bacteria and viruses,
thus they have the potential to substitute conventional
adsorbents and disinfection agents in POU systems. Nev-
ertheless, CNT filters should be evaluated carefully before
wide applications in terms of the potential of CNT leakage
into the drinking water.

For CNT supported catalysts, the studies have been
focused on the improvement in catalytic activity by using
some model pollutants, such as phenol and dyes. More
attention should be paid to the degradation ability toward
more recalcitrant organic pollutants by using CNT com-
posite catalysts. The degradation products and pathways
need to be elucidated to fully assess the application feasi-
bility of these catalysts. If some products and intermediates
are even more toxic than the original compound, additional
methods to degrade these toxic products must be used
subsequently.

CNT membranes represent an emerging branch of
membrane science with myriad opportunities in filtration
and seawater desalination. Their exceptional mechanical
strength, thermal stability, and electrical conductivity can
be useful in the regeneration process. In convention-
al cellulose nitrate/acetate membranes, strong bacteria
adsorption on the membrane surface undermines their
reusability in water filtration. CNT based membranes can
be cleaned efficiently by using some physical methods like
sonication and autoclaving. Their electrical conductivity
could also be useful for flux regeneration using principles
of electrochemistry. Based on the findings on the high
water flux within CNT pores, it is very attractive to man-
ufacture CNT membrane for desalination purposes with
high permeability and high salt rejection. To date, however,
many challenges still remain to synthesize the CNT mem-
branes reproductively, cost effectively, and with uniform
pore size distributions. Additional practical considerations
include the potential fouling of CNT membranes by algae
and other contaminants.

In brief, the following conclusions can be drawn based
on the above discussions: (1) CNTs can act as more
effective adsorbent than activated carbon in terms of larger
adsorption capacity, superior adsorption selectivity, shorter
equilibrium time and easier regeneration. The adsorption
potential of CNTs can be predicted using molecular sim-
ulations. (2) CNTs can serve as efficient catalyst support
owing to their high electrical conductivity, high strength
and adsorption capacity. The combination of TiO2 and
CNT can achieve better charge separation and improved

visible photoactivity. (3) CNTs have great potential in fil-
tration application. Bacteria and viruses can be effectively
removed by CNT filters through adsorption and microbe
killing. CNT blended polymeric membranes exhibit better
anti-fouling ability, higher strength and water permeability.
The most attractive virtue lies in the potential of using
CNT membrane for water desalination with both high
flux and high selectivity. Challenges still remain in the
precise control of CNTs in terms of vertically align,
uniform dispersion and tip opening and functionalization.
Cost is another concern in industry-level manufacture of
CNT membranes. (4) Before using CNTs in real water
treatment devices, the potential risk of CNT leaking should
be evaluated prudently, since CNTs have been shown to
exhibit cytotoxicity.
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