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� Fe–La composite (hydr)oxides were
synthesized via coprecipitation
method.
� Fe–La composite (hydr)oxides were

effective for arsenate removal from
water.
� As(V) was removed by both

precipitation and sorption under
acidic condition.
� As(V) removal was achieved by

adsorption under alkaline condition.
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Arsenic exists ubiquitously in the environment and has been proved to be of great harm to human health.
In this study, a series of Fe–La composite (hydr)oxides were synthesized via a facile coprecipitation for
effective As(V) removal from aqueous solution. A variety of techniques including BET surface area
measurement, powder XRD, SEM, and XPS were employed to characterize the synthetic Fe–La composite
(hydr)oxides. Fe–La composite (hydr)oxides grains were formed via aggregation of primary nanoparti-
cles. With an increase in La content, the specific surface area of Fe–La composite (hydr)oxides decreased,
but the pore diameter, the pore volume and the grain size of Fe–La composite (hydr)oxides increased
gradually. Rapid As(V) adsorption on the synthesized composite oxides was achieved and the adsorption
was well fitted by the pseudo-second-order equation. The adsorption isotherms could be well described
by Langmuir equation and the maximal adsorption capacity of Fe–La composite (hydr)oxides can reach
368 mg/g. The As(V) removal was pH-dependent and decreased with an increase in pH value, especially
in alkaline condition. Under acidic and neutral conditions, As(V) removal was mainly achieved by both
precipitation and adsorption. By contrast, adsorption is the only mechanism for As(V) removal in alkaline
condition. The results indicate that the Fe–La composite (hydr)oxides could be potentially attractive
adsorbents for As(V) removal.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic, a well-known element, is ubiquitous in the environ-
ment and of worldwide serious concern due to its high toxicity
and carcinogenicity [1–4]. Arsenic is generally introduced into
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the aquatic environment through both natural process and anthro-
pogenic activity. The former includes weathering reactions, disso-
lution of minerals and biological activity while the latter mainly
contains mining, agriculture and manufacturing [1,3,4]. Arsenic
pollution is one of the most serious environmental problems. Long
term uptake of arsenic contaminated drinking water can cause
gastrointestinal, skin, liver and nerve tissue injures [5]. To
minimize these health risks, a strict guideline limit of 10 lg/l set
by the World Health Organization (WHO) has been adopted as
the drinking water standard by many countries [6].

Various treatment technologies for arsenic removal have been
investigated in recent years including precipitation, coprecipita-
tion, ion-exchange, adsorption, ultra filtration, and reverse osmosis
[5]. Among these, adsorption technique is considered one of the
most popular and practical methods for arsenic removal due to
its high efficiency, low cost and reusable characteristics [7,8]. More
and more attentions have been paid on the development of high
performance adsorbents including natural and synthetic materials
to control the arsenic pollution [9]. Iron (hydr)oxides are regarded
as promising adsorbent materials as they have strong affinities
toward inorganic arsenic species which results in high selectivity
to arsenic in the sorption processes [10–12]. Moreover, they are
low-cost and environmental friendly. Most recently, increasing
efforts have been devoted to the synthesis of novel composite
adsorbents containing iron oxides, including Fe–Ce [13], Fe–Mn
[14], Fe–Al [15], Fe–Zr [16], Fe–Cu [17], Fe–Ti [18]. These compos-
ites exhibited high adsorption capacity for arsenic removal than
their individual components.

Previous study showed that Lanthanum (hydr)oxides had good
performance in arsenate removal from water over a wide pH range
[19]. However, it is not so economical to use pure Lanthanum
(hydr)oxides as sorbent, due to its relatively high cost (The current
price of powder Lanthanum oxide (>99%) is US $8000–20,000/Ton).
To reduce cost, some composite adsorbents containing Lanthanum
(hydr)oxides have therefore been developed. For examples, Wasay
et al. developed lanthanum-impregnated silica gel to remove arse-
nate ions [20]. Jang et al. synthesized a Lanthanum functionalized
mesoporous media to adsorb arsenate from water [21]. Pu et al.
prepared a lanthanum-loaded zeolite adsorbent for arsenate
removal [22]. Guo et al. demonstrated that a La-containing LDH
adsorbent was efficient in removing arsenic from aqueous solu-
tions [23].

However, up to now, no report is available in the literature on
arsenate removal by Fe–La composite (hydr)oxides although they
are maybe an excellent adsorbent given that both Fe and La oxides
have good adsorption capacity for arsenate. Investigation on the
Fe–La composite (hydr)oxides may offer new insights to the devel-
opment of high performance adsorbents for arsenate removal. In
addition, the price of iron oxide (US $500–1000/Ton) is much lower
than that of Lanthanum oxide. Their combination would remark-
ably lower the adsorbent cost. Therefore, a facile chemical precip-
itation method was developed to synthesize Fe–La composite
(hydr)oxides at ambient temperature in this study. The main
objectives of this research were (1) to synthesize Fe–La composite
(hydr)oxides with different Fe/La molar ratios; (2) to characterize
the synthesized Fe–La composite (hydr)oxides with a variety of
techniques; (3) to evaluate their arsenate adsorption capacity;
and finally (4) to investigate the mechanism for arsenate removal.
2. Materials and methods

2.1. Materials

Analytic grade chemicals including FeCl3�6H2O, LaCl3�nH2O and
NaOH were purchased from Sinopharm Chemical Reagent Beijing
Co. (Beijing, China). As(V) stock solutions were prepared with
deionized water using Na2HAsO4�7H2O, respectively. As(V) work-
ing solutions were freshly prepared by diluting As(V) solutions
with deionized water. The concentrations of arsenic species were
always given as elemental arsenic concentration in this study.
2.2. Adsorbent preparation

A series of Fe–La composite (hydr)oxides were synthesized
under different Fe/La molar ratios at room temperature. Typically,
a certain amount of FeCl3�6H2O and LaCl3�nH2O were dissolved in
400 ml deionized water. The Fe/La molar ratio was adjusted to
the predetermined value via changing the amount of FeCl3�6H2O
or LaCl3�nH2O added. Under vigorous stirring, sodium hydroxide
solution (2 mol/l) was added dropwise to raise the solution pH to
around 8.5. After addition, the formed suspension was continu-
ously stirred for 1 h, aged at room temperature for 4 h and then
washed several times with deionized water. The suspension was
then filtrated and dried at 55 �C for 24 h. The dried materials were
crushed and stored in a desiccator for use. The obtained material
appeared in the form of fine powder, which were named as Fe/La
X:Y (X:Y = 1:0, 3:1, 1:1, 1:3 and 0:1. X:Y means the molar ratio of
FeCl3�6H2O and LaCl3�nH2O).
2.3. Adsorbent characterization

The morphology of the particles was characterized by a field
scanning electron microscope (FESEM) (Hitachi S-4800, Japan).
X-ray diffraction (XRD) analysis was carried out on a D/Max-3A
diffractometer (Rigaku Co., Japan) using Ni-filtered copper Ka1

radiation. The specific surface area was measured via nitrogen
adsorption using BET method with a Micromeritics ASAP 2000
surface area analyzer (Micromeritics Co., USA).

The point of zero charge (pzc) of the Fe–La composite
(hydr)oxides was determined according to the slightly modified
method described by Kinniburgh et al. [24]. Fe–La composite
(hydr)oxides powders were first suspended in 0.01 M NaNO3 for
24 h, which can slow down the pH change with time. Suspension
samples of 50 ml were then adjusted to various pH values with
NaOH or HNO3 solution. After agitation for 60 min for equilibrium,
the pH of solution was measured which is named initial pH. Subse-
quently 1 g of NaNO3 was added to each suspension samples to
bring final electrolyte concentration to 0.25 M. After three more
hours, the final pH was measured. The results, plotted as pHf–pHi

(final pH–initial pH) against final pH, yielded the pzc as the pH
where pHf–pHi = 0.

FTIR spectra were collected on a Nicolet IS10 FTIR spectropho-
tometer (Thermo scientific, USA) using a transmission model.
Samples for FTIR determination were ground with spectral grade
KBr in an agate mortar. IR spectra of arsenate adsorbed onto Fe–La
composite (hydr)oxides were obtained from dry samples in KBr
pellets corresponding to 5 mg of sample in approximately
200 mg of KBr. All IR measurements were carried out at room
temperature.

X-ray photoelectron spectra (XPS) were collected on an ESCA-
Lab-220i-XL spectrometer with a monochromatic Al Ka X-ray
source (1486.6 eV). C1s peaks were used as an inner standard cal-
ibration peak at 284.7 eV. For wide-scan spectra, an energy range
of 0–1100 eV was used with pass energy 80 eV and step size
1 eV. The high-resolution scans were conducted according to the
peak being examined with pass energy 40 eV and step size
0.05 eV. The XPS results were collected in binding energy forms
and fitted using a nonlinear least-squares curve-fitting program
(XPSPEAK41 Software).
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2.4. Batch adsorption tests

2.4.1. Adsorption kinetics
The kinetics experiments were carried out at room temperature

(25 ± 1 �C). To prepare a series of arsenate solutions with different
initial concentrations, predetermined amount of arsenate stock
solution and NaNO3 were added in a 1000-ml glass vessel and then
diluted to 500 ml with DI water. The initial arsenate concentration
was 15 mg/l, 20 mg/l, 30 mg/l and 50 mg/l, respectively. The ionic
strength of the solutions was 0.01 M. After the solution pH was
adjusted to 7.0 ± 0.1 by adding 0.1 M HNO3 and/or NaOH, 0.1 g of
Fe–La composite (hydr)oxides were added to obtain a 0.2 g/l
suspension. The suspension was mixed with a magnetic stirrer at
an agitation speed of 170 rpm, and the pH was maintained at
7.0 ± 0.1 throughout the experiment by addition of dilute acid
and/or base solutions. Approximately 5-ml aliquots were taken
from the vessel at predetermined times. The samples were
immediately filtered through a 0.45-lm membrane filter. The
concentrations of residual arsenate were determined using an
inductively coupled plasma atomic emission spectroscopy
(ICP-OES).

2.4.2. Effect of solution pH
The influence of solution pH on the arsenate adsorption was

investigated by adding 10 mg of Fe–La composite (hydr)oxides into
100-ml plastic vessels, containing 50 ml of arsenate solution. Initial
arsenate concentration was 15 mg/l, 20 mg/l, 30 mg/l and 50 mg/l,
respectively. The pH of the solutions was adjusted every 4 h with
dilute HNO3 or/and NaOH solution to designated values in the
range 3–11 during the shaking process. The equilibrium pH was
measured and the supernatant was filtered through a 0.45-lm
membrane for arsenate measurement after the solutions were
mixed for 36 h. In addition, to evaluate the leaching of Fe and La
from the adsorbent at different pH, the Fe and La concentrations
in the supernatant solutions were also measured by ICP-OES.

2.4.3. Adsorption isotherms
The arsenate adsorption isotherm was determined using batch

tests at pH 7.0 ± 0.1. The pH of suspensions was adjusted with
0.1 M of NaOH and HNO3 during the experiment. Initial arsenate
concentration varied from 2 mg/l to 100 mg/l. In each test, 10 mg
of Fe–La composite (hydr)oxides were loaded in a 100-ml plastic
vessel containing 50 ml arsenate solution of predetermined con-
centration. Ionic strength of the solution was adjusted to 0.01 M
with NaNO3. The vessels were shaken on an orbit shaker at
170 rpm for 36 h at 25 ± 1 �C. Then, all samples were filtered by a
0.45-lm membrane filter and analyzed for arsenate. The quantity
of adsorbed arsenate was calculated by the difference of the initial
and residual amounts of arsenate in solution divided by the weight
of the adsorbent. Additionally, in order to study the influence of
temperature on arsenate adsorption, batch tests were also
conducted at other two temperatures of 15 ± 1 �C and 35 ± 1 �C.

2.4.4. Regeneration and reusability of the Fe/La 1:1 composite
(hydr)oxide

Four cycles of adsorption and desorption were carried out to
assess the reusability of the Fe/La 1:1 composite (hydr)oxide.
For the adsorption tests, 400 mg of the Fe/La 1:1 composite
(hydr)oxide was introduced into 2 l arsenate solution of 33 mg/l.
The solution was stirred continuously for 20 h at 170 rpm and
25 ± 1 �C. The pH of the solution was maintained at 9.0 ± 0.1 during
adsorption process. Then the sorbent was separated by filtration
and was used for desorption tests after drying at 55 �C for 1 d.
For the desorption tests, the arsenate-containing Fe/La 1:1
composite (hydr)oxide was added into 100 ml NaOH solution of
0.5 mol/l. The mixture was stirred for 6 h and then separated from
the NaOH solution. After washing and drying, the sorbent was to be
used in the next adsorption–desorption cycle.

2.5. Analytical methods

Arsenate concentration was determined by an ICP-OES (Optima
7100 DV, Perkin Elmer Co., USA). Prior to analysis, the aqueous
samples were acidified with concentrated HCl in an amount of
1% and stored in acid-washed glass vessels. All samples were ana-
lyzed within 24 h after collection.
3. Results and discussion

3.1. Characterization of Fe–La composite (hydr)oxides

3.1.1. Scanning electron microscopy
The morphology of Fe–La composite (hydr)oxides was exam-

ined by SEM. As shown in Fig. 1, the pure Fe (hydr)oxide grains
were aggregates formed compactly by ball-like nanoparticles of
20–50 nm. By contrast, the pure La (hydr)oxide grains were aggre-
gates of nanoflakes of 100–200 nm. With decreasing Fe/La ratio,
the grain size of the Fe–La composite (hydr)oxides increased and
their structures became loose. At low Fe/La ratio, their morpholo-
gies and structures look like those of pure La (hydr)oxide.

3.1.2. Specific surface area
The N2 adsorption and desorption isotherms of the Fe–La compos-

ite (hydr)oxides were shown in Fig. 2. The adsorption and desorption
isotherms of Fe–La composite (hydr)oxides at ratio of 3:1 is type I
according to the IUPAC classification while their isotherms are type
IV at ratio of 1:1, 1:3 and 0:1. Fe/La 3:1 material was microporous.
And other three materials were possibly mesoporous, as they all
demonstrated a hysteresis loop for the desorption isotherm [25].
The adsorption isotherms of Fe/La 1:3 and Fe/La 0:1 did not present
a plateau at high p/p0 values, indicating that these pores might be pro-
duced by aggregation of platelet-like particles.

The data of specific surface area, average pore diameter, and
average pore volume of Fe–La composite (hydr)oxides were listed
in Table 1. It can be seen that with an increase in La content, the
specific surface area of Fe–La composite (hydr)oxides decreased.
On the contrary, the pore diameter and the pore volume increased
gradually. For the Fe/La 3:1 (hydr)oxide, the surface area was
as high as 224.5 m2/g, while the surface area of the pure La
(hydr)oxide was only 46.7 m2/g. This reduce might be ascribed to
an increase of particle size and change in particle shape from
ball-like nanoparticle to nanoflake as La content increasing in the
composite, which was observed by the SEM. Generally, sorbent
with a smaller particle size possesses a larger surface area and
ball-like particle has the largest specific surface area.

3.1.3. X-ray diffraction
Fig. 3 shows the XRD patterns of the synthesized Fe–La compos-

ite (hydr)oxides. The oxide at an Fe/La molar ratio of 1:0, namely
the pure Fe (hydr)oxide, has two broad peaks at approximately
35.4� and 62.2�, which are attributed to d spacing of 0.254 and
0.149 nm of poorly ordered two-line ferrihydrite [26]. This
indicates that the Fe/La 1:0 was amorphous and consisted of
two-line ferrihydrite. The oxide with an Fe/La molar ratio of 0:1,
namely the pure La (hydr)oxide, showed some sharp and symmet-
ric reflections for (100), (101), (201) and (300) planes and broad
asymmetric peaks for (112), (311) and (410) planes, which were
similar to the XRD pattern of La(OH)3 (JCPDS 36-1481) [27]. For
Fe–La composite (hydr)oxides, with an increase in La content, the
peaks of two-line ferrihydrite weakened and eventually disap-
peared, meanwhile the peaks of La(OH)3 appeared and increased.



Fig. 1. SEM micrographs of Fe–La composite (hydr)oxides particles. (a) Fe/La 1:0, (b) Fe/La 3:1, (c) Fe/La 1:1, (d) Fe/La 1:3 and (e) Fe/La 0:1.
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Fig. 2. N2 adsorption/desorption isotherms of the Fe–La composite (hydr)oxides
with different molar ratios.
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In addition, no new peaks were formed, indicating that
(hydr)oxides were a kind of mixture.

3.1.4. Point of zero charge (pzc)
The pzc values of Fe–La composite (hydr)oxides were shown in

Fig. 4. The pzc of 3:1, 1:1, 1:3 and 0:1 Fe–La composite
(hydr)oxides were 7.4, 7.8, 8.3 and 9.3, respectively. Clearly, the
pzc value raised as La content increased in these (hydr)oxides.
The obtained pzc values were consistent with literatures. Previous
studies showed the pzc of pure ferrihydrite was pH 7–9 [15] and
that of La(OH)3 was about pH 10.1 [19].

3.2. Batch adsorption experiments

3.2.1. Adsorption capacity of Fe–La composite (hydr)oxides
The adsorption isotherms for As(V) were presented in Fig. 5.

Obviously, the Fe–La composite (hydr)oxides had a high adsorption
capacity for As(V). Both Langmuir and Freundlich models [28,29]
were employed to describe the adsorption isotherms obtained in
the figure. The two equations can be expressed as follows:

qe ¼
qmaxKLCe

1þ KLCe
ð1Þ

qe ¼ KFCn
e ð2Þ

where qe and qmax represent the amount of equilibrium adsorption
capacity and the maximum adsorption capacity (mg/g), respec-
tively; KL (l/mg) is the Langmuir coefficient; Ce is the equilibrium
solution concentration (mg/l); KF is roughly an indicator of the
adsorption capacity and n is an empirical parameter; n is the heter-
ogeneity factor, which has a lower value for more heterogeneous
surfaces.
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Table 1
BET specific surface area and porosity measurements of Fe–La composite (hydr)oxides.

Adsorbent Specific surface area (m2/g) Average pore diameter (Å) Average pore volume (cm3/g)

Fe/La 3:1 224.5 26.1 0.146
Fe/La 1:1 99.3 74.0 0.184
Fe/La 1:3 54.8 227.7 0.312
Fe/La 0:1 46.7 359.4 0.420
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The adsorption constants obtained from the isotherms were
listed in Table 2. It was seen that the equilibrium data for the
adsorption of arsenate onto these Fe–La composite (hydr)oxides
could be better described by the Langmuir isotherm model than
Freundlich model. As(V) Langmuir adsorption capacities on 3:1,
1:1, 1:3 and 0:1 Fe–La composite (hydr)oxides were 116 mg/g,
166 mg/g, 235 mg/g and 368 mg/g, respectively, indicating that
higher La content leads to higher arsenate adsorption ability.

Table 3 shows the comparison results of the maximum adsorp-
tion capacities of various adsorbents for As(V). It is found that the
prepared Fe–La composite (hydr)oxides outperform many other
adsorbents, which make them promising for As(V) removal from
aqueous solutions. In addition, our recent studies show that the
Fe–La composite (hydr)oxides are far effective for As(III) removal
than the pure La (hydr)oxide. This indicates that the Fe–La
composite (hydr)oxides can be used to remove As(V) and As(III)
simultaneously. The details about As(III) removal will be demon-
strated in another paper.
3.2.2. Arsenate adsorption thermodynamics of Fe/La 1:1 composite
(hydr)oxide

The effect of three different temperatures (288, 298 and 308 K)
on As(V) adsorption by the Fe/La 1:1 composite (hydr)oxide was
investigated at pH 7.0 ± 0.1 and the results were presented in SI
(Supplementary Information) Fig. 1A. It was found that the
adsorption capacity increased with increasing temperature, which
indicated macroscopically that the adsorption process was
endothermic in nature.

The thermodynamic parameters such as change in standard free
energy (DGh), enthalpy (DHh) and entropy (DSh) were determined
by using the following equations [39]:

ln Kc ¼
DSh

R
� DHh

RT
ð3Þ

DGh ¼ DHh � TDSh ð4Þ

where R (8.314 J mol�1 K�1) is the gas constant, T (K) the absolute
temperature and Kc (ml g�1) is the standard thermodynamic
equilibrium constant defined by qe/Ce. By plotting a graph of lnKc

versus T�1 (SI Fig. 1B) the values DHh and DSh can be estimated from
the slope and intercept [40]. SI Table 1 shows the negative values of
DGh and positive DHh obtained indicated that the As(V) adsorption
process is a spontaneous and an endothermic [41]. The DHh value is
found to be over than 40 kJ mol�1 which indicates the adsorption of
As(V) is chemisorption [42]. The decrease in DGh with the increase
of temperature indicated more efficient adsorption at higher tem-
perature. The positive value of DSh suggests increased randomness
at the solid/solution interface occur in the internal structure of the
As(V) adsorption onto the Fe/La 1:1 composite (hydr)oxide [41].

3.2.3. Kinetics of arsenate adsorption by Fe–La composite (hydr)oxides
Fig. 6 shows the change of adsorbed arsenate as a function of

contact time. It is obvious that the adsorption process can be
divided into two steps. In the first step, the adsorption rate is fast,
and over 80% of the equilibrium adsorption capacity is achieved
within 4 h. In the second step, the adsorption slows down and
about 24 h are required to reach the adsorption equilibrium. There-
fore, for all batch experiments, the adsorption time was set at 36 h,
to ensure complete adsorption. Adsorption caused by electrostatic
processes is usually very rapid, on the order of seconds [10]. As the
adsorption of arsenate on the Fe–La composite (hydr)oxides is on
the order of hours, it can be concluded that specific adsorption
might occur.

Kinetic data analysis for arsenate adsorption onto Fe–La com-
posite (hydr)oxides was studied with the pseudo-first-order model
[43] and the pseudo-second-order model [44]. The mathematical
representations of the models are given in:

dqt

dt
¼ k1ðqe � qtÞ ð5Þ

dqt

dt
¼ k2ðqe � qtÞ

2 ð6Þ

where qe and qt are the adsorption capacities (mg/g) of the
adsorbent at equilibrium and at any time t (h), respectively; and
k1 (h�1) and k2 (g/mg h) are the related adsorption rate constants.



0

20

40

60

80

100

120

 Fe/La 3:1
 Langmuir model
 Freundlich model

A
s(

V
) 

ad
so

rb
ed

 (
m

g/
g)

As(V) equilibrium concentration (mg/L)

A

0

40

80

120

160

200

 Fe/La 1:1
 Langmuir model
 Freundlich model

A
s(

V
) 

ad
so

rb
ed

 (
m

g/
g)

As(V) equilibrium concentration (mg/L)

B

0

50

100

150

200

250

300

 Fe/La 1:3
 Langmuir model
 Freundlich model

A
s(

V
) 

ad
so

rb
ed

 (
m

g/
g)

As(V) equilibrium concentration (mg/L)

C

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 45

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 55
0

50

100

150

200

250

300

350

400

 Fe/La 0:1
 Langmuir model
 Freundlich model

A
s(

V
) 

ad
so

rb
ed

 (
m

g/
g)

As(V) equilibrium concentration (mg/L)

D

Fig. 5. Isotherms for As(V) adsorption by Fe–La composite (hydr)oxides. (A) Fe/La 3:1, (B) Fe/La 1:1, (C) Fe/La 1:3 and (D) Fe/La 0:1.

Table 3
Comparison of maximum As(V) adsorption capacities for different adsorbents.

Sorbent material pH Langmuir
capacity (mg/g)

Reference

Fe/La 3:1 7 116 Present study
Fe/La 1:1 7 166 Present study
Fe/La 1:3 7 235 Present study
Fe/La 0:1 7 368 Present study
Fe–Mn binary oxide 5 69.8 [14]
Cu/Mg/Fe/La-LDH 6 43.5 [23]
La–Ce binary hydroxide 7 89.9 [22]
La functionalized mesoporous media 7.2 123.7 [21]
Lanthanum carbonate 4 187 [30]
Fe–Zr binary oxide 7 46.1 [31]
Al2O3/Fe(OH)3 7 36.7 [32]
NHITO 7 14.3 [33]
Crystalline hydrous ferric oxide 7 25 [34]
Nano-TiO2 7 37.5 [35,36]
Hydrous stannic oxide 7 4.3 [37]
Akaganeite nanocrystal 7.5 134.1 [38]

Table 2
Langmuir and Freundlich isotherm parameters for As(V) adsorption onto Fe–La composite (hydr)oxides at pH 7.0 ± 0.1.

Adsorbent species Langmuir model Freundlich model

qmax (mg/g) KL (l/mg) R2 KF (mg/g) 1/n R2

Fe/La 3:1 116 2.883 0.918 70.1 0.169 0.793
Fe/La 1:1 166.5 5.753 0.91 117.5 0.112 0.906
Fe/La 1:3 235.4 3.875 0.885 162.5 0.116 0.856
Fe/La 0:1 368.1 4.272 0.913 256.5 0.111 0.837
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The rate constants obtained from the pseudo-first-order and the
pseudo-second-order models are summarized in Table 4. For
different adsorbent with same initial adsorbate concentration, a
larger adsorption rate constant usually represents a quicker
adsorption. However, for the Fe–La composite (hydr)oxide sys-
tems, the initial arsenate concentrations varied significantly. Thus,
the change of overall adsorption rate (given by the rate constants)
was irregular. Moreover, it can be found that the pseudo-second-
order model, based on the assumption that the rate-limiting step
may be chemical sorption or chemisorption involving valency
forces through sharing or exchange of electrons between sorbent
and sorbate, provides the better correlation of the experimental
data than the pseudo-first-order model [44]. This indicates that
the adsorption process may be chemisorption.
3.2.4. Effect of pH on arsenate removal
Fig. 7A shows As(V) adsorption on Fe–La composite

(hydr)oxides at various pH. It can be seen that the arsenate
removal efficiency by the Fe–La composite (hydr)oxides is higher
under acidic and neutral conditions compared to alkaline condi-
tions. The removal efficiency retains almost constant under pH 7,
but dramatically declines with the increase of solution pH under
alkaline conditions. Similar pH effect was also observed for the
sorption of As(V) onto iron oxides or iron-containing oxides
[45,46]. Low pH is favorable for the protonation of the sorbent
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surface. Increased protonation is thought to increase the positively
charged sites, enlarging the attraction force existing between the
sorbent surface and arsenate anions. With the increase in solution
pH, the negatively charged sites gradually increase enhancing the
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Table 4
Adsorption rate constant obtained from pseudo-first-order model and pseudo-second-ord

Adsorbent species Initial concentration (mg/l) Pseudo-first-order m

k1 (h�1) qe

Fe/La 3:1 15 1.452
Fe/La 1:1 20 0.626
Fe/La 1:3 30 0.881 1
Fe/La 0:1 50 0.730 2
repulsion effect, which in turn reduces the amount of adsorption.
Additionally, the leaching of Fe and La from the adsorbent at differ-
ent pH was evaluated as shown in Fig. 7B. The leaching of Fe ion
from Fe–La composite (hydr)oxides was not found under different
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(mg/g) R2 k2 (g/mg h) qe (mg/g) R2

73.6 0.891 0.03 77.8 0.945
98.7 0.943 0.008 107.8 0.965
41.6 0.923 0.008 153.0 0.963
41.6 0.984 0.004 265.1 0.991
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pH conditions. However, the leaching of La3+ ion occurred under
acidic and neutral conditions, but decreased sharply with the
increasing of solution pH under alkaline condition. Therefore, the
leached La3+ ion from Fe–La composite (hydr)oxides may react
with As(V) to form insoluble LaAsO4 precipitation under acidic
and neutral conditions, because it has a rather small solubility
product constant (Ksp = 2.1 � 10�23) [47].

Based on the results above, we proposed that the As(V) removal
might be accomplished through both adsorption and forming pre-
cipitation of LaAsO4 under acidic and neutral conditions, while it
could be attributed only to adsorption under alkaline condition.
To confirm our hypothesis, the Fe–La composite (hydr)oxides
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before and after reaction with arsenate were characterized by
XRD, XPS and FTIR.

3.3. Analysis of Fe–La composite (hydr)oxides before and after reaction
with As(V)

3.3.1. XRD analysis
The XRD patterns of the Fe/La 0:1 (hydr)oxide before and after

reaction with As(V) were shown in Fig. 8. The XRD patterns of Fe/La
0:1 (hydr)oxide after reaction with arsenate at pH 10.0 had not
changed, which implied that no new substance was formed and
only adsorption reaction occurred. However, new peaks for
(120), (012), (�103) and (103) appeared, which are the typical
XRD pattern of LaAsO4 (JCPDS 15-756) [26]. This result shows that
lanthanum arsenate precipitate was formed at pH 5 and pH 7 in
the process of arsenate removal, which confirmed our above
assumption.

3.3.2. Analysis of XPS
XPS spectra of Fe–La composite (hydr)oxides before and after

reaction with arsenate were collected to verify the presence of
arsenic and determine the oxidation state of adsorbed arsenic.
Fig. 9(A–D) shows that the As3d core level peak as well as the
AsLMM and As3p peaks have appeared after reaction with arse-
nate, which clearly indicates the presence of arsenate on the sur-
face of Fe–La composite (hydr)oxides. Fig. 9(E and F) exhibits the
As3d core level of 1:1 and 0:1 Fe–La composite (hydr)oxides after
the adsorption of As(V). The As3d binding energies for 1:1 and 0:1
Fe–La composite (hydr)oxides were 45.3 and 45.1 eV, respectively.
Previous studies reported that the binding energy of the As3d core
level for As(V) in arsenic oxides is around 45.1–45.6 eV [48,49]. It
can therefore be concluded that the arsenic species adsorbed onto
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the surface of Fe–La composite (hydr)oxides still remained as
As(V). In other words, the oxidation state of As(V) did not change
during the reaction processes.
3.3.3. FTIR spectra
FTIR spectra of the Fe–La composite (hydr)oxides before and

after reaction with As(V) were collected and shown in Fig. 10.
For the Fe/La 0:1 composite (hydr)oxide sample, the bands at
3600–3200 cm�1 are assigned to the vibration of O–H stretching.
The band at 1638 cm�1 is attributed to the deformation vibration
of water molecules. These indicate the presence of physisorbed
water on the oxide. The bands observed at 3609 cm�1,
1490 cm�1, 1394 cm�1 and 654 cm�1 are the characteristics of
the lanthanum (hydr)oxide. For the As(V)-treated sample, a new
peak at 855 cm�1 appears, which may be assigned to the vibration
of As–O–La groups [21]. For the Fe/La 1:1 composite (hydr)oxide,
the similar phenomenon is observed. This indicates that the
As(V) was mainly bound as a surface complex.
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Fig. 10. FTIR spectra of Fe/La 0:1 (hydr)oxide (A), after reaction with As
3.4. As(V) removal mechanism

According to the above results, the mechanisms for As(V)
removal by Fe–La composite (hydr)oxides were proposed. Under
acidic and neutral conditions, As(V) removal was achieved by both
precipitation and adsorption. However, it was mainly accom-
plished by adsorption under alkaline condition. The removal
mechanism of arsenate by the Fe–La composite (hydr)oxides is
shown in Fig. 11. Under acidic and neutral conditions, the La can
be leached from Fe–La composite (hydr)oxides and exist as La3+

in solution. In this pH range, arsenate ion predominantly exists
as H2AsO4

� and HAsO4
2� [50], reacts with La3+ ion to form insoluble

lanthanum arsenate. Meanwhile, a part of As(V) is adsorbed onto
the surface groups via forming bidentate binuclear (BB) and/or
monodentate mononuclear (MM) complexes. Under alkaline con-
dition, the release of La from the Fe–La composite (hydr)oxides
decreases sharply and the La3+ ion entered into the solution can
be negligible. Therefore, As(V) is mainly removed by adsorption
onto the adsorbent surface.
s(V) removal mechanism.
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3.5. Regeneration and reusability of the Fe/La 1:1 composite
(hydr)oxide

To assess the reusability of the used Fe/La 1:1 composite
(hydr)oxide, its regeneration using NaOH solution and re-adsorp-
tion were investigated. These adsorption–regeneration cycles were
carried out up to four times and the results were demonstrated in
SI Fig. 2. The value of cycle 0 corresponds to the adsorption
capacity of the fresh Fe/La 1:1 composite (hydr)oxide. The As(V)
adsorption capacity of the Fe/La 1:1 composite (hydr)oxide slowly
decreased with an increase in regeneration cycle. Whereas, this
reduction was not so remarkable and about 75% of the original
adsorption capacity was still achieved after 4 times regeneration.
These indicate that the adsorption of As(V) on Fe–La composite
(hydr)oxides are relatively reversible and spent Fe–La composite
(hydr)oxides could be effectively regenerated via NaOH treatment.

4. Conclusions

In this study, a series of Fe–La composite (hydr)oxides were
synthesized by coprecipitation method for arsenate removal from
aqueous solutions. The as-prepared Fe–La composite (hydr)oxides
grains were formed by nanoparticles or nanoflakes. With an
increase in La content, the specific surface area of Fe–La composite
(hydr)oxides decreased, but the pore diameter, the pore volume
and the grain size of Fe–La composite (hydr)oxides increased
gradually. The pseudo-second-order equation and Langmuir
adsorption model fitted the adsorption data. The calculated Lang-
muir adsorption capacities of 3:1, 1:1, 1:3 and 0:1 Fe–La composite
(hydr)oxides were 116 mg/g, 166 mg/g, 235 mg/g and 368 mg/g at
pH 7.0, respectively. In addition, the Fe–La composite (hydr)oxides
were effective for As(V) removal across a wide pH range. Under
acidic and neutral conditions, precipitation and adsorption were
the main mechanisms of As(V) removal, while only adsorption con-
tributed to As(V) removal under alkaline condition. The spent
Fe–La composite (hydr)oxide could be effectively regenerated
using NaOH solution and reused several times. The high removal
efficiency of the Fe–La composite (hydro)oxide makes it attractive
adsorbent for treatment of water contaminated with As(V).
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