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a b s t r a c t

In this study, organobentonites were prepared by modification of bentonite with various cationic sur-
factants, and were used to remove As(V) and As(III) from aqueous solution. The results showed that
the adsorption capacities of bentonite modified with octadecyl benzyl dimethyl ammonium (SMB3)
were 0.288 mg/g for As(V) and 0.102 mg/g for As(III), which were much higher compared to 0.043 and
0.036 mg/g of un-modified bentonite (UB). The adsorption kinetics were fitted well with the pseudo-
second-order model with rate constants of 46.7 × 10−3 g/mg h for As(V) and 3.1 × 10−3 g/mg h for As(III),
respectively. The maximum adsorption capacity of As(V) derived from the Langmuir equation reached
odified bentonite
dsorption
s(V)
s(III)

as high as 1.48 mg/g, while the maximum adsorption capacity of As(III) was 0.82 mg/g. The adsorption
of As(V) and As(III) was strongly dependent on solution pH. Addition of anions did not impact on As(III)
adsorption, while they clearly suppressed adsorption of As(V). In addition, this study also showed that
desorbed rates were 74.61% for As(V) and 30.32% for As(III), respectively, after regeneration of SMB3 in
0.1 M HCl solution. Furthermore, in order to interpret the proposed absorption mechanism, both SMB3
and UB were extensively characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD)

rared
and Fourier transform inf

. Introduction

Arsenic is a toxic metalloid element that is considered to be
ne of the most concerned contaminants in drinking water [1,2].
oil erosion and leaching contribute to the elevated arsenic either
n dissolved species or suspended forms in water [1,2]. In addi-
ion, water contamination by arsenic also results from discharge
f mining industry wastewater into aquatic environment [2,3].
ethods for arsenic removal from drinking water currently include

recipitation/co-precipitation, filtration, adsorption, ion exchange,
embrane dialysis, and biomass remediation [1,2,4].
Development of novel adsorbents generally involves in new

echnology for arsenic removal [2]. Various materials such as
eolites [3,5,6], clays [7–11], activated carbon [12], biomateri-
ls [13], metal oxides [14], zero-valent iron [15] and neutralized
ed mud [16] have been used as adsorbents to remove arsenic

rom contaminated and waste water. Among them, clays, due
o their inexpensive, acceptability, applicability, abundance and
igh adsorption efficiency, have been received much attention in
emoval of heavy metals from contaminated water [17]. Bentonite

∗ Corresponding author. Tel.: +86 (591) 83465689; fax: +86 (591) 83465689.
E-mail address: zlchen@fjnu.edu.cn (Z.-L. Chen).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.122
(FTIR) analyses.
© 2010 Elsevier B.V. All rights reserved.

modified either with Fe, Al, or Mn salts showed significant improve-
ments in adsorption affinity for arsenic, by which the removal
percents of As(III) ranged from 92% to >99% with the corresponding
adsorption capacity up to 4.5 mg/g [7]. Montmorillonite modi-
fied with polymeric Al/Fe was used to adsorb As(III), As(V) and
dimethylarsinate (DMA) from aqueous solutions, where the max-
imum adsorption capacity of the adsorbent was obtained in the
pH range from 3.0 to 6.0 for As(V), 7.0 to 9.0 for As(III) and 3.0 to
7.0 for DMA [8]. Kolinite modified with humic acids could adsorb
As(V) more effectively than un-modified kaolinite at pH 7.0 [9].
Clay pillared with titanium(IV), iron(III) and aluminum(III) showed
similar adsorption capacities for As(V) but differences in adsorption
capacities for As(III) [10].

Recently, arsenic adsorption on the raw clay modified with
cationic surfactants has been received much more attention. The
organoclays are prepared by exchange of Na+ or Ca2+ cations with
cationic surfactants participated on the surfaces of clays, where
charge on the clay surface is reversed from negative to positive
[18]. The positively charged head groups are balanced by coun-

teranions (A−), which makes the raw clay modified with cationic
surfactants to be a potential adsorbent to adsorb anionic contam-
inants, such as arsenate oxyanions, via ion exchange mechanism
[3,5,11,18]. Li and Bowman [11] used kaolinite intercalated with
hexadecyltrimethylammonium bromide (HDTMA) as an effective

dx.doi.org/10.1016/j.jhazmat.2010.08.122
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zlchen@fjnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.08.122
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dsorbent for arsenate removal, and reported that adsorption
apacity of As(V) onto the organo-kaolinite was at least two mag-
itudes greater than un-modified kaolinite. Though kaolinite and
eolite modified by HDTMA enhanced As(V) adsorption signifi-
antly, only a minor increase in As(III) adsorption. This is because
he adsorption mechanism for As(V) is through surface anion
xchange, while adsorption mechanism for As(III) may involve in
urface complexation [18].

Nevertheless, little work on raw bentonite modified with
ationic surfactants as adsorbents for removal of arsenic from aque-
us solution has been reported. The aims of this study were to
se bentonite modified by a cationic surfactant for the removal
f As(V) and As(III) from aqueous solution. Adsorption behaviors
f As(V) and As(III) on the modified bentonite by different cationic
urfactants were compared. In order to understand possible mech-
nism of adsorption, effects of experimental conditions such as
ontact time, solution pH, initial concentration, pH, ionic strength
nd addition of anion on adsorption of As(V) and As(III) were
nvestigated. Kinetics and isotherms of adsorption of As(V) and
s(III) on the organobentonite, and its regeneration of the adsor-
ent was also studied. In addition, the characterization of modified
nd un-modified bentonite using EMS, XRD and FTIR spectroscopic
echniques was conducted.

. Theories of adsorption

.1. Adsorption performance

The adsorption capacity of arsenic by the adsorbent was calcu-
ated by difference in concentrations using the following equation:

t (mg/g) = (C0 − Ct) · V/1000
W

(1)

here Qt is the adsorption capacity of arsenic on the adsorbent
t time t, C0 is the initial arsenic concentration (mg/L), Ct is the
oncentration of arsenic in solution at time t (mg/L), V is the volume
f arsenic solution used (mL), and W is the mass of the adsorbent
sed (g).

.2. Adsorption kinetics

The pseudo-second-order kinetic model was used to describe
he adsorption process. It is expressed using the following equation
19]:

t

Qt
= 1

(k2Q 2
2 )

+ t

Q2
(2)

here Q2 is the maximum adsorption capacity (mg/g) of arsenic
n the adsorbent, Qt (mg/g) is the adsorption capacity at equilib-
ium time and at time t (h), and k2 (g/(mg h)) is the rate constant of
dsorption. Values of k2 and Q2 can be calculated from the plot of
/Qt against t. The initial adsorption rate constant h (mg/(g h)) can
e obtained according to the following equation:

= k2 × Q 2
2 (3)

.3. Adsorption isotherms

Adsorption isotherms were used to understand the adsorption
nteraction and to design adsorption systems. Most of the adsorp-
ion data can be expressed in the Langmuir and the Freundlich
odels. The Langmuir isotherm is expressed using the following
quation [20]:

1
Qe

= 1
Qm

+ 1
QmKLCe

(4)
aterials 185 (2011) 63–70

where Qe (mg/g) is the adsorption capacity at equilibrium time t;
Qm (mg/g) is the maximum adsorption capacity; Ce (mg/L) is the
equilibrium concentration of arsenic and KL (L/mg) is a constant
related to the adsorption energy.

Based on the further analysis of the Langmuir equation, the
dimension parameter of the equilibrium or adsorption intensity
(RL) can be expressed using the following equation [21]:

RL = 1
(1 + KLC0)

(5)

where C0 (mg/L) is the initial concentration of arsenic. The param-
eter RL is considered as an indicator of adsorption. The values of RL
indicate the type of the isotherms: RL > 1 for unfavorable adsorp-
tion; RL = 1 for linear adsorption; 0 < RL < 1 for favorable adsorption;
RL = 0 for irreversible adsorption.

The Freundlich isotherm model is an empirical equation, which
is valid for an adsorption that is assumed that process occurs
between the concentrations of a solute on the heterogeneous sur-
face of an adsorbent and the solute in the liquid. The Freundlich
isotherm is expressed using the following equation [22]:

ln Qe = ln KF + 1
n

ln Ce (6)

where KF and n are the Freundlich constants that are associated
with the relative capacity and adsorption intensity, respectively.

Thermodynamic parameters such as standard Gibbs free energy
change (�G◦) can be calculated using the following equation [6]:

ln(KF × 1000) = −�G◦

RT
(7)

where KF is the Freundlich constants, given in Eq. (6), R is universal
gas constant (8.314 J/mol K), and T is the absolute temperature.

3. Materials and methods

3.1. Preparation of organobentonite

The bentonite used in this study was supplied by Fenghong
Co. Ltd., Jian, Zhejiang, China. The cation exchange capacity (CEC)
measured was 75.4 mequi/100 g. The chemical composition of
the bentonite was 62.5% SiO2, 18.5% Al2O3, 1.75% Fe2O3, 4.25%
MgO, 0.95% CaO, and 2.75% Na2O. The surfactants used for mod-
ification were octadecyl trimethylammonium chloride (OTMA),
octadecyl benzyl dimethylammonium chloride (OBDMA), and dioc-
tadecyl dimethylammonium chloride (DODMA). Na2HAsO4·7H2O
and NaAsO2 were of analytical reagent grade and used without
further purification. The pH of experimental solution was adjusted
using 0.01 M solutions of NaOH or HCl.

SMB3 was prepared in the following procedure. Briefly, 1.5 g
of the bentonite was initially dispersed into deionized water and
stirred with a magnetic stirrer at 600 rpm for 3 h and was then
mixed with the cationic surfactant solution (1.1 CEC). The mixture
was stirred slightly in order to avoid frothing in water bath at 80 ◦C
for 1.5 h. The ratio of water to the bentonite was 20. The suspen-
sion was subsequently washed with deionized water 4 times. The
moist solid material was dried in an oven at 60 ◦C and ground using
a pre-washed mortar and pestle. The montmorillonite content in
the organobentonite ranged from 96% to 98% with the measured
diameter less than 75 �m, lamellar distance less than 2.5 nm, and
apparent density less than 0.30 g/cm3.

3.2. Characterization
Solid morphological characteristics of UB and SMB3 were ana-
lyzed using a scanning electron microscopy (SEM) (JSM 7500F,
Japan). The crystal contextures of UB and SMB3 were determined
using an X-ray diffraction (XRD) instrument (X’ Pert Pro MPD, Hol-
land) with filtered Cu K� radiation operated at 40 kV and 40 mA.
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at about 6◦, which corresponds to the basal spacing with coordinat-
ing Na+ and Ca2+ ions in the interlayer space with one molecular
water layer (1.34 nm) [23]. However, as for SMB3, the basal spac-
ing increased to 3.11 nm with modification of the surfactant. This

Table 1
The XRD d(0 0 1) of bentonites modified with different surfactants.
J. Su et al. / Journal of Hazar

he XRD pattern was recorded from 1.5◦ to 30◦ of 2� with a scan-
ing speed of 0.02◦ of 2� per second. Infrared spectra of UB and
MB3 were obtained using a Fourier transform infrared (FTIR) spec-
rometer (FTIR Nicolet 5700, Thermo Corp., U.S.A.). Samples for FTIR

easurement were prepared by mixing 1% (w/w) of specimens
ith 100 mg of KBr powder and pressing the mixture into a sheer

lice. An average over 9 scans was collected for each measurement
ith a resolution of 2 cm−1.

.3. Adsorption experiments

1 g of the adsorbent was added into 100 mL of 0.01 M NaCl
olution (background electrolyte) with desirable concentrations of
s(V) and As(III) in a 250 mL conical flask. The flask was shaken
n a shaker at 33 ± 1 ◦C. Various experimental conditions, includ-
ng contact time (10–600 min), pH (2–11), ionic strength (0–0.5 M),

ajor anion (chloride, sulfate, fluoride and phosphate) and initial
oncentrations (0.2–60 mg/L), were tested. After filtration, As(V)
nd As(III) concentrations in the aqueous phase were determined
sing a PE2100DV ICP-OES instrument. Blank control tests without
ny absorbent were carried out in parallel. All experiments were
arried out in duplicates.

The efficiencies of arsenic adsorption on different adsorbents
ere studied at 33 ± 1 ◦C with a solution containing 5 mg/L of As(V)

nd As(III), 0.01 M NaCl, at initial pH, and contact time of 6 h for
s(III) and 8 h for As(V).

The effect of contact time on arsenic adsorption was studied
t 33 ± 1 ◦C with a solution containing 5 mg/L of As(V) and As(III),
.01 M NaCl, at initial pH.

The effect of initial concentration on arsenic adsorption was
tudied at 33 ± 1 ◦C with a solution containing different concentra-
ions of As(V) and As(III), ranging from 0.2 to 50 mg/L, 0.01 M NaCl,
t initial pH, and contact time of 6 h for As(III) and 8 h for As(V).

The effect of pH on arsenic adsorption was investigated in the pH
anges from 2 to 11 at 33 ± 1 ◦C with a solution containing 5 mg/L
f As(V) and As(III), 0.01 M NaCl, and contact time of 6 h for As(III)
nd 8 h for As(V).

The effect of ionic strength on arsenic adsorption was investi-
ated in the ionic strength ranges of 0–0.5 M at 33 ± 1 ◦C with a
olution containing 5 mg/L of As(V) and As(III), at initial pH, and
ontact time of 6 h for As(III) and 8 h for As(V).

The effect of addition anions with 0.01 M of chloride, sulfate,
uoride and phosphate on arsenic adsorption was investigated at
3 ± 1 ◦C with a solution containing 5 mg/L of As(V) and As(III), at

nitial pH, and contact time of 6 h for As(III) and 8 h for As(V).

.4. The determination of pHpzc

The batch equilibrium experiments were used to estimate
he point of pHpzc. For this, 0.2 g of adsorbent was added into
00 mL 0.01 M NaCl solution (background electrolyte). The initial
H (pHinitial) were adjusted the values ranging from 2 to 12 by
dding minimum amounts of 0.01 M NaOH or 0.01 M HCl. The sus-
ensions were equilibrated for 24 h in a rotary shaker at 200 rpm
t room temperature. The suspensions were filtered and final pH
alues (pHfinal) of the filtrates were re-measured. A plot of the final
H as a function of the initial pH provides pHpzc of the adsorbents
y the plateau of constant pH to the ordinate.

. Results and discussion
.1. Efficiency of arsenic adsorption on different adsorbents

As shown in Fig. 1, the adsorption capacities of As(V) are 0.189,
.112 and 0.288 mg/g, while the corresponding values of As(III)
Fig. 1. Efficiency of As(V) and As(III) adsorption on different sorbents. Dose: 10 g/L;
background electrolyte: 0.01 M NaCl; pH: initial pH (8.86); equilibration time: 6 h
for As(III) and 8 h for As(V); rotary speed: 250 rpm, initial concentration: 5 mg/L and
temperature: 33 + 1 ◦C.

are 0.136, 0.145 and 0.102 for SMB1, SMB2 and SMB3, respec-
tively. The results showed that the modified organobentonite had
a much higher adsorption capacity for arsenate compared to UB
(0.036 for As(III) and 0.043 for As(V)), and the species of quaternary
ammonium salt had more influence on adsorption of As(V) than on
adsorption of As(III). This may be because of that the adsorption of
As(V) is through anion exchange that has been well verified and dis-
cussed by some other researchers [3,11,18]. The benzyl conjugate
effect of SMB3 could lead to a deviate from its molecular struc-
ture, resulting in that the exchange of chloride ions occurs more
easily. While surface anion exchange is not a major mechanism for
As(III) adsorption [18], adsorption of As(III) may be mainly a physi-
cal adsorption. The adsorption capacities of As(V) obtained were in
the order: SMB3 > SMB1 > SMB2, while the adsorption capacities of
As(III) were in the order: SMB2 > SMB1 > SMB3. As shown in Table 1,
the different basal spacing of organobentonite samples obtained
is due to the modification by different cationic surfactants. Con-
sequently, the different adsorption capacities for As(V) and As(III)
were obtained due to the different sizes of the surfactant molecules.
In this case, hence, SMB3 was used in the further experiments.

4.2. Characterization of SMB3

Fig. 2(a) and (b) shows the ESM images of bentonite before and
after modification. The ESM image of UB (Fig. 2(a)) shows the sur-
face contexture is not smooth but granule alike with an anomalous
character. In comparison, the ESM image of SMB3 (Fig. 2(b)) shows
that the surface architecture is much smoother, characterized with
smaller size fragments and sheet alike contexture, indicating that
bentonite may be homogeneously dispersed throughout modifica-
tion of the surfactant.

Fig. 3(a) and (b) shows the XRD patterns of UB and SMB3. The
basal spacing of UB measured was 1.26 nm, representing a typical
XRD pattern of Na-bentonite with the d(0 0 1) plane reflection peak
Sample Surfactant XRD d(0 0 1)

SMB1 OTMA ∼2.2 nm
SMB2 DODMA ∼3.6–3.7 nm
SMB3 OBDMA ∼3.11 nm
UB 1.26 nm
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Fig. 2. SEM images

s attributed to the surfactant molecular arrangement laying flat
n the interlayer space, leading to expanse of the interlayer space
23,24]. As listed in Table 1, the result shows that the basal spacing
f SMB1 and SMB2 increases to 2.2 and 3.6–3.7 nm, respectively
ue to the different sizes of the surfactant molecules. The thickness
f montmorillonite layer is 0.96 nm, while the height of alkyl chain

ying parallel to the clay layer ranges between 0.4 and 0.45 nm,
epending on its orientation. The basal spacing suggests either a
oexistence of bilayer or pseudotrimolecular arrangements of the
ntercalated surfactant.

Fig. 3. XRD patterns of UB (a) and SMB3 (b).
(a) and SMB3 (b).

Fig. 4(a) and (b) shows the FTIR spectra of UB and SMB3 recorded
in the wave numbers ranging from 400 to 3500 cm−1. The bands
of UB at 1041 and 915 cm−1 represent the bending vibrations of
Si–O and Al–O, respectively [23,25]. The bands at 464, 519 and
3627.5 cm−1 are due to the stretching vibrations of Al–O–Si and OH
groups in bentonite. The bands at 1467.28 and 1486.77 cm−1 cor-
respond to ammonium ions, suggesting that the composition of the
organobentonite in the interlayer space may undergo ion exchange
of Na+ by NH+

4 ion. The bands at 2922.53 and 2852.28 cm−1 are
due to the stretching vibrations of symmetric and antisymmetric
CH2 [26]. The band at 1640.38 cm−1 corresponds to water bending
modes within the interlayer of bentonite. The intensity of this band
after modification decreased, indicating loss of water. Nevertheless,
most bands are identical after modification by the surfactant, sug-
gesting that the core crystal structure of UB and SMB3 remains. In
summary, results obtained from SEM, FTIR and XRD measurements
provide the clear evidences that the surfactant is incorporated into
the interlayer of bentonite, which support the adsorption mecha-

nism for As(V) to be mainly through anion exchange, and for As(III)
to undergo surface adsorption [18].
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Fig. 4. FTIR spectra of UB and SMB3.
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ig. 5. Effect of contact time on As(V) and As(III) adsorption by SMB3. Dose: 10 g/L;
ackground electrolyte: 0.01 M NaCl; pH: initial pH (8.86); rotary speed: 250 rpm,

nitial concentration: 5 mg/L and temperature: 33 + 1 ◦C.

.3. Effect of contact time on arsenic adsorption

The effects of the contact time on adsorption of As(V) and As(III)
n SMB3 are shown in Fig. 5. The adsorption capacities at the
quilibrium were 0.288 mg/g for As(V) and 0.102 mg/g for As(III),
espectively. The adsorption was fast within the first 30 min and
eached equilibrium within 4 h for As(III) and 6 h for As(V). The
ontact time of 6 h for As(III) and 8 h for As(V) were used in the
ollowing experiments to ensure a maximum adsorption. Initial
dsorption rates were high for both As(V) and As(III). This is due
o the fact that sticking probability is high in the initial external
urface [3,6]. The active sites are gradually filled up as adsorption
rogresses, leading to that adsorption rate becomes slow when the
inetics is dependent on the rate associated with intraparticle dif-
usion. The equilibrium time of As(III) was less than As(V). This may
e due to the different adsorption mechanism between As(V) and
s(III). As shown in Fig. 6, the correlation coefficients of R2, 0.9983

or As(V) and 0.9984 for As(III), are obtained from the pseudo-
econd-order kinetic model, respectively. This suggests that the
seudo-second-order model is fitted well to describe the adsorp-
ion behaviors of As(V) and As(III) on SMB3, indicating that the
dsorption process might be chemisorption [8]. Previous studies
lso reported that the pseudo-second-order model was correlated

ell with the experimental data on the adsorption of arsenic on the

lay materials that were similarly modified [8,12,27]. The pseudo-
econd-order rate constants (K) were 46.7 × 10−3 g/mg h for As(V)
nd 3.1 × 10−3 g/mg h for As(III), respectively. In addition, the ini-

121086420
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ig. 6. The pseudo-second-order kinetic model of As(V) and As(III) adsorption by
MB3.
Fig. 7. Effect of initial concentration on As(V) and As(III) adsorption by SMB3. Dose:
10 g/L; background electrolyte: 0.01 M NaCl; pH: initial pH (8.86); equilibration
time: 6 h As(III) for and 8 h for As(V); rotary speed: 250 rpm and temperature:
33 + 1 ◦C.

tial adsorption rate constant were 4.4 × 10−3 mg/g h−1 for As(V) and
3.38 × 10−5 mg/g h−1 for As(III). This indicates that the adsorption
rate constant of As(III) is smaller than As(V).

4.4. Effect of initial concentration on arsenic adsorption

The maximum level of arsenic concentration in public drink-
ing water has been dropped from 50 ppb (0.05 mg/L) to 10 ppb
(0.01 mg/L) in China recently. Although some adsorbents show
good efficiencies in removing arsenic from water containing high
concentration of arsenic, they probably are not good enough to
remove arsenic from water down to ppb levels [12,28,29]. There-
fore, it is very important to develop an adsorbent that can remove
arsenic from water down to 10 ppb. Fig. 7 shows changes in
the equilibrium adsorption capacities of arsenic as a function of
initial concentrations. As(V) concentrations were reduced from ini-
tial concentrations of 0.2, 0.5 and 1.0 mg/L to 0.0037,0.0073, and
0.04 mg/L after being treated with SMB3, indicating that SMB3
could remove arsenic either down to level of 0.01 mg/L or to
0.05 mg/L, depending on the initial concentration of As(V). How-
ever, in comparison, the final concentrations of As(III) were all
above 0.05 mg/L when the corresponding initial concentrations
were used. Therefore, the SMB3 is not capable to remove As(III)
efficiently even down to the maximum level of 0.05 mg/L.

Table 2 summarizes the constants of the Langmuir and Fre-
undlich adsorption isotherms of arsenic adsorption on SMB3,
where most of correlation coefficient (R2) values exceed 0.9 derived
from both the Langmuir and Freundlich models, suggesting that
both models fit well with the experimental results. The maximum
adsorption capacities (Qm) calculated from the Langmuir were
1.48 mg/g for As(V) and 0.82 mg/g for As(III), respectively. Although

it was found that the adsorption capacity for arsenic adsorption
onto SMB3 lower than those for other adsorbents (Table 3), SMB3
shows a good capability of removing arsenic from water down
to ppb levels, making the adsorbent to be used commercially in

Table 2
The constants of the Langmuir and Freundlich adsorption isotherms of adsorption
of arsenic on SMB3.

Freundlich isotherm Langmuir isotherm

KF 1/n R2 Qm (mg/g) KL (L/mg) R2

As(V) 0.18 0.56 0.941 1.48 0.11 0.998
As(III) 0.04 0.81 0.968 0.82 0.07 0.957
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Table 3
Comparison of maximum sorption capacity with other adsorbents.

Adsorbent Adsorption capacity
(mg/g)

References

As(III) As(V)

SMNM 7.29 [3]
SMNC 3.40 [3]
SMZY-100-S 17.89 [5]
H24 35.8 [6]
BT–FeIII 0.1 [7]
Al/Fe modified montmorillonite 19.11 21.23 [8]
Acid modified carbon black 46.3 [12]
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HDTMA modified kaolinite 0.32 0.67 [18]
Zr(IV)-loaded SOW gel 130 80 [27]
SMB3 0.82 1.48 Present study

uture for either removal or recovery of arsenic from aqueous solu-
ion contaminated with arsenic. The Langmuir constants (KL) were
.11 L/mg for As(V) and 0.07 L/mg for As(III). The Qm and KL val-
es were in accordance with trend of the efficiency: As(V) > As(III).
hese results indicated that the affinity of binding sites on SMB3
urface was in the order: As(V) > As(III). In addition, the data showed
hat the RL values decreased with an increase in the C0 values. The
L declined from 0.97 to 0.12 for As(V) and from 0.99 to 0.21 for
s(III) when the C0 increased from 0.2 to 60 mg/L, respectively. This
arameter (0 < RL < 1) indicates that SMB3 is suitable adsorbent for
emoval of As(V) and As(III) from aqueous solutions [21].

In comparison, the R2 values derived from the Freundlich model
ere 0.941 for As(V) and 0.968 for As(III). The 1/n values were

.56 and 0.81 and the KF values were 0.18 and 0.04 for As(V) and
s(III), respectively. A high value of n suggests a great heterogene-

ty of surface on the adsorbent [3]. A high value also indicates much
avorable adsorption for As(V). These results agreed with the results
btained from the Langmuir model. In addition, �G◦ values were
13.24 kJ/mol for As(V) and −9.29 kJ/mol for As(III), respectively.
he negative free energy values indicate the feasibility of the pro-
ess and the spontaneous nature of adsorption. In addition, high
G◦ values suggest that adsorption might be much spontaneous.

.5. Effect of pH and mechanism on arsenic adsorption

pH affect on arsenic adsorption is general based on two factors:
i) distribution of arsenic species in solution, and (ii) overall charge
f the surface on an adsorbent [12]. Distributions of As(V) and As(III)
pecies are given in Eqs. (8) and (9) based on their corresponding
Ka values [2]:

3AsO3
−H+ pKa=9.1−→ H2AsO3

−−H+ pKa=12.1−→ HAsO3
2−−H+ pKa=13.4−→ AsO3

3− (8)

3AsO4
−H+ pKa=2.1−→ H2AsO4

−−H+ pKa=6.7−→ HAsO4
2−−H+ pKa=11.2−→ AsO4

3− (9)

Therefore, it is important to investigate how pH affects arsenic
dsorption on SMB3. The pH values tested ranged from 2.0 to 11.0,
nd were justified every half hour during the course of adsorption.
ig. 8 shows the effect of pH on arsenic adsorption on SMB3, where
he maximum adsorption capacity of As(V) is 0.352 mg/g at pH∼6.0.
his may be due to deprotonation of As(V), leading to an increase of
dsorption capacity of As(V) with increasing solution pH, thereby
trengthening the surface anion exchange process between As(V)
nd counter ion of chloride on SMB3, which is indicated conceptu-
lly by Eqs. (10) and (11). But when the pH values are >pHpzc 6.67,
here competition of OH− for activity sits on SMB3 becomes pre-
ominate as OH− concentration increases, leading to a decrease in

dsorption efficiency.

MB − Cl + H2AsO4
− = SMB − H2AsO4 + Cl− (10)

SMB − Cl + HAsO4
2− = SMB2 − HAsO4 + 2Cl− (11)
Fig. 8. Effect of pH on As(V) and As(III) adsorption by SMB3. Dose: 10 g/L; back-
ground electrolyte: 0.01 M NaCl; equilibration time: 6 h for As(III) and 8 h for As(V);
rotary speed: 250 rpm, initial concentration:5 mg/L and temperature: 33 + 1 ◦C.

However, Fig. 8 also shows that the maximum adsorption capac-
ity of As(III) is 0.108 mg/g at pH ∼9.0, which is much less than the
As(V). This is because of the fact that when initial pH values are
<9.0, the predominant form of As(III) in the solution is H3AsO3, and
anion exchange is not a major mechanism as shown by Eqs. (12) and
(13), but is a physical adsorption process through Si–O and Al–O
groups at the edges of the clay particles [7,30]. The proportion of
H2AsO3

− increases with increasing solution pH to 9.0, leading to
improvement of adsorption efficiency.

X − OH + H3AsO3 ↔ X − HAsO3 + H2O(monodentate) (12)

2X − OH + H3AsO3 ↔ X2 − HAsO3 + 2H2O(bidentate) (13)

where X ≈ Si or Al.

4.6. Effect of ionic strength on arsenic adsorption

Investigation of the effect of ionic strength on adsorption is
a simple approach to distinguish possible adsorption processes
involved either in inner-sphere or outer-sphere surface complexes
[8]. The results of the effect of ionic strength on arsenic adsorp-
tion on SMB3 showed that the adsorption capacities decreased
from 0.449 to 0.062 mg/g for As(V), while the adsorption capac-
ity of As(III) was not significantly affected when the ionic strength
increased from 0 to 0.5 M. The adsorption that is not affected
by the variations of ionic strength is an inner-sphere complex-
ation; otherwise it is outer-sphere complexes [31]. Hence, the
adsorption of As(V) is the outer-sphere complexes through anion
exchange, where an increase in ionic strength increases competi-
tion of counter ions for adsorption on SMB3, leading to a decrease of
the adsorption efficiency of As(V) on SMB3. However, the adsorp-
tion of As(III) is mainly physisorption, which predominant forms
of As(III) in the solution is H3AsO3, and is inter-sphere complexes
through Si–O and Al–O groups at the edges of bentonite particles
[30]. Previous studies have also been reported that As(III) adsorp-
tion is via the formation of inner-sphere surface complexes while
As(V) adsorption is the outer-sphere complexes [18].

4.7. Effect of addition anion on arsenic adsorption

Industrial wastewater often contains a variety of anion species.

To check the effects of anions on adsorption arsenic, 0.01 M of chlo-
ride, sulfate, fluoride and phosphate ions were therefore added
to arsenic solution. Fig. 9 shows the effect of anion addition on
the adsorption capacity of As(V) and As(III) on SMB3, where addi-
tion of anions hardly affects As(III) adsorption except phosphate,
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ig. 9. Effect of major anion on As(V) and As(III) adsorption by SMB3. Dose: 10 g/L;
H: initial pH(8.86); equilibration time: 6 h for As(III) and 8 h for As(V); rotate speed:
50 rpm, initial concentration: 5 mg/L and temperature: 33 + 1 ◦C.

ut suppresses As(V) adsorption. These results agree with previ-
us conclusions which the adsorption of As(V) is the outer-sphere
omplexes through anion exchange. The tendency of anion effect
as in the order: phosphate > sulfate > fluoride > chloride. Phos-
hate seriously hinders As(V) and As(III) removal, leading to that
dsorption capacities of As(V) on SMB3 decreased from 0.449
o 0.071 mg/g and As(III) adsorption efficiency decreased from
.112 mg/g (when ionic strength was zero) to 0.061 mg/g. The rea-
on could be that phosphate is chemically similar to arsenic [8],
hich increases competition of arsenic for adsorption sites on the

urface of SMB3. Phosphate might also be coordinated with surface
unctional groups, such as Fe oxides, on the surfaces of SMB3 [32].
s a result, phosphate inhibits the adsorption of arsenic through
educing the availability of adsorption sites, and might also pro-
ote the formation of negatively charged surface sites. Therefore,

he adsorption of arsenic reduced is attributable to increase the
lectrostatic repulsion between arsenic and the surface sites of
MB3. Sulfate is divalent that can decrease the thickness of EDL,
hereby decreases the adsorption efficiency of As(V) more than flu-
ride and chloride [33]. The adsorption behavior of As(III) that is
naffected by addition of anions (except phosphate) is an evidence
f inner-sphere complex mechanism between As(III)) and active
ites of the surface of SMB3.

.8. Regeneration of SMB3

Regeneration of adsorbents is an important practice in environ-
ental remediation. Therefore, 1 g of SMB3 was added to 100 mL

f 5 mg/L arsenic solution and mixed until equilibrium in order to
etermine amount of arsenic to be adsorbed on SBM3. In regenera-
ion tests, 0.5 g of used SMB3 saturated either with As(V) or As(III),
as added into 100 mL of either 0.1 M NaOH or 0.1 M HCl solu-

ions for regeneration. The mixer was shaken on a rotary shaker at
00 rpm for 12 h at room temperature. The suspension was filtered
nd then was analyzed in order to find out how much As(V) was
eached out from SMB3. The results showed that desorbed rates

ere 30.32% for As(V) and 14.72% for As(III), respectively when
aOH solution was used. However, desorbed rates were 74.61% for
s(V) and 29.44% for As(III), respectively when HCl solution was
sed.
. Conclusions

The results obtained from this work demonstrated that SMB3
ould enhance removal of As(III) and As(V) from aqueous solu-
ions. The adsorption capacities of As(III) and As(V) on SMB3 were

[

[

aterials 185 (2011) 63–70 69

5 times higher than those of UB. The adsorption results showed
that at initial concentrations of 0.2, 0.5 and 1.0 mg/L, SMB3 could
remove As(V) to the level of arsenic below Chinese Environmen-
tal Protection guideline values of 50 ppb for treated waste water or
10 ppb for drinking water. The pseudo-second-order model fitted
well the adsorption of As(V) and As(III). The maximum adsorption
capacity of As(V) calculated from the Langmuir reached as high
as 1.48 mg/g, while adsorption capacity of As(III) was 0.82 mg/g.
The results derived from effects of pH, ionic strength and addition
of anions on arsenic removal indicated that the possible adsorp-
tion mechanism of As(V) was the outer-sphere complexes through
surface anion exchange, and the possible adsorption mechanism of
As(III) was not surface anion exchange but was physisorption inter-
sphere complexes through Si–O and Al–O groups at particle edges
of the clay. Finally, desorption rates of SMB3 regenerated using
0.1 M HCl solution were 74.61% and 29.44% for As(V) and As(III),
respectively.
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