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a  b  s  t  r  a  c  t

The  purified  and  oxidized  multi-walled  carbon  nanotubes  (MWCNTs)  with  different  oxygen  contents  are
employed  as  adsorbents  to  study  their  physicochemical  properties  and  adsorption  behaviors  of  toluene,
ethylbenzene  and  m-xylene  (TEX)  in  aqueous  solutions.  The  results  demonstrate  that  adsorption  capacity
is significantly  enhanced  for 3.2%  surface  oxygen,  but  is dramatically  reduced  for 5.9%  oxygen  concentra-
tion.  The  adsorption  kinetics  is  investigated  and  fitted  with  pseudo-second-order  model.  The  adsorption
isotherms  are  found  to  be  fitted  with  Langmuir  model.  More  interestingly,  with  the  increasing  of  surface
oxygen  content,  maximum  adsorption  capacities  firstly  increased,  and  then,  began  to  decrease.  In  the
first stage,  dispersion  is the  most  important  factor.  A better  dispersive  interaction  increases  the  avail-
able  adsorption  sites,  which  consequently  can be  favorable  for the  aqueous  phase  adsorption.  Therefore,
urface oxygen content maximum  adsorption  capacity  is  remarkably  enhanced  with  the  increasing  of  oxygen  content,  which  is
according  with  our results.  However,  in  the  second  stage,  when  oxygen  content  increases  to  a  certain
extent,  hydroxyl  groups  cause  water  clusters  formation  on  the  surface  or  tube  end  of  MWCNTs,  which
hinder  the  interaction  between  TEX  and  MWCNTs.  Consequently,  more  oxygen  content  leads  to the
decrease  in  maximum  adsorption  capacity.  The  decrease  indicates  that  the  formation  of  water  clusters
plays a  more  important  role  than  the  better  dispersion  of  MWCNTs  for  TEX  adsorption.
. Introduction

In the last few decades, one of the most commonly toxic pol-
utants is the petroleum hydrocarbons due to release of petrol,
asoline, diesel, petrochemical products from storage tanks, wastes
rom oil industries and improper disposal of hazardous wastes. For

any years petroleum hydrocarbons in particular toluene, ethyl-
enzene and xylene (TEX) have drawn the widespread attention of
esearchers because groundwater contaminated by TEX is a very
erious problem and many communities in the world depend upon
roundwater as sole or major source of drinking water. Conse-
uently, sustainable and efficient wastewater treatment for TEX

s significantly needed.
Carbon nanotubes (CNTs), a new member of the carbon fam-

ly, were first rediscovered by Lijima in 1991 [1].  Because of
heir highly porous and hollow structure, large specific surface
reas, surface functional groups and hydrophobic surfaces, CNTs

ave aroused widespread attention as a new type of adsorbents

or the removal of various inorganic and organic pollutants from
arge volumes of wastewater. The strong adsorption affinity of

∗ Corresponding author. Tel.: +86 21 34203731; fax: +86 21 54747461.
E-mail address: wuyanqing@sjtu.edu.cn (Y. Wu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.048
© 2011 Elsevier B.V. All rights reserved.

CNTs towards organic contaminants [2,3], such as TEX [3–7], pol-
yaromatics [8–12], chlorophenols [13–15],  1,2-dichlorobenzene
[16], nitrobenzene [11,17],  phenolic compounds [18,19], amino
acid [20], herbicide [21,22],  natural organic matters [23–25],  and
dyes [26–28] was  investigated experimentally or numerically.
The adsorption capacity of organic pollutant via CNTs is mainly
attributed to the pore structure and the surface oxygen-containing
functional groups. Surface functionalization of CNTs is aimed for
easy processing, and meanwhile, their adsorption properties with
organic chemicals can be altered greatly. The influence of sur-
face oxidation on the adsorption of several typical hydrophobic
organic chemicals has been reported [8–10,29,30]. But few studies
have discussed the adsorption characters of toluene, ethylbenzene
and m-xylene on different oxidized MWCNTs from aqueous solu-
tions. Furthermore, there are the lack of relationships between
surface oxidation and adsorption properties. During CNT surface
functionalization, purification, or exposure to oxidizing agents after
release to the environment, CNTs will eventually be oxidized [10].
Therefore, a better understanding of toxicology and adsorption
properties of oxidized CNTs is of importance for CNT environmental

risk assessment.

In this paper, MWCNTs are synthesized by the floating catalytic
chemical vapor deposition method (CVD) [31], and a highly efficient
and nondestructive purified approach has been studied detailed in

dx.doi.org/10.1016/j.jhazmat.2011.06.048
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wuyanqing@sjtu.edu.cn
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ur previous work [32]. Based on our previous research results,
he MWCNTs will be oxidized by NaClO solutions with different
oncentrations, and then employed as adsorbents to study their
hysicochemical properties and adsorption characteristics of TEX

n aqueous solutions. To eliminate the effects of different oxidants
n the adsorption capacity, only the NaClO solutions will be used
s the same oxidant to modify the surface of MWCNTs. Adsorp-
ion mechanisms will be better understood by investigating the
dsorption behaviors of TEX onto MWCNTs with different oxygen
ontents.

. Materials and methods

.1. MWCNTs preparation and purification

The present MWCNTs are prepared by the CVD method [31].
thanol is used as carbon feedstock, ferrocene as catalyst, and
hiophene as growth promoter. Details on the pristine MWCNTs
reparation are given in Supporting Information.

The pristine sample in a quartz boat is put in a quartz tube and
eated in air at 400 ◦C for 45 min  to oxidize Fe nanoparticles. Air

s introduced into the quartz tube at a slow rate to provide oxygen
ontinuously. After air oxidation, the oxidized sample is further
eat-treated at 800 ◦C or 900 ◦C for 60 min  under the protection of
rgon gas, and then refluxed in 3 M HNO3 for 3 h. The samples after
cid treatment are filtered and rinsed with distilled water until the
ltrate became neutral.

.2. Surface modification and characterization of MWCNTs

After the purification treatment, the purified MWCNTs are
xidized by different concentration of NaClO (70% purity). The dif-
erent concentrations are 30% NaClO (70 mL  H2O + 30 mL  NaClO)
olution, 15% NaClO (85 mL  H2O + 15 mL  NaClO) solution and 3%
aClO (97 mL  H2O + 3 mL  NaClO) with magnetic stirring at ambient

emperature for 12 h. After oxidation, the mixture is filtered and the
ltered solid is washed repeatedly, until the filtrate become neutral.
he filtered solid is dehydrated subsequently using vacuum dry-
ng oven at 120 ◦C for 8 h. The purified and oxidized MWCNTs are
abeled as CNTs-2.0%O, CNTs-3.2%O, CNTs-5.9%O and CNTs-4.7%O
ccording to their oxygen contents, respectively.

The microstructure and morphology of the purified and oxidized
WCNTs are analyzed by high resolution transmission electron
icroscopy (HRTEM, JEOL 2100F, accelerating voltage of 200 kV,

apan). The crystal phase of adsorbents is characterized by X-ray
iffractometer (XRD, Bruker D8 Advance, Bruker AXS, Germany)
sing Cu K� radiation (40 kV and 40 mA). The specific surface
rea and pore size distribution of adsorbents are calculated from

he adsorption–desorption isotherms of N2 at 77 K by multi-point
ET, MP  method and BJH method [33,34] using a BELSORP instru-
ent (BEL, Japan, Inc.). Details of N2 adsorption experiments are

iven in Supporting Information. The surface functional groups

Fig. 1. TEM of CNTs-2.0% O (a,a1
terials 192 (2011) 1370– 1379 1371

of adsorbents are detected by a Fourier Transform Infrared Ray
(FTIR) Spectrometer (NICOLET 5700, America Spectrum One, Perkin
Elmer, MA,  USA) from 4000 to 400 cm−1. X-Ray photoelectron
spectroscopic (XPS) analysis are carried out in a Kratos Axis Ultra
DLD Spectrometer, using monochromated Al Ka X-rays, at a base
pressure of 1 × 10−9 Torr. The surface chemistry on MWCNTs can
have acidic as well as basic properties and can be conveniently
determined by titration method [35]. The amount of acidic sur-
face oxygen groups (carboxylic, lactonic, and phenolic groups)
is determined using Boehm titration method [35] (Details given
in Supporting Information). The number of basic sites is deter-
mined from the amount of HCl that reacts with the MWCNTs. TA
Instruments® Q600 SDT thermal analyser is used for high resolution
thermogravimetric analysis (TGA), differential thermal analysis
(DTA) of adsorbents. TGA and DTA curves are obtained by heat-
ing approximately 10 mg of finely samples from 40 to 900 ◦C at a
heating rate of 10 ◦C/min in air atmosphere.

2.3. Batch adsorption experiments

Batch adsorption experiments are conducted in 50 mL
headspace bottles equipped with Teflon-lined screw caps with
20 mg  MWCNTs and 50 mL  TEX solution of different initial con-
centrations, which result in almost no headspace. The initial
concentration of solutions are in the range of 15–110 mg/L for
toluene, 10–80 mg/L for ethylbenzene and m-xylene. Sample
bottles are shaken on a shaker (TS-2102C, Shanghai, China) and
operated at a constant temperature of 20 ◦C and 180 rpm for 10 h.
All the adsorption experiments are conducted at least in duplicate,
and only the mean values have been reported. The maximum
deviation for the duplicates is usually less than 5%. The blank
experiments without the addition of MWCNTs are conducted to
ensure that the decrease in the concentration is actually due to
the adsorption of MWCNTs, rather than by the adsorption on glass
bottle wall or via volatilization. After equilibrium is achieved,
the TEX concentration of the supernatant solutions is analyzed
by gas chromatograph (GC 2010, Shinmadzu Corporation, Japan)
with flame ionization detection (GC-FID) [36]. Kinetic studies
are performed with 46, 56 and 47 mg/L initial concentration for
toluene, ethylbenzene and m-xylene, respectively. To study the
adsorption thermodynamic, the temperature of batch experiment
is held at 10, 20 and 45 ◦C. To study the effects of solution pH on
adsorption capacity, batch experiment are conducted in the initial
pH range of 2.0–10 with 31, 40 and 32 mg/L initial concentration
for TEX, respectively. The initial pH is adjusted using 0.05 M HCl or
0.05 M NaOH solution.
The amount of adsorbed TEX on adsorbents (qe, mg/g) can be
calculated as follows:

qe = (C0 − Ce) × V

m
(1)

) and CNTs-4.7% O (b,b1).
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produced or two  tips of some MWCNTs may  be opened, and thus
the total surface area will significantly increase compared with 15%
NaOCl.
ig. 2. X-ray diffraction (XRD) patterns of the purified and oxidized MWCNTs.

here C0 and Ce are the initial and equilibrium TEX concentrations
mg/L),respectively; V is the initial solution volume (L); and m is
he adsorbent weight (g).

. Results and discussion

.1. Physicochemical characterization of MWCNTs

It is known that oxidants can alter structural and physical prop-
rties of MWCNTs [37,38]. The effects of different concentration
aClO solutions were evaluated on structural integrity, surface area
nd pore distribution.

TEM analysis (see Fig. 1) show that the MWCNTs remain struc-
urally intact after oxidation, which is consistent with Cho’ report
10]. The size of outer diameter is less than 10 nm.  The TEM images
f CNTs-3.2%O and CNTs-5.9%O are similar to that of CNTs-4.7%O
nd both of their images were not shown in the paper for clarity.
he XRD patterns of MWCNTs with different oxygen contents are
hown in Fig. 2. These patterns illustrate the characteristics of a typ-
cal MWCNT structure, which indicates a typical peak of graphite
t 2� = 26.1◦ [39]. After the MWCNTs are oxidized, the XRD results
learly demonstrate that the graphitic structures are still preserved
n the carbon nanotubes.

The pore size distribution curves of purified and oxidized MWC-
Ts (see Fig. 3) can be calculated from the adsorption–desorption

sotherms of N2 at 77 K. The physical properties of the purified and
xidized MWCNTs are tabulated in Table 1. The results show that
he purified MWCNTs have the greatest ISA, ESA and PV. After oxi-
ation, ISA of all the oxidized MWCNTs are sharply reduced, ESA
nd PV of those are reduced, and APD slightly increased. Similar

esults have been reported in the literature [7].  Comparing CNTs-
.2%O with CNTs-4.7%O, they have similar variation trend with SSA,

SA, ESA, PV and APD, which show that they have the same phys-
cal properties according to Table 1 and Fig. 3. More interestingly,

able 1
hysicochemical properties of the purified and oxidized MWCNTs.

Sorbent SSA ISA ESA PV APD O% O%-SSA

CNTs-2.0%O 471 136 335 0.64 5.4 2.0 4.25
CNTs-3.2%O 381 61 320 0.58 6.0 3.2 8.40
CNTs-4.7%O 382 74 308 0.58 6.0 4.7 12.30
CNTs-5.9%O 327 50 277 0.49 5.9 5.9 18.04

ote: SSA = special surface area (m2/g); ISA = internal surface area (m2/g);
SA = external surface area (m2/g); PV = pore volume (cm3/g); APD = average pore
iameter (nm); O%: surface oxide (at. %) by XPS; O%-SSA means that special surface
rea normalized surface oxides values.
Fig. 3. Micropore distributions (a) and mesopore distribution (b) of the purified and
oxidized MWCNTs.

the SSA of CNTs-5.9%O has decreased greatly than CNTs-3.2%O and
CNTs-4.7%O. 15% NaClO has stronger oxidability than 3% NaClO,
and more micropores could be enlarged into mesopores or more
mesopores are destroyed. Consequently, SSA decrease. With the
increasing of oxidability for 30% NaOCl, some new pores may be
Fig. 4. FTIR spectra of the purified and oxidized MWCNTs.
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The FTIR spectra (see Fig. 4) confirmed the existence of some sig-
ificantly apparent bands of the purified and the treated MWCNTs.

t is clear that the sharp peak at 3430 (1/cm) are assigned to –OH
tretch from carboxylic groups (–COOH and –COH) [40]. The bands
t 1580 and 1405 (1/cm) are C O groups [41] and carboxylate anion
tretch mode [40]. The band at ∼1112 (1/cm) is associated to C–O
tretching of alcoholic compounds [42]. These functional groups
xisted in the external and internal surface become stronger after
xidation, which increase the surface polarity and further alter the
urface charges properties. For example, after oxidation, the zeta
otentials of CNTs-2.0%O is obviously reduced from −24.9 mV  to
33.7 mV,  −33.0 mV  and −30.8 mV  for CNTs-3.2%O, CNTs-4.7%O
nd CNTs-5.9%O, respectively, when the solution pH is near neutral.

With reference to functionality grafting, XPS is one of the surface

nalytical techniques, which can provide useful information on the
ature of the functional groups and also on the presence of struc-
ural defects on the nanotube surface. The wide scan XPS spectra of
urified and oxidized MWCNTs are shown in Fig. 5a. The XPS O1s

ig. 5. XPS spectra of adsorbents: XPS wide-scan (a), O1s (b), and C1s high-resolution spe
terials 192 (2011) 1370– 1379 1373

peaks (see Fig. 5b) of the MWCNTs confirmed the presence of some
oxygen-containing functional groups onto the MWCNTs surface.
The surface oxygen content on the MWCNTs detected by XPS mea-
surements for each treatment is given in Table 1. As is an evident,
there is a clear increase of oxygen content on the walls of MWC-
NTs for all treatments attempted here. The total surface oxygen
amounts on the purified and oxidized MWCNTs are 2.0, 3.2, 4.7, and
5.9 at. %, respectively. Deconvolution of the C1s peak (see Fig. 5c–f)
of the purified and oxidized MWCNTs show a main peak of sp2 C C
(284.38–284.53 eV) attribute to the graphitic structure. Moreover,
a peak of sp3 C–C (285.11–285.5 eV) is attributed to defects on the
nanotube structure. Peaks at 286.21–287.53 eV, 286.45–287.92 eV,
and 288.39–289.54 eV correspond to carbon atoms attached to dif-
ferent oxygen-containing moieties.
The results of Boehm titration are given in Table 2. It is clear
that the number of oxygenated acidic functional groups increases
with the increasing of oxygen content, which could be caused by
the presence of more carboxyls, phenols or lactones on the MWCNT

ctra of CNTs–2.0%O (c), CNTs–3.2%O (d), CNTs–4.7%O(e), and CNTs–5.9%O (f).
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Table  2
Surface chemistry of the purified and oxidized MWCNTs.

Adsorbents Carboxylic groups
(mmol/g)

Lactonic groups
(mmol/g)

Phenolic group
(mmol/g)

Total acidity
(mmol/g)

Total basicity
(mmol/g)

CNTs-2.0%O 0.0025 0.023 0.016 0.042 0.106
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lated by Langmuir model (see Table 3) for TEX are generally
in accordance with the order: CNTs-3.2%O > CNTs-4.7%O > CNTs-
2.0%O > CNTs-5.9%O. Based on results at the highest Ce of TEX, qm

is approximately 3 times higher for CNTs-3.2%O than for CNTs-
CNTs-3.2%O 0.0054 0.021 

CNTs-4.7%O 0.0047 0.014 

CNTs-5.9%O 0.0005 0.029 

all and may  provide more active sites for facilitating TEX adsorp-
ion. Phenolic groups predominate after oxidation as their number
ncrease from 62% to 90% of total acidity with the increasing from
.2% to 5.9% of oxygen content. Acidic and bacis surface sites coex-

st usually. The total basicity of MWCNTs also increased after the
xidation, which may  be caused by the presence of more oxygen
unctional groups and the existence of pyrone-type structures on
he edges of the polyaromaticlayers [35]. However, the origin of
urface basicity after oxidation of MWCNTs is still under discus-
ion. The result is not in accord with some previous researches that
he basiticy values decrease with the increase in the amount of
cidic surface groups [35,43]. Therefore, further studies are needed
or elucidating surface oxygen functional groups effects on TEX
dsorption.

It is well known that different structural forms of carbon can
xhibit different oxidation behaviors depending each time on the
vailable reactive sites [44,45]. Thermo gravimetric curves (TG) and
ifferential thermal analytic curves (DTA) have been widely utilized
o make qualitative and quantitative studies of the oxidative behav-
ors for various sorbents (see Fig. 6). In Fig. 6a, all the TG curves of

WCNTs exhibit three main weight loss regions. All of the MWC-
Ts are considerably stable and show a little weight loss close to 5%
elow 200 ◦C in the first region, which can be attributed to the evap-
ration of adsorbed water and the elimination of carboxylic groups
nd hydroxyl groups on the MWCNT wall [46]. The rapid weight loss
egion can be due to the decomposition of carbon in the MWCNTs.
he third region displays a little weight loss close, in which 8.4%,
.7%, 4.7%, and 3.9% remaining weight are observed at 900 ◦C for
NTs-2.0%O, CNTs-3.2%O, CNTs-4.7%O, CNTs-5.9%O, respectively.
he temperatures at which the main thermal events took place
uring the whole oxidation process may  be identified from the DTA
urves (see Fig. 6b). While for the purified MWCNTs samples, the
vents might occur at temperatures from 500 ◦C to 625 ◦C, the main
hermal oxidation took place at ∼600 ◦C, but for oxidized MWCNTs
amples having undergone lower temperature treatment. Compar-
ng CNTs-3.2%O sample with CNTs-2.0%O, it is clearly seen that the

ain thermal events temperature (Tm) is decreased from 600 ◦C
o 550 ◦C, which may  be attributed to the MWCNTs structure
estroyed by oxidants. Comparing the purified MWCNTs with oxi-
ized MWCNTs, the trend of Tm indicates that the oxygen content
trongly affects the thermal-oxidative stability of MWCNTs. The
igher oxygen content is, the lower the thermal-oxidative stability
f MWCNTs is. There is an indication that the CNTs-3.2%O is more
xidation-resistant than CNTs-4.7%O, CNTs-5.9%O.

.2. TEX adsorption isotherms and comparison of contaminants
dsorption characters

The adsorption equilibrium data of TEX on the purified and oxi-
ized MWCNTs are fitted by several well-known isotherm models
o assess their efficacies. The adsorption isotherms are presented
n Fig. 7. All isotherms exhibited non-linear and are described with
angmuir model and Freundlich model, which can be expressed

espectively as:

e = qmKlCe

1 + KlCe
(2)
0.045 0.072 0.138
0.111 0.129 0.111
0.267 0.297 0.16

qe = Kf Cn
e (3)

where Ce and qe is the concentration of contaminants in water and
adsorbent when the adsorption equilibrium reaches, respectively;
qm is the maximum adsorption capacity; Kl is the adsorption equi-
librium constant of Langmuir model; Kf and n (typically < 1) are
Freundlich constants related to adsorption capacity and adsorption
intensity of the adsorbents, respectively. The regression data for all
materials of two models are tabulated in Table 3. The coefficients
of determination R2 in Langmuir model is higher than those of Fre-
undlich model for TEX. Therefore, Langmuir model is more suitable
to simulate the TEX adsorption isotherms.

At any given value of Ce (see Fig. 7), it is an evident that the
adsorption capacity of TEX on CNTs-3.2%O is larger than those
of other materials. The maximum adsorption capacities calcu-
Fig. 6. TG(a) and DTA(b) of the purified and oxidized MWCNTs.
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Fig. 7. Adsorption isotherms of TEX on the purified and oxidized MWCNTs under pH
7
m
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m
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and the related model parameters are listed in Table 4. It is found
that the pseudo-second-order model fitted all the adsorption data
well with correlation coefficient (R2) up to 0.986–0.997 for TEX,

T
P

.  Lines through the data are based on fits obtained using the Langmuir adsorption
odel.

.9%O and almost 2 times than for CNTs-2.0%O. The maximum
dsorption capacity of CNTs-3.2%O, CNTs-4.7%O, CNTs-2.0%O, and
NTs-5.9%O, respectively, are 99.47, 59.48, 44.90 and 31.28 mg/g
or T; 115.63, 79.15, 61.12, and 40.18 mg/g for E; 112.19, 100.45,
2.82 and 48.73 mg/g for m-X.

For different adsorbents, qe values follow the orders (see Fig.S1):
-X  > E > T with different initial concentration of TEX. From Table 3

iew, qm values follow the orders: m-X  > E > T for CNTs-2.0%O, CNT-
.7%O and CNT-5.9%O with different initial concentration TEX, and
 > m-X  > T for CNT-3.2%O. Favorable adsorption of those order
f contaminants may  be attributed to the decrease in solubility
T, 515 mg/L > m-X, 175 mg/L > E, 152 mg/L), and the increase in

able 3
arameters of the Langmuir and the Fruendlich models for adsorption of TEX on the puri

Adsorbate Adsorbents Langmuir constants 

qm (mg/g) Kl (L/mg

Toluene
CNTs-3.2%O 99.47 0.010 

CNTs-4.7%O 59.48 0.011 

CNTs-5.9%O 31.28 0.041 

Ethylbenzene CNTs-2.0%O 61.12 0.021 

CNTs-3.2%O 115.63 0.031 

CNTs-4.7%O 79.15 0.008 

CNTs-5.9%O 40.18 0.040 

m-Xylene CNTs-2.0%O 62.82 0.035 

CNTs-3.2%O 112.19 0.057 

CNTs-4.7%O 100.45 0.010 

CNTs-5.9%O 48.73 0.073 
terials 192 (2011) 1370– 1379 1375

molecular weight (T, 92.15 < E, X, 106.18) and boiling point (T,
110.63 ◦C < E, 136.19 ◦C < m-X, 139.1 ◦C). Nonetheless, it is not com-
pletely consistent with physical property of adsorbates.

3.3. Adsorption kinetics

Adsorption kinetic is one of the most important characters
which govern the solute uptake rate and represents the adsorption
efficiency of the adsorbent and therefore, determines its potential
applications. The adsorption kinetics experiments of TEX on CNTs-
3.2%O are conducted under pH 7. As shown in Fig. 8a, fast initial
adsorption from liquid to the CNTs-3.2%O is obviously observed
within 60 min  for TEX, which suggests a rapid initial transfer of
TEX into the near surface boundary layers of CNTs-3.2%O. At this
stage, this maximum is a little larger than the equilibrium adsorbed
amount. When the solution begins to interact with the solid, the
large difference in solute concentration between phases causes
rapid movement of solute. Large numbers of pores in the correct
size range assist with pore-filling and capillary condensation [47],
so the solute “sorbed” in the solid becomes larger until a maximum
is reached; such solute distribution is only a transient phenomenon,
not true adsorption equilibrium. In the next stage, the new equilib-
rium distribution begins with diffusion of “sorbed” solute from solid
to solution [48]. The kinetic curve shows that the “sorbed” amount
decreases with time till the values have a stable value. This progress
is followed by a slow diffusion from externals sites to internal sites
of CNTs-3.2%O. Finally, the adsorption reaches equilibrium gradu-
ally within 6 h for TEX.

To further understand the adsorption kinetics, the pseudo-
second-order model is selected to fit the kinetic data, which is
depicted by Eq. (4) [49]:

t

qt
= 1

k2q2
e

+ 1
qe

t (4)

where qe and qt are the concentrations of TEX adsorbed on CNTs-
3.2%O at equilibrium and at various time t, respectively; k2 is the
rate constant of Eq. (4) for adsorption. Furthermore, the slope and
intercept of the linear plot of t/qt against t yielded the values of 1/qe

and 1/k2q2
e for Eq. (4).

The linear regression of adsorption kinetics is shown in Fig. 8b
indicating that the chemical interactions are possibly involved in
the adsorption processes and the adsorption capacity is propor-
tional to the number of active sites on CNTs-3.2%O [50,51].

fied and oxidized MWCNTs.

Fruendlich constants

) R2 Kf (mg/g) n R2

0.99 1.87 0.726 0.98
0.99 1.22 0.721 0.98
0.99 4.28 0.401 0.94

0.97 3.64 0.539 0.94
0.98 9.92 0.493 0.95
0.99 1.23 0.739 0.98
0.99 6.04 0.372 0.96

0.99 6.69 0.449 0.95
0.99 15.09 0.437 0.91
0.99 2.04 0.706 0.98
0.99 9.69 0.344 0.98
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in Fig. 9. The �G◦ values were negative for TEX at all three tem-
peratures, which implies that the adsorption of TEX by CNTs-3.2%O
was  spontaneous and thermodynamically favorable. Furthermore,
a more negative �G◦ implies a greater driving force of adsorption,
ig. 8. (a) Adsorption kinetics of TEX on CNTs-3.2%O under pH 7. (b) Linear regress
econd-order model.

.4. Thermodynamic analysis

The thermodynamic parameters provide in-depth information
n inherent energetic changes that are associated with adsorption;
herefore, they should be properly evaluated. To determine the
ffect of temperature on TEX adsorption, adsorption experiments
ere also conducted at 10, 20 and 45 ◦C. The effect of temperature

n the sorption of TEX is shown in Fig. 9. An increase in tempera-
ure resulted in a corresponding decrease in the adsorption of TEX.
his observation indicates that the uptake of TEX on CNTs-3.2%O
s an exothermic process. The thermodynamic parameters such as
hange in Gibbs free energy (�G◦), enthalpy (�H◦), and entropy
�S◦) are calculated by using the following equations:

G◦ = −RT ln K0 (5)

S◦ = �H◦ − �G◦

T
(6)

here K0 is the thermodynamic equilibrium constant. As the TEX
oncentration in the solution decreases and approaches to 0, values
f K0 are obtained by plotting a straight line of ln(qe/Ce) versus qe

ased on a least-square analysis and extrapolating qe to 0. Subse-
uently, the intercept of vertical axis gives the value of lnK0. The
H◦ is determined from the slope of the regression line after plot-

ing lnK0 against the reciprocal of absolute temperature, 1/T. The
◦ ◦
G and �S are determined from Eqs. (5) and (6),  respectively.
The thermodynamic parameters are listed in Table 5. The neg-

tive �H◦ indicates the exothermic nature of adsorption process
or TEX on CNTs-3.2%O, which is supported by the decrease of TEX

able 4
inetics parameters of the pseudo-second-order model for TEX on CNTs-3.2%O
nder pH 7.

Adsorbate C0 (mg/L) qe,exp (mg/g) Pseudo-second order parameter

K2 g/(mg  h) qe,cal (mg/g) R2

T 46.2 22.93 0.116 23.42 0.986
E  56.8 58.28 0.095 57.47 0.995
M-X  47.2 61.34 0.134 60.98 0.997
 kinetics plots. Lines through the data are based on fits obtained using the pseudo-

adsorption onto CNTs-3.2%O with a rise in temperature, as shown
Fig. 9. Adsorption isotherms of TEX on CNTs-3.2%O at various temperatures.
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Table  5
Thermodynamic parameters on the adsorption of TEX by CNTs-3.2%O under pH 7.

Temperature (K) lnK0 �G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (kJ/mol)

Toluene 283 1.57 −3.69 −70.49
293 1.06 −2.59 −23.64 −71.84
318 0.43 −1.13 −70.78

Ethylbenzene 283  2.02 −4.76 −43.59
293  1.66 −4.04 −17.10 −44.59
318  1.20 −3.17 −43.82

m-Xylene 283  1.89 −4.45 −27.25
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293 1.69 

318 1.36 

esulting in a higher adsorption capacity (see Fig. 9 and Table 5).
he negative �S◦ indicated the decrease in randomness at the
olid/liquid interface during adsorption of TEX on CNTs-3.2%O.

.5. Influence of MWCNTs with surface oxygen contents on TEX
dsorption

From Fig. 7 view, it is evident that qe is significantly enhanced
ith the CNTs-3.2%O, but is dramatically reduced with the CNTs-

.9%O. And the order of equilibrium adsorption amounts (qm) of
EX from the greatest is CNTs-3.2%O, CNTs-4.7%O, CNTs-2.0%O,
nd CNTs-5.9%O. From Table 1 view, the trend of qm is not signif-
cantly consistent with the changes of surface area, pore diameter
r pore volume, but is greatly in agreement with the surface oxy-
en contents of MWCNTs. This suggests that changes in equilibrium
orption capacity upon oxidation are principally caused by changes
n surface chemistry, notably surface oxygen content. Since the
urface area is one of factors influencing the adsorption capacity,
urface oxygen contents of MWCNTs are normalized by SSA (see
able 1) to analysis the influence of MWCNTs with different surface
xygen contents on TEX adsorption. This is well described in terms
f the maximum adsorption volume (qm) from Langmuir adsorp-
ion model, as shown in Fig. 10.  The results in Fig. 10 and Table 1
eveal that a 4.15% increase in oxygen concentration from 4.25% to
.4% leads to a 122%, 89%, 79% increase in maximum sorption capac-

ty for TEX adsorption, a 8.05% increase from 4.25% to 12.3% leads to

 32%, 29%, 60% increase for TEX adsorption, but more interestingly,
 13.79% increase from 4.25% to 18.04% leads to a 30%, 34%, 22%
ecrease for TEX adsorption, respectively. Moreover, when the oxy-
en contents of MWCNTs are roughly higher than 15.27%, 14.95%,

ig. 10. Maximum adsorption capacity (qm) for TEX from the Langmuir adsorption
odel plotted against surface oxygen concentration.
−4.12 −12.91 −26.66
−3.61 −27.12

16.48% for TEX, maximum adsorption capacity will begin to lower
compared with the MWCNTs with 2.0% oxygen content on a linear
assumption for the changes (see Fig. 10).

Although maximum adsorption capacities strongly correlate
with the extent of surface oxidation, the results clearly show that
it is not a systematic increase or decrease in the extent of TEX
maximum adsorption with increasing level of oxidation. Here, sur-
face oxygen content affects two  sides, the dispersibility and water
cluster formation, which consequently can be favorable or unfa-
vorable for the aqueous phase adsorption. With the increasing of
oxygen content, from 4.25% to 8.4%, maximum adsorption capac-
ity is significantly enhanced. Similar results have been reported for
BTEX adsorption on MWCNTs [6,7]. The results of Boehm titration
indicated that total acidity functional groups increases with the
increasing of oxygen contents. In this stage, the main purpose of
the surface functionalization of the MWCNTs is to improve their
hydrophilicity and dispersibility in aqueous solutions. A better dis-
persion (see Fig.S2)  of the MWCNTs in water increases the available
adsorption sites, which consequently can be favorable for the aque-
ous phase adsorption. Therefore, the dispersive interactions are
predominant. TEX are in the molecular form in the whole ranges
of pH, and thus, the adsorption mechanism of TEX via MWCNTs
is mainly attributed to the �–� electron-donor–acceptor interac-
tion between the electronic density in the TEX aromatic rings and
the � orbital on the MWCNTs [52,53]. At the second stage, when
the surface oxygen concentration increases to a certain extent, for
example, from 8.4% to 12.3%, MWCNTs lead to lower TEX adsorp-
tion capacity than that of CNTs-3.2%O, but still higher than that of
CNTs-2.0%O. Although their dispersion is also improved by surface
functionalization in aqueous solutions, it remarkably decreases the
maximum adsorption capacities of TEX due to water cluster for-
mation caused by introduced phenolic groups on the surface or
tube end of MWCNTs through hydrogen bonding at hydrophilic
sites, which is in agreement with Wang’s report [54]. Here, their
dispersion plays a more important role than the water cluster for-
mation, and thus, the adsorption is considerably higher than that
of CNTs-2.0%O. When oxygen concentration goes on increasing, for
example, from 12.3% to 18.04%, MWCNTs significantly decrease in
maximum adsorption capacity, and even lower than CNTs-2.0%O.
In this process with the increasing of oxygen concentration and
phenolic groups, the overall decrease in the adsorption of TEX indi-
cates that water cluster formation plays a more important role in
the adsorption of TEX than the better dispersion of MWCNTs in
water, and thus, the maximum adsorption of TEX on CNTs-5.9%O
is less than on CNTs-2.0%O. The decrease in adsorption after oxida-
tion of CNTs has also been observed for polyaromatics in previous
studies [8,10,30,43].

Furthermore, TEX adsorption capacity is in agreement with the

order of carboxylic groups though these concentrations are rel-
ative low (CNTs-3.2%O > CNTs-4.7%O > CNTs-2.0%O > CNTs-5.9%O),
which indicated carboxyls groups may  play a key role in TEX
adsorption. And the electrostatic interaction between the TEX
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Fig. 11. Effect of initial pH on TEX adsorption on CNTs-3.2%O.

olecules and the MWCNTs surface may  also explain the observa-
ion of high TEX adsorption via the purified MWCNTs and oxidized

WCNTs. Since the TEX molecules are positively charged, which
ave been reported in the literature for TEX adsorption on MWC-
Ts, adsorption of TEX is thus favored for adsorbents with a
egative surface charge [2,7,18]. The zeta potentials of the CNTs-
.2%O and CNTs-4.7%O at a pH of 7 are −33.7 and −33.0 mV,  which
lso leads to a high TEX adsorption for the electrostatic attraction
8,10,30].

.6. Effect of initial pH on adsorption

To gain further insight into the adsorption process, the effect of
nitial pH on the adsorption of TEX by CNTs-3.2%O is studied and
he results are presented in Fig. 11.  It is observed that three adsor-
ates have the similar changes with the effect of initial pH. With

ncreasing pH values, the adsorption capacity for TEX first slightly
ecreases and then increases, finally a little decreases again. TEX
as the maximum value of the adsorption capacity under pH 7.
verall, the adsorption of TEX on CNTs-3.2%O is not greatly sensi-

ive with initial pH variation of the solution, reflecting high stability
f CNTs-3.2%O as TEX adsorbents in wide range of solution pH,
hich is consistent with the previous research [5,6].

. Conclusion

MWCNTs are fabricated by CVD methods and oxidized by
ifferent concentration NaClO solutions to avoid the effects of dif-
erent oxides. The purified and oxidized MWCNTs are employed as
dsorbents to study their physicochemical properties and adsorp-
ion performance of three priority pollutants namely TEX in an
queous solution. The results indicate that the qe is significantly
nhanced with CNTs-3.2%O and CNTs-4.7%O, but is markedly
educed by CNTs-5.9%O. Langmuir model is more suitable to sim-
late the TEX adsorption isotherms than Freundlich model. The
dsorption kinetics for TEX onto CNTs-3.2%O is well accurately
epresented by the pseudo second-order model. Thermodynamic
tudy shows endothermic, entropy favorable and spontaneous
dsorption behavior of TEX by CNTs-3.2%O. The maximum adsorp-
ion capacity (qm) of TEX is approximately 3 times higher for
NTs-3.2%O than for CNTs-5.9%O and almost 2 times than for CNTs-

.0%O. The trend of qm is strongly correlation with the extent of
urface oxygen contents of MWCNTs. This suggests that changes
n equilibrium adsorption capacity upon oxidation are principally
aused by changes in surface chemistry, notably surface oxygen

[

[

terials 192 (2011) 1370– 1379

content. With increasing level of oxidation, the maximum adsorp-
tion capacities for TEX divide into two  stages. At the first stage,
maximum adsorption capacity is significantly enhanced with the
increasing of oxygen content. The surface functionalization of the
MWCNTs can improve their dispersibilities in aqueous solutions.
A better dispersion in water will increase the available adsorp-
tion sites, and thus, the dispersive interactions are predominant. At
the second stage, when the surface oxygen concentration increases
to a certain extent, MWCNTs lead to lower maximum adsorption
capacity for TEX. Surface functionalization remarkably decreases
the TEX adsorption due to water cluster formation caused by
oxygen-containing functional groups on the surface or tube end
of MWCNTs. The overall decrease in the adsorption of TEX indi-
cates that water cluster formation played a more important role
in the TEX adsorption than the better dispersion of MWCNTs in
water. Consequently, the proper control of oxygen content would
be beneficial to maximize the absorption capacity of MWCNTs.
Furthermore, the electrostatic interaction is one of the adsorption
mechanisms of TEX via MWCNTs. The adsorption capacities of TEX
on CNTs-3.2%O appear no significant changes with solution pH,
reflecting good stability of CNTs-3.2%O as TEX adsorbents in wide
range of solution pH. The results highlight the important role of
surface oxygen contents in controlling the adsorption properties of
TEX onto MWCNTs in wastewater treatment.
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