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a  b  s  t  r  a  c  t

Multi-walled  carbon  nanotubes  (MWCNT)  were  employed  for  the  sorption  of  olaquindox  (OLA)  from
aqueous  solution.  A  detailed  study  of  the adsorption  process  was  performed  by  varying  pH,  ionic
strength,  sorbent  amount,  sorption  time  and  temperature.  The  adsorption  mechanism  is  probably  the
non-electrostatic  �–� dispersion  interaction  and  hydrophobic  interaction  between  OLA  and  MWCNT.
The  adsorption  efficiency  could  reach  99.7%,  suggesting  that  MWCNT  is excellent  adsorbents  for  effec-
tive  OLA  removal  from  water.  OLA  adsorption  kinetics  were  found  to  be  very  fast  and  equilibrium  was
reached  within  2.0  min  following  the  pseudo-second-order  model  with  observed  rate  constants  (k) of
0.169–1.048  g  mg−1 min−1 (at  varied  temperatures).  The  overall  rate  process  appeared  to be  influenced
by  both  external  mass  transfer  and  intraparticle  diffusion,  but  mainly  governed  by intraparticle  diffusion.
inetics
hermodynamics

A rapid  initial  adsorption  behavior  occurred  within  a short  period  of time  in  this  adsorption  system.  The
sorption  data  could  be  well  interpreted  by the  Langmuir  model  with  the  maximum  adsorption  capac-
ity  of  133.156  mg  g−1 (293  K)  of OLA  on MWCNT.  The  mean  energy  of adsorption  was  calculated  to  be
0.124  kJ  mol−1 (293  K)  from  the  Dubinin–Radushkevich  adsorption  isotherm.  Moreover,  the  thermody-
namic  parameters  showed  the  spontaneous,  exothermic  and  physical  nature  of the  adsorption  process.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Olaquindox (OLA; 2-(N-2-hydroxyethylcarbamonyl)-3-methyl-
uinoxaline-N1,N4-dioxide) is one of the quinoxaline 1,4-dioxide
erivatives which are a group of synthetic antibacterial agents. It

s a well known feed additive and was widely used to promote
rowth, to improve feed efficiency, and to control swine dysentery
nd bacterial enteritis in the swine industry during the last century.
owever, large numbers of studies demonstrated its severe pho-

otoxicity, mutagenicity, genotoxicity and carcinogenicity [1–11].
herefore, the Commission of the European Community forbad
he usage of olaquindox as animal growth promoter in 1998 [12].
ut OLA is still broadly used as feed additive for swine, poultry
nd aquatic products in some regions of the world, which has

aused wide public concern. In the fish feeding process, feed con-
ained OLA is scattered to rearing pond where OLA accumulated,
hich brings an amount of OLA into environment. Besides, OLA in

quatic animals will be excreted into water with the metabolism of

∗ Corresponding author. Tel.: +86 24 62207809; fax: +86 24 62202380.
E-mail address: zhanglei63@126.com (L. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.100
aquatic organisms. All of these will have potential negative effects
on the environment. Consequently the removal of olaquindox from
environmental samples is of great significance. To the best of our
knowledge, there is no report of the removal of OLA from water by
any sorbent.

Carbon nanotubes (CNTs), ever since their discovery, have
attracted extensive attention due to their unique physicochem-
ical and electrical properties. CNTs, which are considered to be
extremely superior adsorbents due to their high specific surface
area and large micropore volume, have been utilized for the sorp-
tion of a number of different organic compounds and inorganic
ions [13–19],  since the first report of their successful removal of
dioxin [20]. However, very little is known about the kinetic and
thermodynamic characteristics of OLA adsorption on CNTs.

In this work, multi-walled carbon nanotubes (MWCNT) were
chosen as sorbent which showed much higher adsorption percent-
age for OLA than general sorbents, and the adsorption kinetics,
isotherms and thermodynamics of OLA on MWCNT were sys-
tematically studied for the first time. The aim of this work was
to understand the interaction between OLA and MWCNT and to

optimize conditions for maximum removal of OLA from aque-
ous solutions on MWCNT. This information will be useful when
designing and operating OLA removal systems based on varying
local water qualities. Besides, in our further study, MWCNT will be

dx.doi.org/10.1016/j.jhazmat.2011.09.100
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhanglei63@126.com
dx.doi.org/10.1016/j.jhazmat.2011.09.100
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Table 1
Adsorption efficiency for OLA on general carbon materials and nano-particles (COLA:
40.0 mg L−1; at OLA natural pH 5.3; Temp. 20 ± 0.1 ◦C; stirring for 1.5 h).

Sorbents Optimum amount (mg) Ads.%

Actived carbon 70.0 10.5
Graphene 50.0 4.5
Bamboo carbon 40.0 4.0
Nano-SiO2 (20 nm)  20.0 1.2
Nano-TiO (anatase type, 10–15 nm) 20.0 1.2
90 L. Zhang et al. / Journal of Haza

sed to make an electrochemical sensor of OLA, so this research
f MWCNT adsorption behavior for OLA will provide a theoretical
asis for on-line monitoring of OLA.

. Materials and methods

.1. Apparatus

The HPLC system Agilent 1100 (Agilent Technologies Co. Ltd.,
SA) was used for the determination of OLA. UV-Vis-NIR Cary 5000

VARIAN Co., US) was used to record the absorption spectra of OLA
or the selection of sorbents. A S-3C Model pH meter (Shanghai
recision Scientific Instrument Co., China) was used for measuring
he pH of solutions. A model DF-101B thermostatic magnetic stir-
er (Gongyi Yingyu Yuhua Instrument Co., China) was used to stir
he solution contained OLA and CNTs, and to control the solution
emperature with the thermostatic bath equipped. A model TDL80-
B centrifugal machine (Shanghai Anting Scientific Instrument Co.,
hina) was used to separate solid/liquid phases after adsorption.
he morphology of CNTs was determined by transmission electron
icroscopy (TEM, Hitachi 800) operated at 200 kV. TEM samples
ere prepared using CNTs dispersed in acetone. A drop of the

ample was placed onto a lacy carbon film supported by a Cu
rid, and then it was observed. The functional groups of MWCNT
urface and OLA were detected by AVATAR 330 Fourier trans-
orm infrared spectroscopy (FTIR) (NICOLET Co., USA). The thermal
tability of MWCNT was determined by a TGA/SDTA 851e ther-
ogravimetric analyzer (Mettler-Toledo, Switzerland) at a heating

ate of 20 ◦C/min from 35 ◦C to 1000 ◦C under 20 mL  min−1 Ar flow.

.2. Chemicals

Six CNTs (95% purity) (pristine [MWCNT, Short–MWCNT],
ydroxyl functionalized [MWCNT–OH, Short–MWCNT–OH] and
arboxyl functionalized [MWCNT–COOH, Short–MWCNT–COOH])
ere purchased from Chengdu Organic Chemicals Co., Ltd, Chi-
ese Academy of Sciences. Each of the six CNTs has a specific
urface area above 500 m2 g−1 and an outer diameter below 8 nm.
ore distributions (pore volume with pore diameter in parenthe-
es) of MWCNT used as sorbent throughout the experiment are
s follows: 0.085 m3 g−1 (0–20 nm), 1.839 m3 g−1 (20–50 nm). All
hese physical parameters of CNTs were provided by the manu-
acturer. Nano-particles (nano-SiO2, nano-�-Al2O3 and nano-TiO2)
ere purchased from Zhoushanmingri Nanometer Material Co.,
hina. Carbonaceous materials (active carbon, graphene and bam-
oo carbon) were provided by Liaoning Medical Company, China.

The analytical standard OLA (C12H13N3O4; MW 263.25; solubil-
ty at 25 ◦C: 5 mg  mL−1 in water; CAS no. 23696-28-8; 98.4% purity)

as purchased from China Institute of Veterinary Drug Control
Beijing, China), and its molecular structure is as follows:

N+

N+

O-

O-

NH

O

OH
HPLC grade methanol was purchased from Fisher Scientific (Fair
awn, NJ 07410, USA). All other chemicals were of analytical reagent
rade or better and purchased from Shenyang Chemical Com-
any, China. Deionized water used throughout experiments was
2

Nano-Al2O3 (�, 10 nm) 20.0 0.9
Nano-TiO2 (rutile type, 10–15 nm) 10.0 0.0

purified using a Sartorius Arium 611 system (Sartorius, Göttingen,
Germany).

A 1.0 mg  mL−1 standard stock solution of OLA was prepared by
dissolving 254.1 mg  OLA in deionized water and diluting to the
mark in a 250 mL  brown volumetric flask, and was  kept in the dark
below 4 ◦C.

2.3. General adsorption procedure

The adsorption experiments were carried out using a series of
50 mL flasks containing 10.0 mg  MWCNT and 25 mL  of 40.0 mg  L−1

OLA solution. If necessary, the pH of the solutions was adjusted by
adding H3PO4 or NaOH solution, and the ionic strength of the solu-
tions was adjusted by dissolving different amount of NaCl solids in
them before the addition of MWCNT. After stirring at a constant
rate at 293 K for 2.0 min, the solid/liquid phases were separated by
centrifuging at 5000 rpm for 5 min. Then the concentration of OLA
in suspensions was determined by the HPLC system Agilent 1100
equipped with an autoinjector, a diode array detector, and a SB-C18
reversed-phase column (150 mm × 4.6 mm i.d., 5 �m). The column
temperature was set at 35 ◦C, and the injection volume was 20 �L.
The mobile phase was  15/85 (volume ratio) methanol/water, and
the flow rate was 1.0 mL  min−1. The detection and reference wave-
lengths were 380 and 500 nm,  respectively. The retention time of
OLA was 4.382 min.

The adsorption percentage (Ads.%) was calculated based on the
following equation:

Ads.% = Ci − Ca

Ci
× 100 (1)

where Ci and Ca are the initial and the final concentration of OLA in
solution phase, respectively.

Kinetic experiments were performed using a series of 50 mL
flasks containing 50.0 mg  MWCNT and 25 mL  of 90.0 mg  L−1 OLA
solution in a temperature range of 293–333 K. On  regular time
intervals, suitable aliquots were taken whereupon the OLA concen-
tration was  determined. The rate constants were calculated using
the conventional rate expression. An experiment without MWCNT
was carried out confirming that no adsorption occurred on the con-
tainer wall or the magnet in solution.

Adsorption isotherm studies were carried out with initial con-
centrations of OLA varying between 8.0 and 300.0 mg  L−1, the
amount of sorbent was kept constant (10.0 mg)  and the exper-
imental temperatures were controlled at 293, 313 and 333 K,
respectively. The thermodynamic parameters for the adsorption
process were determined at each temperature.

3. Results and discussion

3.1. Selection of sorbents
Seven general sorbents (listed in Table 1) were chosen to test
their adsorbability of OLA. In order to make their adsorption effi-
ciency for OLA as high as possible, the adsorption conditions
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Fig. 1. Effect of different CNTs on adsorption behavior of OLA (10.0 mg
CNTs; pH 5.3; COLA: 40.0 mg  L−1; temp. 20 ± 0.1 ◦C); a: MWCNT; b:
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hort–MWCNT–COOH; g: original solution; inset image: the corresponding
dsorption efficiency for OLA on different CNTs.

solution pH, sorbent amount) of each sorbent were optimized.
s could be seen from Table 1 that OLA could not be effectively
dsorbed by general carbonaceous materials and nano-particles,
o a highly effective sorbent is needed.

The adsorption of OLA on different types of CNTs was  stud-
ed, and the UV–vis absorption spectrogram of OLA solutions was
hown in Fig. 1. It could be seen that the adsorption percentages
or OLA on CNTs were much higher than that on general sorbents
Table 1).

Usually, adsorbability depends on adsorbent’s characteristics:
exture (surface area, pore distributions), surface chemistry (sur-
ace functional groups), and mineral matter content. It also depends
n adsorbate’s characteristics: molecular weight, polarity, pKa,
olecular size and functional groups. CNTs with high specific sur-

ace area and large micropore volume are more appropriate for the
dsorption of organic compounds, compared to the general car-
onaceous materials and nano-particles.

Moreover, MWCNTs (length 10–30 �m)  showed higher adsorp-
ion efficiency for OLA than Short–MWCNTs (length 0.5–2 �m),  and
he adsorption efficiency for OLA on MWCNTs followed the order

WCNT > MWCNT–OH > MWCNT–COOH. Therefore, MWCNT was
sed as sorbents for OLA in the experiment.

Due to strong van der Waals interactions, MWCNT adhere to
ach other and form bundles, and the space between the bundles
an be considered as pores, which provided more adsorption sites
han Short–MWCNT. Therefore, MWCNT showed higher adsorp-
ion efficiency than Short–MWCNT. Moreover, functional groups
f MWCNT may  increase diffusional resistance [21–23].  And water
olecules could form H-bonds with functional groups on MWCNT,
hich will form a three-dimensional cluster that either covers the

orption sites nearby or blocks the access of OLA molecules to the
orption sites. In addition, the stronger the functional groups’ polar-
ty is, the easier the formation of H-bonds between water molecules
nd functional groups will be, so the negative effects of H-bonds on
dsorption caused by –COOH of MWCNT were more obvious than
hat caused by –OH in this study.

.2. Characterizations of CNTs and CNTs-OLA
Fig. 2A and B displays the TEM images of MWCNT and
hort–MWCNT, respectively. A large amount of pores appeared
ithin MWCNT. The process of forming bundles or pores creates
Fig. 2. Transmission electron microscope (TEM) images of MWCNT (A) and
Short–MWCNT (B).

lots of adsorption sites, such as the interstitial channel, the external
groove, and partial coating of the external surface by nanometer-
thick layered carbon [24]. All of these sites contribute to overall
adsorption.

It was found from the FTIR spectra that MWCNT after adsorption
(MWCNT-OLA) showed some apparent characteristic bands of OLA
which were N–H (3434 cm−1), C–H (2923 cm−1), C O (1655 cm−1)
and C–H (1079 cm−1), while MWCNT before adsorption displayed
no significant bands.

The TG curve of MWCNT-OLA showed an obvious 9.1% weight
loss caused by the thermal decomposition of OLA  adsorbed on
MWCNT, compared with the TG curve of MWCNT before adsorp-
tion.

3.3. Effect of pH

25 mL  of solutions with different concentrations
(20.0–60.0 mg  L−1) of OLA were applied to test the sorption
behavior at different pH values. The obtained results indicated
that there was no observable effect on the adsorption of OLA on
MWCNT with an increase of pH from 3.0 to 11.0, and when the
concentration of OLA was less than 40 mg  L−1, the adsorption
percentage of OLA was  found to be above 88%. In general, the
natural pH of OLA solution was  close to 5.3. In this work the OLA
solution without adjusting pH was popularly adopted.

The variation in pH can not only affect the
protonation–deprotonation transition of functional groups on
CNTs [25,26], but also result in a change in chemical speciation for
ionizable organic compounds [26,27].  OLA is amphoteric due to
the presence of hydroxyl and amino, so it is characterized by 2 pKa
values. The two  predicted pKa values of OLA are 1.92 ± 0.30 and
13.75 ± 0.10, respectively, which are from SciFinder Scholar and
calculated using Advanced Chemistry Development (ACD/Labs)
Software V11.02 (© 1994–2011 ACD/Labs).
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boundary layer diffusion or outer diffusion); (2) transport of adsor-
bate from the adsorbent exterior surface to the pores or capillaries
of the adsorbent internal structure, which is called intraparticle dif-
fusion (or inner diffusion); (3) the adsorbate is adsorbed onto the

Table 2
Kinetic parameters of pseudo-second-order model fitting for OLA adsorption on
MWCNT at different temperatures.
ig. 3. Effect of ionic strength on the adsorption efficiency of OLA on MWCNT at
ifferent initial OLA concentrations (10.0 mg  MWCNT; temp. 20 ± 0.1 ◦C).

The amphoteric compounds usually have four chemical species
n solution [28]. When solution pH is below 1.92, OLA will exist
s a cation (OLAH3

+) due to the protonation of the amino. When
olution pH is above 13.75, OLA will exist as an anion (OLAH−) due
o the loss of proton from the hydroxyl. At pH between 1.92 and
3.75, OLA will exist either as a neutral molecule (OLAH2

0) or as a
witterion (OLA H2

±). On this condition, nearly all of OLA molecules
arry no net electrical charge, which makes them hardly have elec-
rostatic attraction or repulsion with MWCNT, so the increase of pH
rom 3.0 to 11.0 had no significant effect on the adsorptive affinity of
LA in the experiment. Consequently, the adsorption mechanism is
robably the non-electrostatic �–� dispersion interaction between
ulk � systems on MWCNT surface and OLA molecules contained
oth benzene rings and double bonds (C C; C O), or hydrophobic

nteraction between MWCNT and OLA [29,30].

.4. Effect of ionic strength

OLA adsorption data under two ionic strengths (I; 0.02 and 0.2 M
s NaCl) and two initial OLA concentrations (20.0 and 40.0 mg  L−1)
re given in Fig. 3. In the entire experimental pH range, the OLA
dsorption data for each concentration under two ionic strengths
verlapped, indicating that ionic strength did not impact the
dsorption of OLA onto MWCNT. Furthermore, this result again con-
rmed that the surface electrostatic effect had no influence on the
verall adsorption of OLA on MWCNT. In this experiment, the OLA
olution without adjusting ionic strength was adopted.

.5. Effect of the amount of MWCNT

In order to attain the optimal amount of MWCNT for the adsorp-
ion of OLA, the adsorption experiments were carried out by adding
0.0–100.0 mg  of MWCNT to a series of 25 mL  40.0 mg  L−1 OLA solu-
ions. It was found that the adsorption percentage increased with
he increasing amount of MWCNT, and when the amount exceeded
0.0 mg,  the adsorption percentage reached 99.7% with no obvious
hange. Therefore, the MWCNT amount 50.0 mg  was selected for
he adsorption of OLA.

.6. Adsorption kinetics and rate-controlling mechanism
Fig. 4 depicts the variation of adsorption capacity with adsorp-
ion time at different temperatures. The obtained curves reflected
hat the adsorption capacity increased until equilibrium was
apidly attained around 2.0 min.
Fig. 4. Adsorption capacity of OLA on MWCNT versus time at different temperatures
(50.0 mg  MWCNT; COLA: 90.0 mg L−1).

In order to investigate the adsorption process of OLA on MWCNT,
pseudo-second-order, Weber–Morris and Boyd models were used.

3.6.1. Pseudo-second-order model
The pseudo-second-order model is represented as [31]:

t

qt
= 1

kq2
e

+ t

qe
(2)

where qe and qt are the amounts of OLA adsorbed on the sorbent
(mg  g−1) at equilibrium and at time t, respectively, and k is the
rate constant of the second-order adsorption (g mg−1 min−1). The
straight-line plots of t/qt versus t have been tested to obtain rate
parameters.

The second-order rate constants were used to calculate the ini-
tial sorption rate h (mg  g−1 min−1) [32], given by

h = kq2
e (3)

The pseudo-second-order model adequately described the
kinetic data at 95% confidence level. The results of the kinetic
parameters and the calculated initial sorption rate values are listed
in Table 2. Based on the correlation coefficients (r ≥ 0.999) the
adsorption of OLA could be well described by the pseudo-second-
order model. The rate constant (k) was quite large, indicating that
the adsorption of OLA on MWCNT was a fast process. And the ini-
tial adsorption rate increased with the increasing temperature in a
given adsorption system.

3.6.2. Weber–Morris kinetic model
If the movement of adsorbate from the bulk liquid to the liquid

film surrounding the adsorbent is ignored, the adsorption process
in porous solids can be separated into three stages as follows: (1)
external mass transfer of adsorbate across the liquid film to the
adsorbent exterior surface, which is also called film diffusion (or
T (K) k (g mg−1 min−1) qe (mg  g−1) h (mg  g−1 min−1) r

293 0.169 45.662 352.113 0.999
313  0.425 44.484 840.336 1
333  1.048 43.346 1969.019 1
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Fig. 6. The linearity of the plots will provide useful information to

T
K

ig. 5. Weber–Morris plots for kinetic modeling of OLA adsorbed onto MWCNT at
ifferent temperatures.

ctive sites in inner and outer surface of adsorbent [33–35].  The
hird step is considered to be very fast and thus cannot be treated
s rate limiting step. Generally, the adsorption rate is controlled by
uter diffusion or inner diffusion or both.

In order to determine the actual rate-controlling step involved
n the OLA sorption process, Weber–Morris equation was applied
36]:

t = Kdt1/2 + L (4)

d is the intraparticle diffusion rate constant (mg  g−1 min−1/2). Val-
es of L (mg  g−1) give an idea about the thickness of the boundary

ayer, i.e., the larger the intercept, the greater the boundary layer
ffect will be [37,38]. Plots of qt against t1/2 are shown in Fig. 5, and
he corresponding kinetic parameters are listed in Table 3.

Piecewise linear regression of data showed that at all the tested
emperatures, qt versus t1/2 plots had three distinct regions. The
rst linear portion included the sorption period of 0–19 s, which
epresented external mass transfer. The second linear portion
ncluded the sorption period of 19–120 s, representing intraparti-
le diffusion. The third linear portion included the time period
f 120–240 s, which indicated adsorption–desorption equilibrium
39,40].

It was also observed that the plots did not pass through the
rigin, suggesting that the intraparticle diffusion is not the sole
ate-controlling step [32] and the external mass transfer is also sig-
ificant in the rate-controlling step due to the large intercepts of
he second linear portion of the plots [41]. However, the ratio of
he time taken by external mass transfer to intraparticle diffusion
as about 1:5. So the overall adsorption process was jointly con-

rolled by external mass transfer and intraparticle diffusion, and
ntraparticle diffusion was predominated over the external mass
ransfer.
It should be pointed out that the intercepts of the first linear
ortion of the plots are positive and large, indicating that rapid

nitial adsorption occurred within a short period of time. Wu  et al.

able 3
inetic parameters calculated from Weber–Morris kinetic model for OLA adsorption on M

T (K) Kd1 (mg  g−1 min−1/2) Kd2 (mg  g−1 min−1/2) Kd3 (mg  g−1 min−1/2)

293 34.971 11.225 1.387 

313 30.028 5.422 0.492 

333  19.321 2.217 1.187 
Fig. 6. Plots of Bt versus t for the adsorption of OLA on MWCNT at different temper-
atures.

[42] defined an initial adsorption factor for Weber–Morris model
(Ri) which is calculated from the following equation:

qt

qref
= 1 − Ri

[
1
(

t

tref

)1/2
]

(5)

where tref is the longest time in adsorption process (min) and qref is
the amount of OLA adsorbed on the MWCNT (mg  g−1) at time t = tref,
and Ri = kdt1/2/qref. The dimensionless parameter Ri is obtained by
plotting qt/qref versus t/tref and from nonlinear analysis of data. The
percentage that the initial adsorption has already reached (Ini.%)
can be calculated as:

Ini.% = (1 − Ri) × 100 (6)

It was found that at 293 K the initial adsorption had already
reached 49.9% (Ri = 0.501, r2 = 0.875) and the values of Ini.%
increased with the increase of temperature (Ri = 0.300, r2 = 0.745,
Ini.% = 70.0, at 313 K; Ri = 0.174, r2 = 0.667, Ini.% = 82.6, at 333 K),
which agrees well with the obtained rapid initial adsorption rate h
(Table 2), suggesting that MWCNT has great adsorptive affinity for
OLA.

3.6.3. Boyd model
Adsorption kinetic data was  further analyzed by Boyd model

[43,44]:

Bt = −ln
(

1 − qt

qe

)
− 0.4977 (7)

where qt and qe are the amounts of OLA adsorbed on MWCNT
(mg  g−1) at time t (min) and at equilibrium time (min), respectively;
B = �2Di/r2 (Di is the effective diffusion coefficient of adsorbate and
r is the radius of adsorbent particles assumed to be spherical).

The calculated Bt values were plotted against time t as shown in
distinguish between external mass transfer and intraparticle dif-
fusion controlled mechanism of adsorption [44,45]. The plots in
Fig. 6 did not pass through the origin, confirming the involvement

WCNT at different temperatures.

 L1 L2 L3 r1 r2 r3

14.288 27.243 41.872 0.984 0.988 0.999
22.230 36.026 43.128 0.981 0.986 0.635
29.888 39.974 41.075 0.984 0.934 0.974
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ig. 7. Isotherm of OLA adsorption on MWCNT at different temperatures (10.0 mg
f  MWCNT; the initial OLA concentration range was 8.0–300.0 mg  L−1).

f external mass transfer in the entire adsorption process [46].
owever, the plots were not straight lines, indicating that external
ass transfer shows a relative weak rate control for OLA adsorp-

ion onto MWCNT. This result again confirms the rate-controlling
echanism of adsorption stated in Weber–Morris kinetic model

tudies.

.7. Adsorption isotherms

Adsorption isotherms describe how solutes interact with sor-
ents. The equilibrium adsorption amount of OLA on MWCNT as

 function of the equilibrium concentration of OLA is depicted in
ig. 7. An increased adsorption is observed for OLA until saturation
s attained.

Equilibrium sorption isotherms are often described by the Lang-
uir model:

Ce

qe
= Ce

qm
+ 1

bqm
(8)

here qm is the maximum monolayer adsorption (mg  g−1), Ce is the
quilibrium concentration of OLA (mg  L−1), qe is the amount of OLA
dsorbed per unit weight of MWCNT at equilibrium concentration
mg  g−1) and b is the Langmuir constant related to the affinity of
inding sites (L mg−1). The corresponding Langmuir isotherm con-
tants were determined from the plots of Ce/qe against Ce at 293,
13 and 333 K.

The obtained isothermal constants and the correlation coeffi-
ients are presented in Table 4. Langmuir isotherm model was
tatistically significant at a 95% confidence level. It was found that
he adsorption of OLA on MWCNT correlated well with the Lang-

uir equation under the studied concentration range according
o the correlation coefficient r (r > 0.99). The maximum adsorption
apacity of OLA on MWCNT was 133.156, 120.192, 101.937 mg  g−1
t 293, 313 and 333 K, respectively.
The shape of the isotherm has been discussed with the aim

o predict whether an adsorption system is favorable or unfavor-
ble [47]. The essential feature of the Langmuir isotherms can be

able 4
angmuir constants of OLA adsorption on MWCNT at different temperatures.

T (K) qm (mg  g−1) b (L mg−1) r RL

293 133.156 0.285 0.998 0.017–0.305
313  120.192 0.183 0.998 0.027–0.406
333 101.937 0.171 0.997 0.028–0.422
Materials 197 (2011) 389– 396

expressed by means of ‘RL’, a dimensionless constant referred to
as the separation factor or equilibrium parameter. RL is calculated
using the following equation:

RL = 1
1 + bCi

(9)

where Ci is the initial OLA concentration (mg  L−1) and b is the Lang-
muir adsorption equilibrium constant (L mg−1). The calculated RL

values are listed in Table 4. In the present investigation, the equi-
librium parameter RL was  found to be in the range of 0–1, hence the
sorption process was quite favorable and the adsorbent employed
exhibited a good potential for the sorption of OLA.

Finally, the Dubinin–Radushkevich (D–R) isotherm [48] was also
tested in its linearized form:

ln qe = ln qm − Kε2 (10)

where qe and qm have the same meaning as above, K is the param-
eter related to the adsorption energy. ε is the adsorption potential,
defined by Polanyi as the free energy change required to move a
molecule from bulk solution to the adsorption area. The Polanyi
potential varies with the concentration according to:

ε = RT ln
(

1 + 1
Ce

)
(11)

where R is the ideal gas constant and T is temperature (K). A linear
correlation was  obtained by plotting ln qe versus ε2 (r1 = −0.962
at 293 K; r2 = −0.985 at 313 K; r3 = −0.974 at 333 K), indicating that
OLA adsorption also obeys the D–R equation. The adsorption energy
for OLA adsorption can be calculated by:

E = (−2K)−1/2 (12)

The values of the adsorption energy were evaluated as 0.124,
0.122 and 0.104 kJ mol−1, at 293, 313 and 333 K, respectively, indi-
cating that the values lie within the energy range of physical
adsorption, i.e., <8 kJ mol−1 [49].

3.8. Thermodynamic studies

Thermodynamic parameters were calculated from following
equations:

�G◦ = −RT ln Kc (13)

where R is the universal gas constant (8.314 J mol−1 K−1), T is tem-
perature (K) and Kc is the distribution coefficient. Gibbs free energy
change of adsorption (�G◦) was  calculated using ln Kc values for dif-
ferent temperatures. The Kc value was calculated using following
equation [50]:

Kc = qe

Ce
(14)

where Ce is the equilibrium concentration of OLA; qe is the amount
of OLA adsorbed per unit weight of MWCNT at equilibrium concen-
tration (mg  g−1).

The enthalpy change (�H◦) and entropy change (�S◦) of adsorp-
tion were estimated from the following equation:

ln Kc = �S◦

R
− �H◦

RT
(15)

According to Eq. (15), �H◦ and �S◦ parameters can be calcu-
lated from the slope and intercept of the plot of ln Kc versus 1/T,
respectively.

The thermodynamic parameters were summarized in Table 5.

The negative �G◦ showed the spontaneous nature of the sorp-
tion process. The negative �S◦ indicated decreased randomness
at the solid–liquid interface during sorption of OLA. The value of
�H◦ was −10.493 kJ mol−1, which suggested that the adsorption
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Table  5
Thermodynamic parameters for the adsorption of OLA on MWCNT.

Ci (mg  L−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) �G◦ (kJ mol−1)

o
t
b
e
4
b
D
a
a
t

4

i
C
T
r
h
c
i
r
t
s
b
s
c
w
o
a
c
�
O
M
i

A

t
o
t
w

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

293 K 313 K 333 K

80.0 −10.493 −25.955 −2.907 −2.328 −1.874

f OLA onto MWCNT was exothermic and probably a physisorp-
ion process caused by van der Waals and hydrophobic forces
etween MWCNT and OLA, according to the sorption heat of differ-
nt forces determined by von Oepen et al. [51] (van der Waals force:
–10 kJ mol−1; Hydrophobic force: about 5 kJ mol−1; Hydrogen
ond: 2–40 kJ mol−1; Coordination exchange: about 40 kJ mol−1;
ipole force: 2–29 kJ mol−1; Chemical bond: >60 kJ mol−1). This
dsorption mechanism obtained from the analysis of �H◦ value
grees well with those discussed in pH, ionic strength and adsorp-
ion energy studies.

. Conclusion

In this paper, the adsorption behavior of OLA on MWCNT was
nvestigated. Among the seven general sorbents and six types of
NTs, MWCNT showed the highest adsorption efficiency for OLA.
he main advantages of the procedure are ease and simple, and can
apidly attain phase equilibration. Besides, MWCNT as sorbent has
igh adsorption capacity and rate. The experimental results indi-
ate that MWCNT can effectively remove OLA in aqueous solution
n wide range of pH 3.0–11.0. The percentage of OLA (40.0 mg  L−1)
emoval by MWCNT can reach 99.7%. Kinetic studies suggest that
he equilibrium is achieved within only 2.0 min  and the pseudo-
econd-order model is followed. The overall rate process appears to
e influenced by both external mass transfer and intraparticle diffu-
ion, but mainly controlled by the latter. The adsorption isotherms
ould be well fitted by the Langmuir adsorption isotherm equations
ith the maximum adsorption capacity of 133.156 mg  g−1 (293 K)

f OLA on MWCNT. The thermodynamic parameters imply that the
dsorption is a spontaneous, exothermic and physisorption pro-
ess. The adsorption mechanism is probably the non-electrostatic
–� dispersion interaction and hydrophobic interaction between
LA and MWCNT. The results obtained in this work suggest that
WCNT has a potential application as adsorbent media for remov-

ng OLA from water.
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