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Kinetics and thermodynamic studies were conducted for the adsorption of 2,3-dichlorophenol, as an
example of persistence organic pollutants, on pristine multi-walled carbon nanotubes (MWCNTs) in
aqueous solution. The adsorption of 2,3-dichlorophenol was found to be dependent on mass of MWC-
NTs, concentration, solution pH, and adsorption temperature. MWCNTs were found to be an excellent
adsorbent for the removal of 2,3-dichlorophenol from aqueous solutions in a very short period of time. A
comparison of the kinetic models and the overall adsorption capacity was best described by the pseudo
dsorption
ulti-walled carbon nanotubes

inetics
hermodynamics
hlorophenols
queous solution

second-order kinetic model. The kinetics of the adsorption showed that the adsorption is mainly due
to the diffusion of 2,3-dichlorophenol from the aqueous phase to the solid phase. The adsorption of
2,3-dichlorophenol on pristine MWCNTs at different temperatures was studied. The thermodynamic
parameters showed that the adsorption process is product favored, and becomes more so at lower tem-
perature, since the adsorption is exothermic. The magnitude of the enthalpy suggests a weak type of
bonding between the 2,3-dichlorophenol and the MWCNTs. The entropy values were negative, indicating

s mor
that 2,3-dichlorophenol i

. Introduction

There has been increasing concern and more stringent regula-
ion standards pertaining to the discharge of persistence organic
ollutants to the aquatic environment, due to their toxicity and
etriment to living species including humans. Persistence organic
ollutants are non-degradable and can accumulate in living tis-
ues, so they must be removed from polluted water. Chlorophenols
re one of these harmful and toxic persistence organic pollutants,
hich are commonly used in a number of industrial applications

uch as biocides and wood preservation, in addition produced as
i-products of many other processes. Chlorophenols are sparingly
oluble in water (less than 1 g/l at 25 ◦C) but the removal of these
oxic compounds from aqueous systems represents a problem,
specially when it is present at very low concentrations. Cur-
ent methods for removing chlorophenols from polluted water
nclude microbial degradation, adsorption on activated carbon,
iosorption, chemical oxidation, deep-well injection, incineration,

olvent extraction and irradiation [1–6]. Among these methods,
dsorption is a promising and widely applied method due to its
ost-effectiveness and the ability to recycle both of the pollutants
adsorbate) and the adsorbents. A number of materials, includ-

∗ Corresponding author. Tel.: +966 500 55 8045; fax: +966 2 6952292.
E-mail address: mmokhtar2000@yahoo.com (M. Mokhtar).
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e ordered on the aqueous phase than at the MWCNTs surface.
© 2010 Elsevier B.V. All rights reserved.

ing activated carbon [1], fungus [3], hollow fiber [4], red mud [7],
fly ash [8], and many other adsorbents, have been reported to be
capable of adsorbing chlorophenols from aqueous solutions. But
efforts dedicated to exploring new effective adsorbents continue
to grow. Carbon nanotubes (CNTs), a new member in the carbon
family, were first reported following arc-discharge synthesis of C60
by Iijima in 1991 [9]. Carbon nanotube is one of the most suitable
candidates because it has a wide range of length scale and it is
capable of forming a carboxylic group on the surface [10]. Different
diameter and chirality of nanotubes give rise to diverse chemical,
physical and mechanical properties [11–13]. Many research stud-
ies have showed the ability of carbon nanotubes to adsorb different
pollutants from various aqueous samples [14–20]. This ability of
CNTs; compared with other adsorbents, is due to strong interac-
tion between the CNTs surface and the pollutants due to the unique
structure of CNTs as a result of the delocalized �-electrons on the
hexagonal arrays of carbon atoms in grapheme sheets of CNTs sur-
face. Despite of the fact that the cost of carbon nanotubes is quite
expensive compared with other conventional treatment methods,
but there production cost is getting lower and the unique properties
of these tubes made them a promising material for environmental

remediation. In spite of this very strong adsorption capability of
carbon nanotubes towards different pollutants, the studies on the
adsorption of organic pollutants such as chlorophenols by MWC-
NTs are still scarce in literature. Kinetic studies are very important
factors for understanding the mass transfer of different analytes for

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mmokhtar2000@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.03.217
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Fig. 1. SEM images of pristine MWCNTs.
8 M.A. Salam et al. / Journal of Allo

he bulk phase to an adsorbent such as MWCNTs and to determine
he different conditions affecting this transfer. Thermodynamics
alculation of the adsorption process is required to understand
he mechanism of adsorption and spontaneity, as well, the heat of
dsorption by calculating different thermodynamic parameters of
he adsorption. In this research work, kinetic and thermodynamic
tudies were performed for the adsorption of 2,3-dichlorophenol
DCP), as an example of persistence organic pollutants, on pristine

ulti-walled carbon nanotubes (MWCNTs) in aqueous solution in
rder to achieve a better understanding of the adsorption process
nd enhance the efficiency of chlorophenols removal from polluted
ater.

. Experimental details

.1. Materials

Multi-carbon nanotubes (>80% purity) produced using chemical vapour depo-
ition and iron as catalysts were purchased from Sun Nanotech (China) and they
ere used as received without any pretreatment. A scanning electron micro-

cope (SEM); JEOL JSM-5600 Digital Scanning Electron Microscope, was used to
haracterize the MWCNTs for its morphological information. Texture properties
f the prepared samples were determined from nitrogen adsorption/desorption
sotherms measurements at 77 K using a model NOVA 3200e automated gas sorp-
ion system (Quantachrome, USA). Prior to measurement, each sample was degassed
or 3 h at 200 ◦C. The specific surface area, SBET, was calculated by applying the
runauer–Emmett–Teller (BET) equation [21]. Pore size distribution was generated
y the Barrett–Joyner–Halenda (BJH) [22] analysis of the desorption branches, and
alues of the average pore size were calculated. Microporosity was assessed from
he t-plot method, using Harkins–Jura correlation [23] for a t-plot as a function of
he normalized pressure, p/po. Surface areas obtained by the t-plot method, St were
alculated from slope analysis of the t-plots. 2,3-dichlorophenol was obtained from
erck (>98%) was chosen as the target compound to represents chlorophenols and

ersistent organic pollutants.

.2. Kinetic adsorption experiments

The determination of 2,3-dichlorophenol concentration was performed using
ambda EZ150 UV/Vis Spectrophotometer at a wavelength of 276 nm. The blank
sed in the experiment was distilled water without any 2,3-dichlorophenol. Kinetic
dsorption experiments were carried out to establish the effect of time on the
dsorption process and to identify the adsorption rate. The experimental procedures
re described as follows. (1) Prepare a series of 1-L solutions containing different
CP concentrations. (2) Measure initial pH and then add a given amount of the
WCNTs (0.5 g/l) into the solution. (3) Agitate these solutions on a magnetic stirrer

t 400 rpm for 2 h at room temperature (298 ± 2 K). (4) At the completion of pre-
et time intervals, a 5 mL of solution was taken and immediately filtered through
0.45 �m membrane filter (supor-450, 25 mm, Gelman Sciences Ann Arbor, MI,
SA) to collect the supernatant. (5) Determine the residual DCP concentration in

he supernatant. The residual DCP concentration in the supernatant was analyzed
sing a Lambda EZ150 UV/Vis Spectrophotometer. The amount of DCP adsorbed
as determined as the difference in concentration between samples withdrawn at

wo consecutive time intervals during the course of the adsorption experiments.
he adsorption capacity of the MWCNTs, qt (mol g−1), which represents the amount
f DCP adsorbed per amount of MWCNTs, was then calculated by a mass–balance
elationship using Eq. (1):

= (C0 − Ct )V
m

(1)

here C0 and Ct are the concentrations of DCP in solution (mol l−1) at time t = 0
nd t, respectively, V is the volume of the solution (l), and m is the mass of the dry
dsorbent used (g).

. Results and discussion

.1. Characterization of multi-walled carbon nanotubes

Scanning electron microscope imaging was used to study the
orphological surface of the pristine MWCNTs and a represen-

ative image is presented in Fig. 1. It is clear from the figure

hat the pristine MWCNTs are highly tangled tubes with average
iameter between 80 and 150 nm. Nitrogen adsorption/desorption

sotherm for pristine MWCNTs were determined from N2 adsorp-
ion isotherm measured at 77 K and the results are presented in
ig. 2. The isotherm obtained is classified as type IV isotherm with

Fig. 2. N2 adsorption/desorption isotherm of MWCNTs.
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Table 1
Figures of merit for the determination of the 2,3-dichlorophenol using UV–vis spec-
trophotometer from aqueous solution.

Figure of merit Value

Linear dynamic range (LDR) (M) 1 × 10−5 M to 1 × 10−3 M
Sensitivity (Slope of the calibration curve) 1581
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when the pH of the solution is equal or more than its pKa. For our
target analye, 2,3-dichlorophenol, had pKa value equal to 7.8 [26].
The effect of the pH on the adsorption 2,3-dichlorophenol from
aqueous solution was studied at different pHs and the results are
Correlation coefficient (R2) 0.999
Limit of detection LOD (ng/ml) 1 × 10−6 M
LOQ: limit of quantification (ng/ml) 3.3 × 10−6 M

3 type hysteresis loops according to the original IUPAC classifi-
ation [24]. However, according to the extended classification of
dsorption isotherms [25] the isotherm is classified as type IIb
sotherms. The specific surface area for the pristine MWCNTs was
alculated from the BET-equation and was found to be 258 m2 g−1.
he total pore volume Vp, and pore size Wp were obtained for the
ristine MWCNTs and were found to be 0.32 cc g−1 and 25–27 Å,
espectively.

.2. Method development for the determination of
,3-dichlorophenol

The analytical figures of merit for the determination of the
,3-dichlorophenol using UV–vis spectrophotometer were calcu-

ated from its calibration curve and the results are presented in
able 1. The calibration curves were linear for 2,3-dichlorophenol
ithin the experimental concentration range from 1 × 10−5 M till
× 10−3 M with a correlation coefficient (R2) greater than 0.995
nd the sensitivity of the spectrophotometer for the target analyte
n aqueous solution was 1581; slope of the calibration curve. The
imit of detection (LOD), defined as the concentration giving a sig-
al three times the standard deviation of blanks (signal/noise ratio
f 3), was measured by integrating blank peak areas for each ana-
yte in ten (10) independent performances in distilled water as the
lank was found to be 1 × 10−6 M. The limit of quantification (LOQ)
as the lowest analyte concentration that could be quantified in
sample with acceptable relative standard deviation (RSD) under

he stated operational conditions of the method. LOQ was deter-
ined as the analyte concentration corresponding to a signal/noise

atio of 10 and it was found to be 3.3 × 10−6 M. The average rela-
ive standard deviation was 9.0%, showing the good reproducibility
f the UV–vis spectrophotometer for the determination of the 2,3-
ichlorophenol.

.3. Adsorption study

The adsorption of any analyte into a solid adsorbent is mainly
ffected by different factors such as the adsorbent mass, the analyte
oncentration, as well as the pH of the solution, especially when the
arget analyte contains acidic hydrogen ion such as chlorophenols.

.3.1. Effect of mass
The effect of MWCNTs mass on the % DCP adsorbed from aqueous

olution was studied at a DCP concentration of 1 × 10−4 M solution
nd the results are shown in Fig. 3. Three different masses of MWC-
Ts were used: 50 mg, 100 mg, and 200 mg. It is clear from the figure

hat increasing the amount of adsorbent leads to increasing the %
f the analyte adsorbed. The % DCP adsorbed from aqueous solu-
ion increased from 50% to 71% and to 94% when 50 mg, 100 mg, and
00 mg of MWCNTs were used, respectively. This may be due to the

act that increasing the adsorbent mass may affect the adsorption
s it increases the exposed surface area and the number of binding
ites which are available for adsorption and hence increased the %
CP adsorbed from aqueous solution.
Fig. 3. Effect of MWCNTs mass on the adsorption of DCP from aqueous solution.

3.3.2. Effect of 2,3-dichlorophenol concentration
The effect of DCP concentration on the adsorption behavior of

MWCNTs was studied at a mass of 100 mg and the results are
shown in Fig. 4. Generally, it is clear from the figure that increas-
ing the concentration of 2,3-dichlorophenol while keeping the
amount of the adsorbent constant leads to the reduction in the
% adsorbed. The % of 2,3-dichlorophenol adsorbed from aqueous
solution decreased from 72% to 42% and to 35%, when 1.0 × 10−4 M,
4.0 × 10−4 M, and 8.0 × 10−4 M solution were used, respectively. In
other words, increasing the concentration of the DCP eight folds
(×8), from 1.0 × 10−4 M to 8.0 × 10−4 M, resulted in 50% reduction
in the adsorbability of the pristine MWCNTs; from 72% to 35%. This
may be due to the saturation of the active sites of the MWCNTs with
the 2,3-dichlorophenol molecules at higher concentrations.

3.3.3. Effect of pH
One of the most important factors which affect the adsorption

of analytes from aqueous solution is the pH. This is because it plays
an important role in the adsorption process as the OH− and H+ ions
might compete with the other analyte for the adsorption on the
active site and/or a strong water hydration sphere around the ana-
lyte molecule. In general, it is well known that chlorophenols are
characterized by the presence of acidic H+ which might be ionized
Fig. 4. Effect of DCP concentration on the adsorption from aqueous solution.



90 M.A. Salam et al. / Journal of Alloys and Compounds 500 (2010) 87–92

p
v
t
w
p
c
a
c
t
e
l
n
s
o
w
t
t
7
t
a
p
t
[

3

c
t
i
m
p
d
a
m
f
c
s
n
3
fi
o
t
w
a
t

Whereas, when the pseudo second-order adsorption equation was
used, it converged with clear straight line and high correlation coef-
ficient (R2). From the results, it is clearly seen that the equilibrium
adsorption from the pseudo second-order model are much close to
the experimental data, suggesting better application of the second-
Fig. 5. Effect of the solution pH on the adsorption of DCP by MWCNTs.

resented in Fig. 5. Three different pHs were used: a 3.6 which is
ery acidic and much lower than the pKa value, a 7.6 which is almost
he same like the pKa value and similar to the pH of the natural
aters, and finally at pH 11.0 which is basic and much more than the
Ka value. At pH 3.6, the adsorption of the 2,3-dichlorophenol was
onsiderably low and this may be due to the fact that H+, which have
lmost the same concentration (1 × 10−4 M) out-compete with the
hlorophenol for the same active sites [27,28]. When the pH of
he solution increased from 3.6 to 7.6 the adsorption was greatly
nhanced, increased from 54% to 72%. At this pH, which is slightly
ower than the pKa value, most of the chlorophenol molecules were
ot ionized and there were not any competitions with any other
pecies which existed in the solution for the active sites available
n the MWCNTs surface. Meanwhile, when the pH of the solution
as increased from 7.6 to 11.0; higher than the pKa value, most of

he chlorophenol molecules were present in their ionized; nega-
ive ions. This leads to the drastic decrease in the adsorption from
2% to 26%. This decrease was mostly due to the repulsion between
he MWCNTs surface and the anionic chlorophenolide ions as well
s the competition between the analytes and the hydroxyl ions
resent (higher in concentration than the chlorphenol), on the solu-
ion at such high pH, for the adsorption on the MWCNTs active sites
29,30].

.3.4. Effect of the solution temperature
The temperature of the solution is considered as another criti-

al factor which may affect the adsorption process greatly. Also, if
he removal efficiency of a certain pollutant from aqueous solution
s temperature dependent, which is the case most of the time, it

ight affect the suitability of the adsorbent as increasing the tem-
erature mostly consumes fuel and time. Generally, the adsorption
epends on the temperature in two different ways. High temper-
ture, generally increases the rate of diffusion of the adsorbate
olecules through the solution to the external and internal sur-

ace of the adsorbent, and may change the equilibrium adsorption
apacity of the adsorbent for a particular adsorbate. The effect of the
olution temperature on the adsorption and removal of chlorophe-
ol was studied at three different temperatures: 278 K, 298 K, and
13 K. The results are presented in Fig. 6. It is obvious from the
gure that showed increasing in temperature had a great effect

n the % of chlorophenol removed from the solution. Increasing
he temperature from 278 K to 298 K, and to 313 K accompanied
ith a sharp and significant decrease in the % of 2,3-dichlorophenol

dsorbed and removed from the solution, as it decreased from 87%
o 72% and to 48%, respectively. This suggested that the adsorp-
Fig. 6. Effect of the solution temperature on the adsorption of DCP by MWCNTs.

tion and removal of DCP from aqueous solution is an exothermic
process, which will be discussed in detail at the thermodynamic
section.

3.4. Kinetics study and evaluation of the thermodynamic
parameters

A study of adsorption kinetics is desirable as it provides infor-
mation about the mechanism of adsorption, which is important
for efficiency of the process. Successful application of the adsorp-
tion demands innovation of cheap, easily available and abundant
adsorbents of known kinetic parameters, and sorption character-
istics. Adsorption kinetics can be modeled by several models – the
pseudo first-order Lagergren equation and pseudo second-order
rate equation given below as Eqs. (2) and (3), respectively.

log(qe − qt) = log qe − k1

2.303
t (2)

t

qt
= 1

k2q2
e

− 1
qe

t (3)

where k1 is the rate constant of pseudo first-order adsorption
(min−1), k2 (g mol−1 min) the rate constant of pseudo second-order
adsorption, qe and qt are amount of analyte adsorbed on adsorbent
(mol g−1) at equilibrium and at time t, respectively.

For the pseudo first-order kinetic model, plotting log(qe − qt) vs.
time (t), did not give straight lines for all the studied temperatures.
Fig. 7. Adsorption of DCP on pristine MWCNTs as amount adsorbed (mole of 2,3-
dichlorophenol/g of MWCNTs) vs. time (minutes).
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pentachlorophenol (PCP) by pristine MWCNTs. The �G◦ for the DCP
was less negative (−2.19 kJ mol−1 at 298 K) compared with PCP in
the previous study [37] (−33.7 kJ mol−1 at 298 K), while the �H◦

for the DCP was more negative (−38.3 kJ mol−1) compared with
ig. 8. Plots of pseudo second-order kinetics of 2,3-dichlorophenol on pristine
WCNTs (linear form).

rder kinetics as shown in Figs. 7 and 8. The rate constant of pseudo
econd-order adsorption; k2 (g mol−1 min), were calculated from
he plots and their values are presented in Table 2. It is obvious from
he table that increasing the temperature from 278 K to 298 K and
hen to 313 K, associated with decreasing the amount of chlorophe-
ols adsorbed at equilibrium (qe) and increase the rate constant
f pseudo second-order adsorption (k2). The pseudo second-order
ate constant of chlorophenols adsorption is expressed as a function
f temperature by the Arrhenius type relationship as it is expressed
n Eq. (4).

n k2 = ln A − Ea

RT
(4)

here Ea is the Arrhenius activation energy of sorption, represent-
ng the minimum energy that reactants must have for the reaction
o proceed, A the Arrhenius factor, R the gas constant and is equal to
.314 J mol−1 K−1, and T is the solution temperature. When ln k2 is
lotted vs. 1/T (K−1), a straight line with slope −Ea/R is obtained and
hown in Fig. 9. The activation energy is obtained as 27.1 kJ mol−1.
his suggests that the adsorption is not a chemically activated pro-
ess but a physical diffusion process.

The thermodynamic parameters such as change in standard free
nergy (�G◦), enthalpy (�H◦), and entropy (�S◦) were determined
y using the following equations [31–33]:

C = CA

Cs
(5)

G◦ = −RT ln KC (6)

n KC = �S◦

R
− �H◦

RT
(7)

here KC is the distribution coefficient for the adsorption, CA the

mount of chlorophenol (mol) adsorbed on the adsorbent per liter
f the solution at equilibrium, and CS is the equilibrium con-
entration (mol l−1) of the chlorophenol in the solution. T is the
olution temperature (K) and R is the gas constant. �H◦ and �S◦

ere calculated from the slope and intercept of van’t Hoff plots

able 2
arameters of the pseudo second-order kinetic model for the adsorption of 2,3-
ichlorophenol on pristine MWCNTs.

Temperature (K) k2 qe R2

278 2.1 × 107 1.52 × 10−6 0.999
298 3.1 × 107 1.26 × 10−6 0.999
313 6.9 × 107 8.35 × 10−7 0.999

2 (g mol−1 min) the rate constant of pseudo second-order adsorption, qe is amount
f analyte adsorbed on adsorbent (mol g−1) at equilibrium.
Fig. 9. Arrhenius plot of the pseudo second-order kinetics.

of ln KC vs. (1/T) as it shown in Fig. 10 and the calculated values
of �G◦, �H◦, and �S◦ are presented in Table 3. It is seen that the
adsorption process is spontaneous with the negative values of �G◦

within the experimental temperature and it became less sponta-
neous as the temperature increased from 278 K to 298 K, and to
313 K, as the �G◦ values were −4.43 kJ mol−1, −2.19 kJ mol−1, and
−1.02 kJ mol−1, respectively. The standard enthalpy change (�H◦)
for the adsorption on the pristine MWCNTs were negative and indi-
cate that the process is exothermic in nature and the same effect
was reported for p-chlorophenol and phenol on activated char-
coal [34] and chitosan [35]. The magnitude of �H◦ (−38.3 kJ mol−1)
suggests a weak type of bonding between the DCP and the MWC-
NTs such as physical adsorption. The values obtained in this study
agreed with the other values found in the literature for adsorp-
tion of chlorophenols, in general, on different adsorbents [34–36].
Also, the small value of �H◦ suggested that the process is not
a surface chemical reaction but a diffusion process. The nega-
tive value of �S◦ shows decreased disorder at the solid–solution
interface during the adsorption of chlorophenol. The adsorption
decreases randomness at the solid/solution interface with some
structural changes in the adsorbate and adsorbent, and an affinity
of the MWCNTs toward chlorophenols. The values of the thermo-
dynamic parameters estimated in this study agreed well with a
previous published study [37], which focus on the adsorption of
Fig. 10. Plot of ln KC vs. 1/T for estimation of thermodynamic parameters.
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Table 3
Values of the thermodynamic parameters for the adsorption of 2,3-dichlorophenol on pristine MWCNTs.

Temperature (K) Kc �G (kJ mol−1) �H (kJ mol−1) �S (J mol−1 K−1) Ea (kJ mol−1)

P
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[

[
[
[
[
[
[

[
[
[

[
[
[
[
[

[

[

[
[
[

[
[

[
[

278 0.082 −4.43
298 0.067 −2.19
313 0.044 −1.02

CP in (−23.7 kJ mol−1), whereas, the �S◦ for the DCP was negative
−121.1 J mol−1 K at 298 K) compared with PCP which was found
o be positive (33.5 J mol−1 K at 298 K). This indicates that the DCP
dsorption was entropy driven whereas it was enthalpy driven for
he PCP.

. Conclusion

Multi-walled carbon nanotubes as adsorbent was used for the
emoval of 2,3-dichlorophenol from aqueous solution. SEM images
howed the well defined and entangled MWCNTs which varies
n diameter and length. The BET surface area measurement indi-
ated that the specific surface area of the MWCNTs was 258 m2 g−1

nd the total pore volume and average pore size were found
o be 0.32 cc g−1 and 25–27 Å, respectively. Many of the factors
hat greatly affect the adsorption process was studied and opti-

ized such as the mass of adsorbent, analyte concentration, pH
nd temperature of the solution. The % DCP adsorbed from aque-
us solution was 94% for 200 mg of MWCNTs were used. At a pH
ower or higher than the natural pH (7.0), the % removed was
ecreased. The kinetics studied was performed and the results
uggested that the adsorption process was found to be a pseudo
econd-order process. Different thermodynamic parameters were
alculated for the adsorption process and the results revealed that
he adsorption process was spontaneous within the experimen-
al temperature used as was indicated from the negative �G◦

−2.19 kJ mol−1 at 298 K) and it became less spontaneous as the
emperature increased. The adsorption process was found to be
xothermic and the negative value of �H◦ (−38.3 kJ mol−1) sug-
ests that the adsorption is physical in nature. Also, the change
n entropy was negative in value (−121.1 J mol−1 K at 298 K)

hich suggests that the adsorption of the chloropheol on carbon
anotubes decreased the randomness at the solid/solution inter-

ace.
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[4] S. Şenel, A. Kara, G. Alsancak, A. Denizli, J. Hazard. Mater. 138 (2006) 317–324.
[5] W. Jianlong, Q. Yi, N. Horan, E. Stentiford, Bioresour. Technol. 75 (2000)

157–161.
[6] X. Liu, X. Quan, L. Bo, S. Chen, Y. Zhao, Carbon 42 (2004) 415–422.
[7] V.K. Gupta, I. Ali, V.K. Saini, Environ. Sci. Technol. 38 (2004) 4012–4018.
[8] P.C. Kao, J.H. Tzeng, T.L. Huang, J. Hazard. Mater. 76 (2000) 237–249.
[9] S. Iijima, Nature 354 (1991) 56–58.
10] W. Jarernboon, S. Pimanpang, S. Maensiri, E. Swatsitang, V. Amornkitbamrung,

J. Alloys Compd. 476 (2009) 840–846.
11] H. Lee, Y. Kang, P.S. Lee, J. Lee, J. Alloys Compd. 330 (2002) 569–573.
12] H. Zhao, L. Dai, M. Zhao, Y. Xu, X.L. Chen, J. Alloys Compd. 416 (2006) 315–318.
13] C. Yang, D. Wang, X. Hu, C. Dai, L. Zhang, J. Alloys Compd. 448 (2008) 109–115.
14] M. Abdel Salam, R. Burk, Appl. Surf. Sci. 255 (2008) 1975–1981.
15] M. Abdel Salam, R. Burk, J. Sep. Sci. 32 (2009) 1060–1068.
16] S.N. Basahel, S.A. Al Thabaiti, A.Y. Obaid, M. Mokhtar, M. Abdel Salam, Int. J.

Nanopart. 2 (2009) 221–229.
17] Y. Yao, F. Xu, M. Chen, Z. Xu, Z. Zhu, Bioresour. Technol. 101 (2010) 3040–3046.
18] F. Su, C. Lu, S. Hu, Colloids Surf. A 353 (2010) 83–91.
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