
Fu

P
C
fr

M
a D
b D
c R

Un
d D
e P

1.

ge
w

C. R. Chimie 18 (2015) 204–214

A 

Art

Re

Ac

Av

Ke

Na

Su

Kin

Ad

Be

*

(A

htt

16
ll paper/Mémoire
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 Introduction

Diffused groundwater contamination by herbicides has
nerated environmental and toxicological problems,
hich have resulted in a large number of studies to

recognize the factors that influence the fate of agrochem-
icals in soils [1,2]. Using of herbicides is vital in order to
increase agricultural productivity [3]. A wide variety of
herbicides is introduced into the aquatic environments
from diverse sources, such as chemical spills, industrial
effluents and agricultural run-offs. Their perdurability,
stability and toxicity in the environment cause much
concern to regulation authorities and environmental
protection societies. The discharge of wastewater-contain-
ing herbicides to receiving streams affects the aesthetic
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A B S T R A C T

In this study, surfactant-modified pillared montmorillonites (MMT) were prepared using

cetyltrimethylammonium bromide (CTAB) by the intercalation method and used as

adsorbent to remove bentazon from aqueous solutions. The main compositions of MMT

and CTAB/MMT were characterized by Fourier transform–infrared spectroscopy (FT–IR), X-

ray diffraction (XRD), scanning electron micrography (SEM) and energy dispersive X-ray

(EDX) spectroscopy. The removal efficiency of bentazon was studied as a function of

adsorbent dosage, pH, initial bentazon concentration and ionic strength (sodium

carbonate, sodium bicarbonate, sodium sulfate and sodium chloride). The removal

efficiency of bentazon by CTAB/MMT was more than that of MMT in similar conditions. By

increasing adsorbent dosage and initial bentazon concentration, the removal efficiency

was increased and declined, respectively. The results showed that the maximum

adsorption of organo-modified montmorillonite was obtained at pH 3. The maximum

adsorption capacity was estimated to be 500 mg/g at pH 3 and room temperature. The

study of the adsorption kinetic model revealed that the pseudo-second order model was

the best applicable one to describe the adsorption of bentazon onto CTAB/MMT. Adsorption

data were analyzed by both Langmuir and Freundlich adsorption isotherms and the results

showed that it was better described by the Langmuir model. The adsorption capacities of

the samples were found to increase with Na2CO3 anion saturation, while they decreased in

the presence of NaHCO3, Na2SO4 and NaCl.
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alue of environment. Bentazon is a widely used herbicide
sually applied for the control of broad-leaf weeds and
edges in many crops, such as beans, corn, rice, peanuts
nd peas [4,5]. It is harmful, if it is swallowed or absorbed
rough the skin and causes irritation to the eyes. It is

lassified as toxicity class III, slightly toxic, and dangerous
r the environment [6]. The maximum permissible

oncentration of bentazon in drinking water is 30 g/L
,8]. To achieve cleanup purposes, various physicochem-
al procedures have been provided for the treatment of
ater and wastewater-containing herbicide wastes, such

s photodegradation [9], photocatalytic degradation [10],
xidation by ozone [11], removal by zeolite [12], ultrasonic
radiation [13] and adsorption [14,15]. It is now exten-

ively recognized that sorption processes provide a feasible
ethod for the removal of herbicide from water and
astewater. Adsorption has been found to be superior

ompared to other methods for wastewater treatment due
 its capability to efficiently remove a wide range of

ollutants, low cost, simplicity of design, ease of operation
nd impassibility of toxic substances [14,16–18]. Adsorp-
on on activated carbons is a widely used process for
rganic contaminants removal [19–21]. It can be described
s a crude form of graphite, and a broad range of pore sizes,
orous nature of this adsorbent material are favourable
roperties for adsorption. However, high cost and recover-
g problems of activated carbon particles from treated
ater are of disadvantages. Some studies have shown the
portance of low cost materials modified by chemical or

hysical processes as adsorbents for removal of organic
ollutants from water and wastewater [22,23]. Recently
rgano-nanoclays have been characterized for their

mense ability to remove herbicide [24–27] and it
howed that they were a powerful sorbent. Clay minerals
nd modified nanoclay minerals are good candidate
dsorbents for the treatment of environmental contami-
ants due to their exclusive features, such as abundance,
igh specific surface areas, inexpensive availability,
nvironmental stability, high adsorptive and ion exchange
roperties [22,24,28–30]. They could be used as adsorbent
r the removal dangerous pollutants after surface
odification with organic cations [3,30–32]. Among the

tudied clays for the adsorption of herbicide, expandable
yered silicates for instance montmorillonite (MMT) with
egative charge have received much more attention
ecause they are available, relatively cheap, easily
xtracted, non-toxic and mechanically and chemically
table [33]. However, the application of pure MMT clay is
ot efficient for removing anionic herbicide, such as
entazon from aqueous media. Thus, chemical modifica-
on of pure MMT with an appropriate chemical agent
ould be favorable to reach suitable surface charge in

rder to increase adsorption capacity of the clay [34–
7]. The modification of MMT surface by using cationic
urface active substances, such as cetyltrimethylammo-
ium bromide (CTAB) can change its surface properties,
uch as surface charge, hydrophobicity and cation-
xchange capacity.

Hence, in this paper, the adsorption of bentazon using
MT modified with CTAB was considered in aqueous

on the application of CTAB intercalated nano-sized MMT
for removing bentazon as an anionic herbicide from
aqueous media. The effects of adsorbent dosage, pH, initial
herbicide concentrations and ionic strength (sodium
carbonate, sodium bicarbonate, sodium sulfate and sodium
chloride) for different time intervals on the removal
efficiency were studied. Adsorption isotherm and kinetic
studies were undertaken to comprehend the adsorption
mechanism and maximum adsorption capacity of CTAB/
MMT.

2. Materials and methods

2.1. Chemicals

The MMT nanoclay was K10 grade purchased from
Sigma–Aldrich Co. (USA) with a surface area of
279.28 � 0.846 m2/g. Cetyltrimethylammonium bromide
(CTAB) with chemical formula of C19H42BrN and molecular
weight of 364.46 g/mol as the surfactant was purchased from
Merck, Germany. Its critical micelle concentration (CMC) is
328 mg/L [38]. All others chemicals and reagents were of
analytical grade purchased from Merck, Germany. Bentazon
[3-isopropyl-1H-2,1,3-benzothiadiazin-4 (3H)-one-2,2-diox-
ide] as a model herbicide was obtained from Chem-service
(USA). Its chemical structure and other characteristics are
listed in Table 1.

2.2. Preparation of CTAB intercalated MMT nanomaterial

The cation-exchange capacity (CEC) of the MMT-K10
(120 meq/100 g) was determined by the dye adsorption
method as described in the literature [39]. The synthesis of
CTAB-modified MMT was conducted by the following
procedure. An amount of 1 g MMT was first dispersed in
100 mL of distilled water for 24 h at room temperature
using a magnetic stirrer to swell and to reach homogeneity.
Then, a desired amount of CTAB (0.44 g), which is 1.0 times
CEC of montmorillonite was slowly added. The reaction
mixture was stirred for 5 h, then stirring was stopped and

Table 1

The structure and characteristics of herbicide.

Structure

Formula C10H12N2O3S

lmax (nm) 335

Mw (g/mol) 240.3

Solubility in 0.50
water (g/L)

olutions. To the best of our knowledge, there is no report
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e resultant organoclay was filtered and washed with
stilled water for several times until it became free from
cess salts and dried at 90 8C in an oven. The product was
ound and sieved using standard sieves to obtain
emically modified adsorbent. The hypothetical simulat-
g of the modification of MMT with CTAB is depicted in
. 1. Also, the point of zero charge (pHzpc) of adsorbent

as determined. Adsorbent (0.2 g) was added to 50 mL of
 M NaNO3 solutions at various initial pH between range

 3 to 10. The initial pH of solutions were adjusted by the
dition of 0.1 M NaOH or HCl, and measured by pH meter
etron, Switzerland). Afterward, the mixtures were

aken on a rotary shaker (KS-15, Edmund Buhler,
rmany) at 150 rpm for 48 h at room temperature and
e final pH of each solution was measured at equilibrium.

. Characterization instruments

The X-ray diffraction (XRD) studies were performed
ith a Philips XRD instrument (Siemens D-5000, Germany)
ing Cu Ka radiation (l = 1.5406 Å) at wide-angle range
u value 4–708), the accelerating voltage of 40 kV and the
ission current of 30 mA. For characterization of the

nctional groups on the surface of the samples, Fourier
nsform–infrared spectroscopy (FT–IR) spectra were

corded on a PerkinElmer (Germany) spectrometer under
dry air at room temperature by the KBr pellets method.
e spectra were collected over the range from 4000 to
0 cm�1. The surface morphology of MMT and organo-
MT were obtained by a TESCAN microscope (Model:
IRA3, Czech Republic). SEM images were further
pported by energy dispersive X-ray (EDX) microanalysis

 provide direct evidence for the purity, existence and
stribution of specific elements in a solid sample.

. Adsorption experiments

The adsorption experiments were carried out in
00 mL Erlenmeyer flask containing 20 mL of bentazon
lution and 0.5 g of CTAB/MMT powder, while the
ixtures were stirred at 150 rpm and room temperature
5 � 2 8C) in different time intervals (0–90 min). Then, the
mples were centrifuged (Sigma-301, Germany) at
00 rpm for 15 min to remove the adsorbent. The concen-
tion of the bentazon in each sample was measured using a

ectrophotometer (UV–Vis Spectrophotometer, Hach-DR
00, USA) at lmax = 335 nm by a calibration curve, which
s depicted based on Beer–Lambert law.
In order to determine the effects of various parameters,

e experiments were conducted by different adsorbent

amounts of 0.05 to 0.5 g/L, initial bentazon concentrations
of 10 to 100 mg/L and initial pH of 3 to 11. The amount of
bentazon adsorbed by the CTAB/MMT and the bentazon
removal efficiency were calculated through Eqs. (1) and
(2), respectively.

q ¼ C0 � Ceð ÞV
M

� 100 (1)

Removal efficiency %ð Þ ¼ Ci � C0ð Þ
Ci

� 100 (2)

where, q is the adsorption capacity (mg/g), Ci, C0 and Ce are
the initial, outlet and equilibrium concentrations of
bentazon (mg/L), V is the volume of bentazon solution
(L) and M is the total amount of CTAB/MMT (g).

Adsorption kinetic experiments were carried out by
agitating bentazon solutions (10, 20, 40, 80 and 100 mg/L)
containing 0.5 g/L of CTAB/MMT powder for various
contact times (2–90 min) at pH 3 and room temperature
(25 � 2 8C). The pseudo-first-order and pseudo-second-order
models were selected in order to find an efficient model for
the best kinetically description of adsorption, the relevant
equations can be considered as Eqs. (3) and (4), respectively
[40,41].

log qe � qtð Þ ¼ logqe
k1

2:303

� �
t (3)

t

qt
¼ 1

k2q2
e

� �
þ 1

qe

� �
t (4)

where qe and qt are the amounts of the bentazon adsorbed
by CTAB/MMT (mg/L) at the equilibrium and after a time t,
respectively, and k1 (1/min) and k2 (g/mg min) are the
pseudo-first-order and pseudo-second-order rate con-
stants, respectively.

To investigate the adsorption equilibrium isotherm, the
experiments were performed with 20 mg/L initial con-
centration of bentazon using various adsorbent dosages
(0.01–0.2 g/L) at pH 3 for 24 h. All experiments were
repeated in three times and the average values were
reported. The commonly used isotherm equation, namely
Langmuir and Freundlich were applied to equilibrium data,
and the related equations are described by Eqs. (5) and (6),
respectively.

qe ¼
KLqmCe

1þKLCe
(5)

logqe ¼ logKF þ
1

n
logCe (6)

Fig. 1. The modification procedure of nanoclay with CTAB.
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here qm (mg/g) is maximum monolayer adsorption
apacity, Ce is the sorbate concentration in solution at
quilibrium (mg/L), KL (L/mg) and KF (mg1�1/n L1/n g�1) are
e Langmuir and Freundlich constants, respectively, and n

 the intensity of adsorption [42–44].

. Results and discussion

.1. Characterization of the adsorbent

The FT–IR spectra of pure MMT and the MMT-contain-
g CTAB were shown in Fig. 2. A relatively small band

round 3626 cm�1 was attributed to the Al2OH group of
e octahedral layer from the IR spectra of MMT [45]. A

road band around 3463 cm�1 was ascribed to the
verlapping symmetric and asymmetric hydroxyl group
tretching vibration of water molecules on the external
yer [46]. The band around 1053 cm�1 was attributed to

symmetric stretching vibration of Si–O–Si tetrahedra in
e MMT [47]. Comparison of FT–IR spectra of CTAB/MMT
ith that of pure MMT exhibits significant changes in some

f the peaks (Fig. 2). In particular, the shift in the siloxan
eak from 1053 cm�1 to 1037 cm�1 after loading of CTAB
ighlights the role of siloxan group in the adsorption of
urfactant onto the MMT surface. [47,48]. From the IR
pectra of the organocaly (CTAB/MMT), the adsorption
and observed around 3631 cm�1 corresponding to the
tretching vibration of the hydroxyl group and the
terlayer water molecules was observed. Bending vibra-
on of water molecules causes a peak around
629 cm�1. Also, the additional peaks at 2800–
000 cm�1, appointed to –CH–stretching vibration, could
e observed in CTAB/MMT. The appeared peaks in CTAB/
MT nanomaterial at 2926 cm�1 and 2854 cm�1 absent in
e FT–IR spectrum of the pristine MMT indicate the
corporation (or the presence) of the surfactant and their
tensity may be use in order to estimate the increase of

3460 cm�1 was disappeared after the modification of MMT
nanomaterial with CTAB, which indicates the removal of
water molecules and the change in the hydrophobicity of
MMT nanomaterial. It has been reported that the ordered
conformation of the alkyl chains in the confined system has
a strong dependence on amine concentration and orienta-
tion [47,49]. In relatively high concentration range, the
confined amine chains adopt an essentially all-trans
conformation and the frequency of the asymmetric CH2

stretching absorption band locates at a relatively low
frequency. However, in the relatively low amine concen-
tration range, the frequency shifts significantly to high
frequency and the confined amine chains adopt a large
number of gauche conformations. Only when the chains
are highly ordered (all-trans conformation), the narrow
absorption bands appear around 2918 cm�1 asymmetric
CH2 and 2850 cm�1 symmetric CH2 in the infrared
spectrum. If conformational disorder is included in the

Fig. 2. FT–IR patterns of samples; (a) MMT, and (b) CTAB/MMT.

2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

In
te

n
si

ty
(C

o
u

n
ts

)

2θ (D egree)

(a)

(b)
Fig. 3. XRD images of samples; (a) MMT, and (b) CTAB/MMT.
dsorbed amount of surfactant. Additionally, the band at
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ains, their frequencies shift upward, depending upon the
erage content of gauche conformers. As shown in Fig. 2,
ith loading of surfactant asymmetric (CH2) shifts from
27 to 2922 cm�1 and symmetric (CH2) shifts slightly
m 2856 to 2852 cm�1 for the CTAB/MMT organoclay.
is suggests that, in the presence of added surfactant, the
nfined surfactant chains adopt an essentially all-trans
nformation. This result clearly reveals that the surface
odification of MMT is achieved by surfactant.

XRD patterns of pristine MMT and CTAB/MMT sample
e shown in Fig. 3. Montmorillonite clay sample has 2:1

layered structure of smectite class. As seen in Fig. 3, with
an addition of surfactant, the basal spacing of the
resultant organoclay increases indicating location of
CTA+ ions between layers of clay and resulting in a
decrease of the hydration water content. So, the surface
property changes from hydrophilic to hydrophobic. As
known, the amount of added surfactant has a direct effect
on the interlayer expansion of smectites [49]. Decrease in
intensity of the main peak in 2u = 9.368 (0.944 nm)
belonging to MMT and appeared two new peaks
in 2u = 4.78 (d = 1.878 nm) and 2u = 8.888 (d = 1.004 nm)
Fig. 4. SEM images of samples; (a) MMT, and (b) CTAB/MMT.
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 CTAB/MMT sample show two different arrangement of
TAB interlayer galleries of clay.

SEM analysis was carried out to evaluate surface
orphology of the unmodified and modified MMT and the

esults are depicted in Fig. 4. As it is shown, the figure
eveals that the surface morphologies of both MMT
amples are different and both unmodified and modified
MT have uneven structure with non-uniform size

istribution. The montmorillonite shows massive, aggre-
ated morphology, and some large flakes were observed in
ome instances. After modification with polymeric
pecies, the clay surface was changed to a non-aggregated
orphology and there are a large number of small flakes
ith severely crumpled structures. Furthermore, the

urface of modified MMT was expanded due to the
hemical intercalation with CTAB (Fig. 4b). An expanded
terlayer for CTAB intercalated MMT nanomaterial
ould be appropriate place for a chemical reaction like
terlayer exchange and interlayer adsorption. It has been

emonstrated that the surfactant intercalated MMT
anomaterial exhibits a larger pore size and specific
urface area than the pure MMT. Also, composition of
he adsorbent was evaluated using EDX analysis and the
esult is showed in Fig. 5. Based on the EDX micrograph,
he major portion of the modified MMT nanomaterial is
omposed of Si compounds, which are suitable for the
dsorption of various organic pollutants, such as organic
erbicide from aqueous solution. The weight percentages
wt%) of Si, O, Al, C, Fe, Mg and K compounds within the
dsorbent were 44.42, 32.50, 9.10, 8.46, 3.23, 1.57 and
.70%, respectively.

.2. The effect of operational parameters on the bentazon

emoval efficiency

.2.1. The effect of adsorbent dosage and contact time

The influence of adsorbent dosage on the adsorption
fficiency was investigated for six various amounts in the

range of 0.05–0.5 g/L in pH = 7 at different time intervals
(Fig. 6). It was evident that the bentazon removal efficiency
was increased by increasing the adsorbent dosage from
0.05–0.5 g/L for different time intervals (2–90 min). The
increasing of removal efficiency with an increase in the
adsorbent dosage was as a result of the presence of a high
surface area and consequently more number of available
sites for adsorption.

As can be seen in Fig. 6, the rate of removal of bentazon at
all dosages is primarily rapid in the first stages of contact
time and then it is gradually slowed until reactions reach
equilibrium at about 90 min. After the increase in the
exposure, time has a negligible effect on the efficiency of
adsorption process. The rapid adsorption observed during
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Fig. 6. The effect of adsorbent dosage on the removal of bentazon by

CTAB/MMT for different time intervals for ([Bentazon]0 = 20 mg/L, and

pH = 7).
Fig. 5. EDX of CTAB/MMT sample.
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e first times of process was attributed to the abundance of
e active sites on the CTAB/MMT surface and easy
ailability of them for bentazon molecules. Subsequently,
ecrease in the active sites is due to their occupation by

ntazon molecules and other hand repulsive forces among
e adsorbed bentazon molecules on the CTAB/MMT and
lk phase reduction in the rapid of adsorption process.

.2. The effect of pH of the solution

The effect of pH on the variation of bentazon adsorption
to CTAB/MMT was investigated for pH ranging between
nd 11 and the results are depicted in Fig. 7. According to
. 7, the pH of a solution is recognized as a very
pressive parameter that governs the adsorption process.
nerally, it is established that pH affects the surface
arge of the adsorbent. The removal efficiency of
ntazon decreased with increase in the initial solution
. It may be due to hydrolysis of the adsorbent in water,

hich can create positively charged sites and increase in
ctrostatic repulsion between bentazon ions and CTAB/

MT surface with increase in pH. Percentage removal of
ntazon was maximum at the initial pH of 3.0 (99.93%).
ntazon is a weak acid with pKa of 3.3; and at pH above
e pKa, it is predominantly in anionic form. In order to
tain information about the surface charge of the
sorbent, the point of zero charge (pHZPC) was deter-
ined. The plot of DpH versus pHi of the solutions is
ustrated in Fig. 8. It can be seen that pHZPC i.e. the pH at
hich the net surface charge on MMT/CTAB was zero
pH = 0) corresponds to a pH value around 4.4. This
eans that at pH values below 4.4 the CTAB/MMT surface
s a net positive charge, while at pH greater than 4.4, the
rface has a net negative charge. Hence, the acidic pH

MMT surface, as maximum removal of bentazon obtained
at pH 3 [50,51].

3.2.3. The effect of initial bentazon concentration

The adsorption of bentazon by CTAB/MMT was
investigated by varying its initial concentrations (10, 20,
40, 80 and 100 mg/L) at initial pH of 3.0 for different time
intervals (Fig. 9). When the initial bentazon concentration
was increased from 10 to 100 mg/L, the bentazon removal
efficiency was decreased from 99.99% to 28.48%. The
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cilitates the adsorption of anionic bentazon onto CTAB/ do
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eason for this result can be explained with the fact that the
dsorbent has a limited number of active sites, which
ould become saturated above a certain bentazon

oncentration. Similar observations were also reported
r other herbicide and different adsorbents by others
5,37,52].

.3. Kinetic and isotherm studies

The adsorption kinetic represents valuable data
bout efficiency of adsorption, reaction rate and path-
ay. Among kinetic models, pseudo-first-order and

seudo-second-order models are most commonly used
o describe the adsorption. The pseudo-second-order
near plot for the different initial concentrations of
entazon has been depicted in Fig. 10. The estimated
inetic parameters for bentazon have been summarized

 Table 2. As revealed in this figure and table, the
inetic data of bentazon adsorption had the best fitting
R2 = 0.998) to pseudo-second-order model. Moreover,
hen the initial bentazon concentration increased from

0 to 100 mg/L, the value of R2 for pseudo-second-order
odel were decreased and the value of qe increased
dicating that adsorption data were in agreement with

his model. The results are consistent with previous
teratures in which adsorption kinetic of bentazon by
ifferent adsorbent were fitted with pseudo-second-
rder model [51,53].

Adsorption isotherms show how adsorbate molecules
istribute between the liquid phase and the solid phase
ntil it reaches the equilibrium state, which is important in
ptimizing the adsorption process. In the present study,
e Langmuir and Freundlich isotherms were applied to
e equilibrium data of bentazon adsorption onto CTAB/
MT. Therefore, Freundlich and Langmuir models were

nalyzed by plotting log (qe) versus log (Ce) and Ce/qe

ersus Ce, respectively (Fig. 11a and b) and the estimated
reundlich and Langmuir constants and related correlation
oefficients are given in Table 3. The high correlation
oefficient (R2 = 0.9936) confirmed the applicability of the
angmuir model for the bentazon adsorption process onto
TAB/MMT. It means that the adsorption of bentazon onto
TAB/MMT occurred as homogeneous and monolayer
henomena.

The removal capacity of CTAB/MMT is compared in
able 3 to the values reported for different adsorbents [51–
8]. As the comparison reveals, the CTAB/MMT sample has
ffective higher adsorption capacity than the other.
aximum adsorption capacity was obtained 500 mg/g at

pH of 3. Based on the obtained results, the CTAB/MMT can
be employed as an efficient and low cost adsorbent for the
removal of herbicides.

3.4. Effect of ion strength

Effect of ion strength on the removal efficiency of
bentazon by CTAB/MMT was studied in the presence of
four different ion compounds. Fig. 12 shows that order of
percentage removal of bentazon is sodium carbona-
te > without anion > sodium bicarbonate > sodium sulfa-
te > sodium chloride. The removed amount of bentazon at
initial reaction time in the presence of sodium carbonate
was greater than that in the absence of any ions (Fig. 12).
Removal percentage of bentazon without presence of any
anion increased from 84.34% at 2 min to 99.99% at 90 min.
On the other hand, removal percentage of bentazon in the
presence of sodium carbonate was increased from 99.45%
at 2 min to 99.99% at 90 min. But removal efficiency of
bentazon decreased in present of sodium bicarbonate,
sodium sulphate, sodium chloride in comparison to
without anion.

The bentazon removal was highly decreased in the
presence of sodium bicarbonate, sodium sulfate and
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Fig. 10. The linear plots of pseudo-second-order model on the bentazon

removal by CTAB/MMT in different time interval (pH = 3, and adsorbent

dosage = 0.5 g/L).

able 2

he calculated kinetic parameters for pseudo-first-order and pseudo-second-order models for removal of herbicide.

Kinetic model

Pseudo-first-order model Pseudo-second-order model

[Bentazon]0 (mg/L) k1 (1/min) qe (mg/g) R2 k2 (g/mg min) qe (mg/g) R2

10 0.382 19.9 0.841 0.395 20.04 1

20 0.051 40 0.792 0.017 39.84 0.998

40 0.042 62 0.969 0.0028 63.69 0.993

80 0.044 65.89 0.958 0.0021 64.93 0.99
100 0.042 58 0.964 0.0012 62.5 0.97
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sodium chloride. It was also evident that the removal of
bentazon was reduced in the presence of sodium
bicarbonate, sodium sulfate and sodium chloride because
the adsorption of large bentazon ions mainly depended on
the electrical attraction. CO3

2�, Cl�, and SO4
2� may

interfere the electrostatic attraction between SO3
2� ions

on bentazon due to the interaction between the surface
and added solutes, which may block some of the sorption
active sites for the bentazon molecules.

3.5. Comparative study of bentazon removal by MMT and

CTAB/MMT

Comparison of between MMT and CTAB/MMT on the
adsorption bentazon at initial pH of 3.0 for different time
intervals is depicted in Fig. 13. The removal of bentazon
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. 11. The linear plots of (a) Freundlich isotherm and (b) Langmuir

therm for bentazon adsorption onto the CTAB/MMT (pH = 3,

ntazon]0 = 20 mg/L, adsorbent dosage = 0.5 g/L, and time = 24 h).

ble 3

e comparison of isotherm constants for the adsorption of herbicides.

Langmuir constants Freundlich constants Reference

dsorbent Herbicide name qm

(mg/g)

KL

(L/mg)

R2 KF

(mg/g (L/mg)1/n)

n R2

yous sawdust Paraquat 36.84 0.0135 0.993 2.9734 2.58 0.97 [54]

ate stone Aldrin 6.369 2.323 0.913 4.976 1.414 0.994 [55]

ate stone Dieldrin 6.975 1.401 0.901 3.908 1.435 0.998 [55]

ate stone Endrin 5.982 0.878 0.924 2.458 1.416 0.998 [55]

ea leave Quinalphos 196.07 0.520 0.997 9.4 0.962 0.985 [56]

ate see activated carbon Bentazon 86.27 0.017 0.968 6.47 1.78 0.975 [53]

ate see activated carbon Carbofuran 137.04 0.053 0.968 13.07 2.68 0.979 [53]

awsonia inermis wood Bentazon 169.491 0.183 0.996 26.73 1.615 0.934 [51]

ontmorillonite (C10M) 2-4D 5.03 0.02 0.85 0.91 0.067 0.98 [57]

iatomaceous earth Paraquat 17.54 1.72 0.859 12.8 0.074 0.949 [58]

a-montmorillonite SWy-1 3-Chloroaniline 0.096 0.031 0.9211 0.003 0.65 0.9559 [52]

a-montmorillonite SWy-1 4-Chlorophenol 0.174 0.22 0.8593 0.02 1.068 0.9473 [52]

TAB/MMT Bentazon 500 0.225 0.9936 12271.5 3.253 0.9885 Present
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as low in the presence of MMT. However, in the presence
f CTAB/MMT 99.99% of the bentazon was eliminated at
e time of 90 min. Chemical modification of pure MMT
ith an appropriate chemical agent also CTAB would be
vourable to reach suitable surface charge in order to
crease adsorption capacity of the clay.

. Conclusions

In the present research, the application of MMT
odified with CTAB for adsorption of the bentazon in

queous solutions was studied. The prepared sample was
haracterized by of FT–IR, XRD, SEM and EDX. The results
dicated more adsorption activity of the MMT modified
ith CTAB in comparison with unmodified MMT. The

emoval efficiency depended on experimental parameters
ke the amount of CTAB/MMT, contact time, pH and initial
entazon concentration. The removal efficiency at opti-
um pH 3 was found to increase with increase in contact

me and adsorption dosage, but to decrease with increase
 initial bentazon concentration. Analysis of CTAB/MMT

y FT–IR, XRD, SEM and EDX revealed functional groups,
orous surface and abundant cation elements that con-
ibute to the bentazon adsorption. Pseudo-second-order
odel described the adsorption kinetics of bentazon onto

TAB/MMT better than first one. The high value of
orrelation coefficient (R2 = 0.9936) for the Langmuir
otherm pointed out that adsorption was occurred on
omogeneous and monolayer surface. According to the
btained results, the maximum adsorption capacity for
entazon was 500 mg/g.
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