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ABSTRACT

Roxarsone is an organoarsenical compound widely used as a feed additive in animal
husbandry and might result in the contamination of inorganic arsenic in aquatic environ-
ment. Montmorillonite is an economical adsorbent with many advantages. In this study,
Fe/La-modified montmorillonite (Fe/La-Mt) was prepared, characterized, and investigated
for the removal of roxarsone from aqueous solutions. Brunauer–Emmett–Teller (BET)
analysis confirmed the increase in specific surface area and pore volume of montmorillonite
after modification. FESEM analysis showed that Fe/La-Mt formed flake structure and the
structure was collapsed after being calcined (C-Fe/La-Mt). The adsorption results indicated
that the adsorption capacity of Fe/La-Mt onto roxarsone is higher than that of C-Fe/La-Mt.
The adsorption process of roxarsone onto Fe/La-Mt and C-Fe/La-Mt can be well described
using pseudo-second-order model and interpreted using the Langmuir isotherm. Thermody-
namic analysis indicated that the adsorption was a spontaneous and endothermic process.
The adsorption capacity reduced slightly when solution pH increased from 2.5 to 8.0. The
ion of PO3�

4 greatly decreased the adsorption of roxarsone onto Fe/La-Mt. X-ray photoelec-
tron spectroscopy analysis confirmed the loading of arsenic (V) onto the surface of
Fe/La-Mt. The high adsorption capacity in a wide pH range demonstrated that Fe/La-Mt
can be used potentially for the removal of roxarsone from aqueous solution.
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1. Introduction

Roxarsone (4-hydroxy-3-nitrotropphenlarsonic acid,
Fig. 1) has been widely used in broiler husbandry to
treat coccidiosis and to improve feed efficiency since

the US Food and Drug Administration (FDA)
approved its use as an additive in 1944 [1]. The per-
mitted dose in broiler feed was 50 mg kg−1 [1]. The
usage of roxarsone was approximately 1,000 tons
annually in the United States, and more in China [1,2].
Most of the added roxarsone is excreted with feces
without chemical change. It is slowly converted into*Corresponding author.
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more mobile and toxic inorganic arsenics through bio-
logical and/or chemical process once released into the
environment through wastewater or land application
[3–5], causing arsenic contamination [6]. The chronic
exposure to arsenic may cause cancer. Arsenic con-
tamination has become one of the major environmen-
tal concerns [7], and the WHO has lowered the
maximum concentration of arsenic in drinking water
from 50 to 10 μg L−1 [8]. Therefore, the removal of rox-
arsone from wastewater is very important to avoid the
contamination of inorganic arsenics.

The removal of inorganic arsenic from aqueous solu-
tion has been widely investigated [9,10]. Researchers
have also paid attention to the removal of organic arsen-
ics from animal husbandry in recent years and many
methods have been investigated such as adsorption [11],
photo-degradation [12,13], and biotransformation [2,14–
16]. Among these methods, adsorption removal was con-
sidered as an economical way due to its low cost, high
efficiency, and easy handling [17]. Suitable adsorbent is
the key issue for the adsorption removal.

Montmorillonites are abundant in nature and
widely used as adsorbents for its characteristics of
high specific surface area, chemical and physical sta-
bilities, high cation-exchange capacity (CEC), and low

cost [18]. However, natural montmorillonite still has
limitations on the adsorption of organic and inorganic
compounds [18]. Many modification methods have
been applied in recent years for improving the adsorp-
tion efficiency, such as the use of organic or inorganic
modifiers, as summarized in Table 1 [18–24].

Recent studies have shown that modified montmo-
rillonite can remove inorganic arsenic from aqueous
solutions [22,25]. Iron(III) oxides/hydroxides such as
goethite (a-FeOOH) and hydrous ferric oxide have
been reported to be promising absorbents for remov-
ing inorganic arsenic compounds [17], and lanthanum-
loaded zeotile enhanced the removal of arsenate [26].
The addition of lanthanum in clays also enhanced the
adsorption of fluorine and phosphate [27,28]. Roxar-
sone contains an arsenate moiety and aromatic ring
which are bonded through an arsenic–carbon bond
[6], thus La/Fe-based materials might also show
high affinities toward roxarsone [29]. However, little is
known about the removal of roxarsone through
La/Fe-modified clays.

In this study, montmorillonite was modified by a
hydrolysis method, and the pillaring agents were pre-
pared using Fe(NO3)3·9H2O and La(NO3)3·nH2O. The
aim of this study was to: (1) characterize the original and
modified montmorillonites, (2) investigate the adsorp-
tion removal of roxarsone through modified montmoril-
lonites, and (3) analyze the adsorption kinetics and
isotherms of roxarsone onto modified montmorillonites.

2. Materials and methods

2.1. Materials

Calcium-montmorillonites (Ca-Mt) used in this
study was purchased from Wuhuatianbao mineral

Table 1
Methods and modifiers of modification for montmorillonite in recent years

Raw montmorillonite Modified montmorillonite

Modifiers Adsorbates Refs.
(0 0 1) spacing of
XRD (nm)

SBET
(m2 g−1)

(0 0 1) spacing of
XRD (nm)

SBET
(m2 g−1)

0.96 183.2 1.17 175 Ionic liquid (1-methyl, 3-
decahexyl imidazolium)

Amaranth dye [18]

1.55 1.73 Dodecyl sulfobetaine Methylene
blue, Cu2+

[19]

1.21 1.44 Cetyltrimethylammonium
bromide

Acid orange 7 [20]

1.52 1.56–1.81 Hydroxy-iron Arsenic [21]
1.25 9.79 Exfoliated 16.08 Polypyrrole Cr6+ [22]

71.15 154.17 Ethylamine Cs+ [23]
1.56 15.8 Humic acid Cu2+, Cd2+,

Cr3+
[24]
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O
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Fig. 1. Chemical structural formula of roxarsone.
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materials Co., Ltd, Inner Mongolia with CEC of
53.0 mmol/100 g. The components of Ca-Mt were
(wt.%): SiO2, 56.57; Al2O3, 17.36; Fe2O3, 4.34; CaO,
2.04; MgO, 4.31; K2O, 0.24; Na2O, 0.28; MnO, 0.066;
and TiO2, 0.24. Roxarsone (purity > 99%) was pur-
chased from Sigma-Aldrich, China. A stock solution of
roxarsone (100.0 mg L−1) was prepared in deionized
water and stored in a brown reagent bottle. Other
chemicals used in this work were of analytical reagent
grade.

2.2. Preparation of Na-montmorillonite and Fe/La-pillared
montmorillonite

Na-montmorillonite (Na-Mt) was produced from
Ca-Mt, as described by Yuan et al. [30]. Twenty grams
of raw Ca-Mt and 0.8 g of Na2CO3 were mixed with
400 mL of deionized water. The mixture was stirred
vigorously at 80˚C for 2 h, followed by eight cycles of
centrifugation and washing. After discharging the
supernatant, the Na-Mt was collected and dried at
105˚C. Then, the dried solid was ground and passed
through a 100-mesh sieve.

Fe/La-pillared montmorillonite (Fe/La-Mt) was
prepared from Na-Mt. Fe/La-Mt was synthesized
according to the process reported by Yuan et al. [30].
The pillaring agent was prepared by slowly adding
the powder Na2CO3 (10.6 g) to 600 mL of mixed solu-
tion of 0.33 mol L−1 Fe(NO3)3 and 1.65 × 10−3 mol L−1

La(NO3)3 with vigorous stirring for 2 h followed by
24 h of aging at room temperature. Then, the obtained
pillaring agent was added dropwise into 2% Na-Mt at
a ratio of Fe:Na-Mt = 1.0 mmol g−1 of the modified
clay. After the addition of pillaring agent, the obtained
suspension was stirred for additional 2 h then fol-
lowed by 20 h of aging at 70˚C. After 8 successive
cycles of washing and centrifugation, the collected
solid was dried at 105˚C for 24 h, ground and sieved
through 100 meshes. The mass ratio of Fe:La:Na-Mt in
Fe/La-Mt is 5.6:0.07:100. Finally, parts of dried Fe/La-
Mt were calcined at 500˚C for 2 h and the calcined
Fe/La-Mt was obtained (C-Fe/La-Mt).

2.3. Batch adsorption experiment

Adsorption assays were carried out using batch
technique in 250-mL flasks with 100 mL of working
volume at pH 6.0, and agitated in a rotary shaker at
160 rpm and 25˚C. Samples were taken out at deter-
mined time intervals, centrifuged and filtered through
0.22-μm cellulose acetate membrane for the measure-
ment of residual roxarsone. All tests were performed
in triplicate.

Adsorption kinetics were investigated by adding
0.1 g of Fe/La-Mt or C-Fe/La-Mt to roxarsone solution
(10.0, 20.0, and 40.0 mg L−1), and the change of roxar-
sone concentration with time was measured continu-
ously until the adsorption reached equilibrium state.

The adsorption isotherms at different temperatures
(288, 398, and 308 K) were investigated by mixing
0.1 g of Fe/La-Mt or C-Fe/La-Mt with various concen-
trations of roxarsone solution. The mixtures were agi-
tated for 24 h followed by further analysis.

The effect of pH values on adsorption removal
was investigated in the pH range of 2.5–10.0 at initial
roxarsone concentration of 20.0 mg L−1, and the pH
was adjusted using 0.1 mol L−1 HCl or NaOH. The
effect of coexisting anions was investigated by adding
0.1 mmol L−1 nitrate, sulfate, and phosphate to
26.3 mg L−1 (0.1 mmol L−1) roxarsone solution, respec-
tively. The ionic strength of potassium chloride con-
centration from 0.1 to 1.0 mol L−1 at initial roxarsone
concentration of 20.0 mg L−1 was studied. The dosage
of the adsorbent for pH, coexisting anions, and ionic
strength assays was 0.1 g of Fe/La-Mt.

2.4. Analysis

The concentration of roxarsone in the solution was
determined using high performance liquid chromatog-
raphy (HPLC, 1260 Infinity, Agilent Technologies,
USA) with a diode array detector at 264 nm, equip-
ping with a Wondasil C18 column (4.6 mm × 150 mm,
5 μm, GL Sciences Inc., Japan) at 30˚C for separation.
The mobile phase was composed of 50 mmol L−1

KH2PO4, methanol, and 0.1% (V/V) formic acid
(90:10:0.1, V/V/V) at a flow rate of 1.0 mL min−1 [13].

The raw and modified clays were characterized
using X-ray diffractometer (XRD, D/MAX2500V,
Rigaku, Japan), Fourier transform infrared spectrum
(FTIR, Nicolete 10, Thermo Fisher, USA), N2 Bru-
nauer–Emmett–Teller (BET, Tristar II 3020, USA), and
field emission scanning electron microscope (FESEM,
JEM-2100F, Japan). The XRD analysis was conducted
under the condition of Cu Kα radiation (40 kV,
40 mA), and the data were collected in the 2θ range
2˚–30˚ at room temperature. The FTIR spectra were
recorded using a mixture of dried clays and fine dried
KBr powder in the spectrum range of 4,000–400 cm−1.
N2 adsorption isotherms were measured at −196˚C,
and specific surface area (SBET), pore volume, and size
distributions were calculated from N2 adsorption iso-
therms using Barrett–Joyner–Halenda (BJH) method.
The roxarsone-loaded-modified clays were analyzed
using X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher Scientific, USA).
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The adsorbed amount of roxarsone onto modified
montmorillonites was calculated based on Eq. (1):

qt ¼ ðCo � CtÞV
M

(1)

where qt is the amount of roxarsone adsorbed by mod-
ified montmorillonites at time t, Co and Ct are the rox-
arsone concentrations at initial and time t in aqueous
solution (mg L−1), respectively, V is the solution vol-
ume (L), and M is the mass of modified montmoril-
lonite used in the experiment (g).

3. Results and discussion

3.1. Characterization of natural and modified
montmorillonites

Fig. 2(A) shows the XRD patterns of the Ca-Mt
(a), Na-Mt (b), Fe/La-Mt (c), and C-Fe/La-Mt (d). The
increase in the intensity of peaks indicated that Na-Mt
is more crystalline than the raw Ca-Mt. The d001

spacing of Na-Mt appeared at 5.779˚ (d001 = 1.53 nm),
which is in the range of natural montmorillonite [31].
As compared with Ca-Mt and Na-Mt, Fe/La-Mt was
less crystalline because there were no well-defined
peaks , which can be attributed to the formation of
oxocations, and similar result has been reported by
Nguyen-Thanh et al. [32]. The unconspicuous 0 0 1
peak in spectra of Fe/La-Mt suggested that the clays
were peeled off by interaction with iron species and
formed delaminated clays. No diffraction peaks were
found in the spectra of C-Fe/La-Mt for the whole
phase, implying the loss of crystal in the calcined-
modified clays. It could be deduced that the layer
structure had undergone dehydroxylation and col-
lapsed after being calcined.

The FTIR spectra of Ca-Mt (e), Fe/La-Mt (f), and
C-Fe/La-Mt (g) are shown in Fig. 2(B). As compared
with C-Fe/La-Mt, there appeared a peak at
1,385 cm−1 in the spectra of Fe/La-Mt, which is
assigned to the band of NO�

3 stretch vibration. An
increased peak at 3,618 cm−1 in the spectra of Ca-Mt
is associated with internal hydroxyls of clay minerals,
which is a shoulder on a broad asymmetric band
centered at 3,446 cm−1 and is typical for smectites.
When the raw materials were modified, the sharp
peak disappeared and the broad peak shifted to
3,442 cm−1, which could be due to the disruption of
hydrogen bond network by diffusing cations. Similar
result in the spectra of clays reacting with metal
nitrate has been reported before [33]. A strong band
at 1,637 cm−1 found in both raw clays and modified
clays, is associated with H2O plane deformation
vibration.

The N2 adsorption and desorption isotherms of the
original and modified montmorillonites are presented
in Fig. 3(A), exhibiting type II shape according to the
BDDT classification [34]. The pore size distribution is
shown in Fig. 3(B) with average size 3–8 nm. The SBET
and pore volume increased significantly after the Fe/
La-pillared modification, while the average pore size
decreased significantly with the modification, as listed
in Table 2.

Fig. 4 shows the FESEM images of Ca-Mt (A), Fe/
La-Mt (B), and C-Fe/La-Mt (C). It was found that both
raw clays and Fe/La-Mt showed highly porous mor-
phology. Obvious difference in microstructure can be
seen between the raw clays and Fe/La-Mt. The raw
clays presented obvious lamellar structure, while the
Fe/La-Mt appeared as slight agglomerates structure,
which further confirmed that modified montmoril-
lonite was peeled off after being intercalated. The
morphology of C-Fe/La-Mt presented a massive struc-
ture, which confirmed the collapse of the structure
(Fig. 4(C)).

0 5 10 15 20 25 30

0 800 1600 2400 3200 4000

d

c

In
te

st
if

y

2 theta, degree

a

b

d (001)=1.53 nm

(A)

(B)

f

e

T
ra

ns
m

it
ta

nc
e

Wavenumber cm-1

519

1035

1385

1637

3442

36183446

1637

1034
519

g

Fig. 2. Spectra of XRD patterns (A): Ca-Mt (a), Na-Mt (b),
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Ca-Mt (e), Fe/La-Mt (f), C-Fe/La-Mt (g).
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3.2. Effect of contact time

As shown in Fig. 5, the original Ca-Mt exhibited
very low adsorption capacity onto roxarsone
(Fig. 5(A)), while the modification significantly
increased the adsorption capacity (Fig. 5(B)). The
adsorption of roxarsone onto Fe/La-Mt (Fig. 5(B)) and
C-Fe/La-Mt (Fig. 5(C)) can be divided into two stages,
a relatively fast adsorption stage in the first four hours
and a slow adsorption stage after that. The fast
adsorption of roxarsone was attributed to availability
of a large amount of active sites at the external

surfaces of the adsorbent. The adsorption was
gradually slowed down when finite adsorption sites
were almost occupied by the adsorbate. The adsorp-
tion processes approached equilibrium after 20 h of
the adsorption for Fe/La-Mt and 24 h for C-Fe/La-Mt
at various concentrations investigated. The adsorption
capacity at equilibrium state was dependent on the
initial concentration. The maximum adsorption capac-
ity increased from 9.77 to 31.87 mg g−1 for Fe/La-Mt
and from 6.51 to 17.19 mg g−1 for C-Fe/La-Mt,
whereas the corresponding removal efficiency
decreased from 97.7 to 79.7% for Fe/La-Mt and from
65.1 to 43.0% for C-Fe/La-Mt with the increase in ini-
tial roxarsone concentration from 10.0 to 40.0 mg L−1.
This is because the ratio of available active sites to
roxarsone declined with increasing initial roxarsone
concentration at the same adsorbent dose, therefore
the removal efficiency deceased with increasing initial
concentrations of adsorbates. It can be found that the
adsorption capacity decreased when the modified
clays were calcined, which might be attributed to the
collapse of the clay structure. Therefore, Fe/La-Mt is
better than C-Fe/La-Mt for the removal of roxarsone
from aqueous solution.

3.3. Kinetics study

The kinetics and equilibrium isotherm of the
adsorption are two important physical and chemical
aspects of the process, which are commonly applied to
explain the adsorption process. The adsorption
kinetics were analyzed using pseudo-first-order and
pseudo-second-order models in this study.

The pseudo-first-order model is generally
expressed as Eq. (2), and the linear form can be
expressed as Eq. (3).

dqt
dt

¼ K1ðqe � qtÞ (2)

logðqe � qtÞ ¼ log qe � K1

2:303
t (3)
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Fig. 3. Nitrogen adsorption–desorption isotherms (A) and
mesopore size distribution (B) of Ca-Mt, Fe/La-Mt, and
C-Fe/La-Mt.

Table 2
Structual parameters of original and modified montmorillonites calculated from N2 adsorption isotherms

Sample SBET (m2 g−1) Pore volume (cm3 g−1) Average pore diameter (nm)

Ca-Mt 72.42 0.131 7.23
Fe/La-Mt 167.40 0.152 4.09
C-Fe/La-Mt 148.74 0.156 4.00

Note: SBET, specific surface area.
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where qe and qt are the amount of roxarsone adsorbed
per unit mass (mg g−1) at equilibrium and time t,
respectively, and K1 is the rate constant (min−1). The
qe and K1 were calculated from the intercepts and the
slopes of the plots of log(qe − qt) vs. t.

The adsorption process of initial four hours for
Fe/La-Mt and C-Fe/La-Mt at various initial roxarsone
concentrations were fitted using the pseudo-first-order
model, as shown in Fig. 6(A) and (C). The fitting
parameters and correlation linear coefficients (R2)
obtained are listed in Table 3. The R2 values of the

pseudo-first-order model at the investigated concen-
trations were relatively low for both Fe/La-Mt and
C-Fe/La-Mt. In addition, deviations between experi-
mental values and calculated qe values began to
increase at all concentrations with the prolonging of
the adsorption process, showing that pseudo-first-
order model cannot well describe the adsorption of

Fig. 4. FESEM images of Ca-Mt (A), Fe/La-Mt (B), and C-
Fe/La-Mt (C).
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roxarsone onto the modified clays. Therefore, pseudo-
second-order model was tried to describe the adsorp-
tion process.

Pseudo-second-order kinetics model was presented
in Eq. (4), and its linear form was expressed in Eq. (5).

dqt
dt

¼ K2ðqe � qtÞ2 (4)

t

qt
¼ 1

K2q2e
� 1

qe
t (5)

where qt and qe have the same mean as mentioned in
Eq. (2), and K2 is the rate constant of pseudo-second-
order kinetic model (g mg−1 min−1). The qe and K2

were calculated from the slope and the intercept of
the plots of t/qt vs. t.

Fig. 6(B) and (D) shows the plots of the pseudo-
second-order model, and the fitting parameters and
correlation coefficients are also presented in Table 3.
The pseudo-second-order model showed that the sim-
ulated qe values had good agreement with the experi-
mental qe values for both Fe/La-Mt and C-Fe/La-Mt,
indicating that pseudo-second-order model is better
than pseudo-first-order model for explaining the
adsorption process.
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Fig. 6. Adsorption kinetics of roxarsone onto Fe/La-Mt (A and B) and C-Fe/La-Mt (C and D) and fitted with pseudo-
first-order model (A and C) and pseudo-second-order model (B and D).

Table 3
Parameters and correlation coefficients of pseudo-first-order and pseudo-second-order of roxarsone adsorption onto Fe/
La-Mt and C-Fe/La-Mt

Adsorbent
Initial concentration
(mg L−1)

Pseudo-first-order Pseudo-second-order

K1 × 10−3

(min−1)
qe
(mg g−1) R2

K2 × 10−3

(g mg−1 min−1)
qe
(mg g−1) R2

Fe/La-Mt 10.0 49.55 0.73 0.960 243.40 9.76 1.000
20.0 8.09 4.39 0.890 6.69 19.72 1.000
40.0 5.88 12.74 0.963 1.41 31.94 0.999

C-Fe/La-
Mt

10.0 5.87 4.00 0.936 2.40 6.72 0.996
20.0 6.83 6.04 0.987 1.56 10.79 0.996
40.0 8.51 10.54 0.967 0.84 17.68 0.994
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3.4. Adsorption isotherm analysis

To explore the interaction between roxarsone and
modified montmorillonites, two most commonly used
adsorption isotherms, the Langmuir and Freundlich
isotherms are selected to elucidate the adsorption
process at the solid–liquid surface. The Langmuir
adsorption isotherm is based on the theory of
monomolecular adsorption with the assumption that
each active site can only adsorb one solvent or solute
molecule. The linear equation of the Langmuir
isotherm is expressed as Eq. (6):

Ce

qe
¼ 1

qmKL
þ Ce

qm
(6)

where Ce is the equilibrium concentration of roxarsone
in solution (mg L−1), qe has the same meaning as
described above, qm (mg g−1) and KL (L mg−1) are the
Langmuir isotherm constants representing the maxi-
mum theoretical adsorption capacity and the affinity
of adsorption sites, respectively.

The essential parameter RL of the Langmuir iso-
therm is a dimensionless equilibrium parameter and
can be obtained:

RL ¼ 1

1þ KLCo
(7)

where the value of KL can be obtained from the Lang-
muir isotherm, and the value of RL was calculated at
the initial roxarsone concentration of 5.0 mg L−1.

While the Freundlich isotherm is based on multi-
layer adsorption with the heterogeneous surfaces of
the adsorbent. The linear form of Freundlich isotherm
is expressed as Eq. (8):

log qe ¼ log KF þ 1

n
log Ce (8)

where KF relates to the adsorption capacity (mg g−1)
and n (L g−1) is an empirical parameter relating to
adsorption intensity.

Fig. 7(A)–(C) shows the experimental data at equi-
librium time as well as linear plots of the Langmuir
and Freundlich isotherms for Fe/La-Mt, while
Fig. 7(D)–(F) for C-Fe/La-Mt. The fitting parameters
and correlation coefficients (R2) at three different tem-
peratures are listed in Table 4. The results showed
that the Langmuir isotherm was more appropriate
than the Freundlich isotherm for Fe/La-Mt and C-Fe/
La-Mt with R2 values all above 0.990, indicating that
the sorption of roxarsone onto Fe/La-Mt and C-Fe/

La-Mt can be well interpreted using Langmuir
isotherm. The qm varied from 31.07 to 36.83 for
Fe/La-Mt, indicating that the adsorption capacity of
Fe/La-Mt is higher than TiO2 [12] and modified car-
bon nanotubes [29] but lower than iron and aluminum
oxides [36] for roxarsone adsorption. The calculated
values of KL were less than 1, which implied the
adsorption of roxarsone onto Fe/La-Mt and C-Fe/
La-Mt was a favorable process [35]. All of the values
of adsorption intensity n at three different tempera-
tures were >1, suggesting that the adsorption was
mainly a physical process.

3.5. Thermodynamic analysis

Thermodynamic analysis can be used to
better understand the degree and drive force of
adsorption process, and further analyze various
factors affecting the adsorption. Thermodynamic
analysis was conducted by investigating the sorption
of 40.0 mg L−1 roxarsone onto 0.1 g of Fe/La-Mt at
the temperatures of 15, 25, and 35˚C, respectively.
The thermodynamic parameters such as Gibbs
energy (ΔG˚), enthalpy changes (ΔH˚), and entropy
changes (ΔS˚) were calculated using Eqs. (9) and
(10), respectively.

DG� ¼ �RT ln Kc (9)

ln Kc ¼ DS�

R
� DH�

RT
(10)

where Kc represents the equilibrium constant and R
is the universal gas constant (8.314 J mol−1 K−1). The
thermodynamic parameters are listed in Table 5. The
values of ΔG˚ calculated at different temperatures
were in the range of −5.008 to −0.802 kJ mol−1,
suggesting that the interaction between roxarsone
and modified montmorillonites was spontaneous and
involved in physical adsorption [35]. Additionally,
the less negative values of ΔG˚ at the lower tempera-
tures suggested a smaller drive force of the adsorp-
tion process. The drive force is relatively lower for
C-Fe/La-Mt than that for Fe/La-Mt at the same
temperature. The positive values of ΔH˚ implied
the strong interaction between roxarsone and the
modified clay during the adsorption process. The
positive values of ΔS˚ indicated the increased ran-
domness at the solid–solution interface with increas-
ing temperature [35].
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3.6. Effect of environmental conditions

Fig. 7(A) shows the influence of pH on the roxar-
sone adsorption by Fe/La-Mt at the initial concentra-
tion of 20 mg L−1. The pH in solution can affect the

degree of ionization, speciation of ionizable chemicals,
and surface charge of adsorbents [36]. The adsorption
efficiency of ionizable chemicals at the solid–liquid
interfaces is highly dependent on the pH of aqueous
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Fig. 7. Adsorption isotherms of roxarsone onto Fe/La-Mt (A) and C-Fe/LA-Mt (D) at different temperatures and fitted
with the Langmuir model (B and E) and the Freundlich model (C and F).

Table 4
Isotherm parameters for the adsorption of roxarsone onto Fe/La-Mt and Fe/La-Mt at different temperatures

Adsorbent Temperature (K)

Langmuir isotherm Freundlich isotherm

qm (mg g−1) KL (L mg−1) RL R2 n KF (mg g−1) R2

Fe/La-Mt 288 31.07 2.00 0.090 0.998 6.91 21.67 0.986
298 32.82 2.53 0.073 0.998 6.46 23.25 0.972
308 36.83 3.22 0.058 0.997 5.67 26.91 0.987

C-Fe/La-Mt 288 17.88 0.12 0.621 0.998 2.10 2.97 0.995
298 21.47 0.13 0.610 0.998 1.97 3.40 0.997
308 24.39 0.14 0.580 0.997 1.95 4.02 0.999
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solution [36]. As shown in Fig. 8(A), the adsorption
capacity was relatively high at low pH values, and the
maximum adsorption occurred at pH 2.5 in the
investigated pH range. The adsorption capacity
reduced slightly when pH values increased from 2.5
to 8.0, thereafter declined sharply as pH increased
from 8.0 to 10.0. At pH 2.5, the adsorption capacity
was 19.70 mg g−1, which reduced to 13.36 mg g−1 at
pH 10.0.

The effect of pH values on the adsorption of
roxarsone onto Fe/La-Mt may be attributed to the pKa

values of adsorbates and the point of zero charges
(pHpzc) of the adsorbent. Roxarsone is a kind of
organic arsenic compound with the pKa values of 3.49,
5.74, and 9.13, respectively [37]. The increase in pH
values in aqueous solution led to increasing ioniza-
tion. When the pH value of aqueous solution is above
9.13, roxarsone is negatively charged. The pHpzc value
of modified montmorillonite was around 5.2, which is
negatively charged at pH > pHpzc [38]. Due to the neg-
atively charged roxarsone and the negatively charged
surface of the modified clays at high pH values, the
removal efficiency declined with the increase in pH in
aqueous solution.

Roxarsone is a negatively charged compound
under normal conditions, other negatively charged
anions, such as nitrate, phosphate, and sulfate in natu-
ral water may compete with roxarsone for active sites
of absorbents. Fig. 8(B) shows the effect of three kinds
of anions on the adsorption removal of roxarsone
through Fe/La-Mt. It can be found that the presence
of NO�

3 and SO2�
4 had no noticeable influence on the

adsorption of roxarsone, while PO3�
4 greatly decreased

the removal of roxarsone. The adsorption capacity of
roxarsone reduced from 24.97 to 17.96 mg g−1 in the
presence of PO3�

4 . Many studies have reported that
phosphate reduced the adsorption of arsenate
compounds onto minerals [39–41]. The inhibition to
the adsorption of roxarsone onto clays was attributed
to the competition for the limited active sites between
roxarsone and phosphate, because arsenic and

Table 5
Thermodynamic parameters for roxarsone adsorption onto Fe/La-Mt and C-Fe/La-Mt

Adsorbent Temperature (K) ΔG˚(kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (kJ K−1 mol−1) R2

Fe/La-Mt 288 −2.649 31.17 116.91 0.943
298 −3.356
308 −5.008

C-Fe/La-Mt 288 −0.802 20.32 73.38 0.999
298 −1.520
308 −2.121

2 4 6 8 10
12

14

16

18

20

0.0 0.4 0.8 1.2

19.2

19.6

20.0

q e
 (

m
g 

g-1
)

pH

(A)

(B)

(C)

0

6

12

18

24

q e (
m

g 
g-1

)

   Rox    Rox+NO-

3
   Rox+SO2-

4
   Rox+PO3-

4

q e
 (

m
g 

g-1
)

Ionic strength (mol L-1)
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phosphate have similar structure and chemical
reactivities [6].

Fig. 8(C) shows the effect of ionic strength on rox-
arsone adsorption by Fe/La-Mt. It can be found that
the adsorption efficiency of Fe/La-Mt slightly
decreased with the increase in KCl concentrations. It

has been reported that if the adsorption capacity is
affected by ionic strength, the outer-sphere complexa-
tion may be a predominant role for the adsorption
[42,43] The present result suggested that the adsorp-
tion of roxarsone onto Fe/La-Mt mainly involved
outer-sphere complexation, while previous researches
have shown that arsenic species formed inner-sphere
complexes with various minerals [6,25,44].

3.7. XPS analysis

The roxarsone-loaded Fe/La-Mt was characterized
using XPS, as shown in Figs. 9 and 10. The character-
istic peak appeared at binding energy of 45.5 eV can
be assigned to the atom of arsenate [45]. The fact that
arsenic in roxarsone in the form of pentavalence
suggests the valence of arsenic was kept unchanged
during the adsorption process. In addition, high-
resolution spectra of C 1s and O 1s region were also
analyzed and deconvoluted according to Lim et al.
[45]. The results are listed in Table 6. The relative con-
tent of metal oxide content increased from 1.5 to 2.1%
and C–C bond increased from 56.3 to 68.4%. The
results confirmed that roxarsone was absorbed onto
the surface of Fe/La-Mt.
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Fig. 9. As 3d XPS spectra of roxarsone-loaded Fe/La-Mt.
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4. Conclusions

Fe/La-pillared montmorillonite was prepared as an
absorbent for the removal of roxarsone from aqueous
solution. BET analysis confirmed the increase in specific
surface area and pore volume after the Fe/La-pillared
modification. FESEM analysis of Fe/La-Mt and C-Fe/
La-Mt showed that the clays were peeled off after being
modified, while collapsed structure was formed after
being calcined. The kinetics of roxarsone adsorption
onto both Fe/La-Mt and C-Fe/La-Mt can be better
described using the pseudo-second-order model. The
adsorption isotherms analysis showed that roxarsone
adsorption onto modified montmorillonites can be well
interpreted using the Langmuir model. The result of
thermodynamic analysis suggested the adsorption was
a spontaneous and endothermic process. The adsorp-
tion capacity reduced slightly when solution pH values
increased from 2.5 to 8.0 but decreased sharply as pH
further increased from 8.0 to 10.0. The adsorption
removal of roxarsone by Fe/La-Mt in aqueous solution
decreased markedly in the existence of phosphate ions
and was dependent slightly on ionic strength. The XPS
results confirmed that roxarsone was loaded onto the
surface of Fe/La-Mt. The high adsorption capacity of
roxarsone in a wide pH range demonstrated that Fe/
La-Mt can be used economically for the removal of rox-
arsone from aqueous solution.
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