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a b s t r a c t

The study was carried out to evaluate the feasibility of synthetic siderite for As(V) removal from aqueous
solution. Batch experiments were performed to investigate effects of various experimental parameters
such as contact time (10 min–8 h), initial As(V) concentration (0.5–60.0 mg/L), temperature (15, 25, 35
and 45 ◦C), pH (2.0–10.0) and the presence of competing anions on As(V) adsorption on the synthetic
siderite. Kinetic data reveal that the uptake rate of As(V) was rapid at the beginning and 90% adsorption
was completed within 10 min at 45 ◦C and equilibrium was achieved within 3 h. The adsorption process
was well described by pseudo-second-order kinetics model. The adsorption data better fitted Langmuir
isotherm at low temperatures (i.e., 15 and 25 ◦C), while Freundlich isotherm at relatively high tempera-

◦

ron hydroxides
inetic
hermodynamic

tures (35–45 C). The maximum adsorption capacity calculated from Langmuir isotherm model was up
to 31 mg/g. Thermodynamic study indicates an exothermic nature of adsorption and a spontaneous and
favorable process. The optimum pH for As(V) removal was broad, ranging from 3.0 to 10.0. The As(V)
adsorption was impeded by the presence of SiO3

2−, followed by PO4
3− and NO3

−. The adsorption process
appeared to be controlled by the chemical process. The high As uptake may attribute to both coprecip-
itation of As with goethite and lepidocrocite forming during the reaction and subsequent adsorption of
As on these minerals.
. Introduction

High As groundwaters have been found in many countries,
ncluding Bangladesh, West Bengal, Argentina, China, Mexico,
he United States, Chile and Japan [1,2]. Many high-As ground-
aters have been used for drinking water. Long-term exposure

o As in drinking water has caused a variety of chronic health
roblems, including skin diseases (pigmentation, dermal hyperk-
ratosis, skin cancer), cardiovascular, neurological, hematological,
enal and respiratory diseases, as well as lung, bladder, liver, kid-
ey and prostate cancers [3]. In order to protect public health,
he World Health Organization has set a provisional guideline
imit of 10 �g/L for As in drinking water [4], which was subse-
uently adopted by the European Union [5] and the United States
6]. The lowering of As drinking water standard requires effec-
ive and cheap technologies for As removal from the As drinking
ater.
Among a variety of technologies (including precipitation-
oagulation, membrane separation, ion exchange, lime softening
nd adsorption), adsorption and coagulation are believed to be the
heapest As removal methods. Although coagulation with iron and

∗ Corresponding author. Tel.: +86 10 8232 1366; fax: +86 10 8232 1081.
E-mail address: hm guo@hotmail.com (H. Guo).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.11.009
© 2009 Elsevier B.V. All rights reserved.

aluminium salts is more effective, the requirement of skilled oper-
ator and the introduction of contaminants into the water limit
its application in small community and household levels. Since
solid adsorbents are easy to handle and are appropriate for use
in country side where high As groundwater mostly occurs, adsorp-
tion has received much attention on As removal. Iron containing
substances have been widely investigated to remove As from
aqueous solution due to their high specific surface area, includ-
ing Mn-substituted Fe oxyhydroxide [7], granular ferric hydroxide
[8] ferrihydrite [9], goethite [10], zero valent iron [11], Ce(IV)-
doped Fe oxide [12], natural hematite and natural siderite [13].
Although natural siderite has been found to be a potential adsor-
bent for As removal, the kinetic rates for As adsorption are relatively
low [2,13]. In comparison with the natural siderite having been
aged for a long-term period, synthetic siderite has much more
active sites on the surface. However, a review of the literature
shows that little has been done to evaluate the applicability of
synthetic siderite for remediation of As from high As drinking
water.

This study investigates the feasibility of the synthetic siderite for

As(V) removal from aqueous solution. The main objectives are (i) to
understand the As(V) adsorption kinetics, (ii) to evaluate the impact
of temperature, pH and coexisting anions on the As(V) removal
kinetics and/or capacities; and (iii) to describe and explain some
important thermodynamic parameters.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hm_guo@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2009.11.009
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. Materials and methods

.1. Materials

All reagents used in this study, including ferrous sulfate
FeSO4·7H2O) and ammonium hydrocarbonate (NH4HCO3), were of
nalytical grade. Stock As(V) solution (1000 mg/L) were prepared
rom sodium hydrogen arsenate (Na2HAsO4·7H2O, Fluka Chemi-
al) using deionized water. All glasswares and sample bottles were
insed with 10% HNO3 for at least 24 h, soaked with tap water, and
nally rinsed with deionized water three times.

Artificial siderite was synthesized with ferrous sulfate
FeSO4·7H2O) and ammonium bicarbonate (NH4HCO3). Fer-
ous carbonate was precipitated by mixing 1 M Fe2+ with 2 M
CO3

− at room temperature. The precipitate was filtered with
.45 �m membrane. After rinsed with deionized water for three
imes, the artificial siderite was air-dried for 24 h and ground to
owder (200 mesh). The product was then kept in a desiccator.

.2. Batch experiments

The batch experiments to study the removal of As from solu-
ion were carried out by reacting 50 mL of As solution in 100 mL
olyethylene bottles with 0.10 g of the adsorbent. The bottles were

mmersed in a shaking water bath at predetermined temperature
15, 25, 35, 45 ◦C). The shaker speed was controlled at 150 rpm.
fter a predetermined contact time, the aqueous samples in each
ottle were decanted and centrifugated at 4500 rpm for 5 min, and
hen filtered through a 0.45 �m cellulose acetate filter. The super-
atant was analyzed for dissolved Fe and total As. Unless specified
therwise, the concentration of the As species was expressed as the
lement (As).

The effect of contact time (10 min–8 h) was examined at 25 and
5 ◦C with initial As(V) concentrations of 10.0 mg/L. Adsorption

sotherm studies were conducted by varying initial As(V) concen-
rations (0.5–60.0 mg/L) at different temperatures (i.e., 15, 25, 35,
nd 45 ◦C). The effect of solution pH was investigated by adjusting
olution pH from 2.0 to 10.0 using 0.05 M HCl and 0.01 M NaOH
olutions with an initial As(V) concentration of 1.0 mg/L. To deter-
ine the effect of other competitive anions on As adsorption, batch

ests were performed using solutions of 1.0 mg/L As(V) contain-
ng 0.5, 1, 2, 5,10 and 20 mg/L of P (as PO4

3−), N (as NO3
−), S (as

O4
2−) or Si (as SiO3

2−), separately. After a 3 h reaction time, the
uspension was filtered through a 0.45 �m cellulose acetate filter
nd analyzed for total As, as described above.

.3. Analytical methods

Solution pH was monitored by a standard pH meter (Sartorius,
B-10). Dissolved Fe and As was analyzed by ICP-MS (7500C, Agi-
ent). The mineral composition of the adsorbents was determined
y X-ray diffraction analysis (XRD), using a URD-6 powder diffrac-
ometer (Co K� radiation, graphite monochromator, 2� range
.6–70◦, step 0.01◦, counting time 5 s per step). Morphological anal-
sis of the pristine and used adsorbent was performed by scanning
lectron microscopy (SEM) using Zeiss SUPRA 55 microscope (at
5 kV) with energy-dispersive X-ray analyses.

. Results and discussion

.1. Effect of contact time
The As(V) adsorption kinetic study was carried out with adsor-
ent dosage of 2 g/L and initial As concentration of 10.0 mg/L at
5 and 45 ◦C, respectively. Results are shown in Fig. 1. It demon-
trates that adsorbed As significantly increased with an increase
Fig. 1. Effect of contact time on As(V) adsorption on the synthetic siderite (initial
As(V) concentration = 10.0 mg/L, adsorbent dosage = 2 g/L).

in contact time. The adsorption rate was rapid at the initial stage
(10 min–1.0 h) and gradually slowed down afterwards. The slower
adsorption was likely due to the decrease in adsorption sites on
the surface of the adsorbents [14,15]. About 90% As was removed
in 10 min at 45 ◦C, while only 40% at 25 ◦C. Arsenic concentra-
tion was kept relatively constant at contact times >1.0 h at 45 ◦C.
The adsorption equilibrium was generally achieved within 1.0 h.
In comparison, adsorption equilibrium time was a little higher
at 25 ◦C. The kinetic data show that As removal mainly occurred
within 3.0 h and there was no significant change in residual As
concentrations after this time up to 8.0 h. It means that an equi-
librium of As adsorption was roughly attained after 3.0 h at 25 ◦C,
which is much shorter than As(V) adsorption on the natural siderite
[2,13]. Adsorption experiments in other batches were conducted
with the contact time of 3.0 h. It should be noted that the adsorption
capacities calculated from the kinetic experiments do not reflect
the actual capacities because the experiments were conducted in
the presence of a large excess of surface sites. The actual adsorp-
tion capacity can be estimated from isotherm results, which are
discussed later.

Results also reveal that the uptake rates of As(V) increased with
increasing temperature. Tyrovola et al. observed a similar trend
when they used zero-valent iron for the removal of As(V) and As(III)
[16]. Other investigators also reported that the As removal rate
and the capacity of the adsorbents increased with increasing tem-
perature (e.g., Mn-substituted Fe oxyhydroxide [7], granular ferric
hydroxide [8], red mud [17], activated alumina [18]).

3.2. Adsorption kinetic modeling

3.2.1. Pseudo-second-order model
An appropriate kinetic model is often used for quantifying the

changes in adsorption with time. Traditionally, the pseudo-first-
order Lagergren equation is applied to adsorption kinetics [8,19].
However, a recently introduced pseudo-second-order equation
was employed to analyze the kinetic data since it allows evaluating
effective adsorption capacity, initial adsorption rate and the rate
constant of the kinetic model without any parameters beforehand

[20]. The pseudo-second-order Lagergren equation is shown as Eq.
(1) [19].

t

q
= 1

qe
t + 1

K2 · q2
e

(1)
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ig. 2. Plot of Lagergren’s pseudo-second-order rate for As(V) adsorption on the
ynthetic siderite at 25 and 45 ◦C.

here q is the amount of As(V) adsorbed at time t (mg/g), qe

s the amount of As(V) adsorbed at equilibrium (mg/g), K2 is
he equilibrium rate constant of pseudo-second-order adsorption
g/(mg min)).

The plot of t/q versus t (contact time) is shown in Fig. 2. The
traight line plots of t/q against t had also been tested to obtain
seudo-second-order rate parameters. The K2, qe and correlation
oefficients, r2, values under different conditions were calculated
rom these plots and are given in Table 1. High correlation coeffi-
ients (r2 > 0.99) were observed for all fits, which indicates that the
dsorption reaction could be approximated with a pseudo-second-
rder kinetics model. It suggests that the overall rate of the As(V)
dsorption process should be controlled by the chemical process
n accordance with the pseudo-second-order reaction mechanism
21].

The initial adsorption rate, h (mg/(g min)), as t → 0, can be
efined as:

= K2q2
e (2)

The initial adsorption rate (h) can be calculated based on the
seudo-second-order constants. Results are shown in Table 1. It
an be seen that the h value of As(V) adsorption at 45 ◦C was higher
han that at 25 ◦C.

.2.2. Webber and Morris model
The use of the intraparticle diffusion model has been greatly

xplored to analyze nature of the ‘rate-controlling step’, which is
epresented by Eq. (3) [22].

= Kidt0.5 (3)

here Kid is intraparticle diffusion rate constant (mg/(g min0.5)).

According to this model, if adsorption of a solute is controlled by

he intraparticle diffusion process, a plot of solute adsorbed against
quare root of contact time should yield a straight line. The Weber
nd Morris plots of As(V) adsorption on the synthetic siderite are
hown in Fig. 3. Fig. 3 indicates that the intraparticle diffusion

able 1
arameters of pseudo-second-order rate and intraparticle diffusion rate for As(V) adsorpt

Lagergren’s pseudo-second-order

r2 K2 qe (mg/g)

25 ◦C 0.9974 0.0202 2.978
45 ◦C 1.0000 0.4958 4.221
Fig. 3. Intraparticle rate of As(V) adsorption on the synthetic siderite.

was not the only rate-limiting step for the whole reaction. Straight
lines with a great correlation coefficient (r2 = 0.95) were obtained
in very beginning period (20–30 min), indicating that initial phase
may be controlled by the intraparticle diffusion. The greater diffuse
rate in the early stage attributed to surface adsorption and gradual
adsorption. Afterwards, the intraparticle diffusion began to slow
due to the low As concentration in solution [23]. The As was initially
adsorbed by the exterior surface of the adsorbent. After the adsorp-
tion at the exterior surface reached the saturation, As entered the
pores within the particles and was adsorbed by the interior sur-
faces. The diffusion resistance increased with the increase in the
interior adsorption, which led to a decrease in diffusion rate [24].
With the increase in diffusion resistance and the decrease in As
concentration in solution, the diffusion processes reached equilib-
rium. The intraparticle diffusion rate was obtained from the slope
of the steep-sloped portion (Table 1). The diffusion rate for As(V)
at 45 ◦C is about two times faster than that at 25 ◦C, indicating that
As was more easily diffused and transported into adsorbent pores
at higher temperature.

The equilibrium time for As(V) adsorption on the synthetic
siderite was much shorter in comparison with natural siderite with
the grain size of 0.125–0.25 mm (i.e., 72 h [13]) and with the grain
size of 0.25–0.50 mm (i.e., 24 h [2]). Although there was no informa-
tion about As(V) adsorption kinetics for natural siderite with grain
size 0.07–0.08 mm (about 200 mesh), it seemed that the adsorp-
tion equilibrium time was not less than 24 h. It must be noted that
adsorption on the synthetic siderite was a relatively quick process
predominated by chemical reactions. In contrast, the adsorption on
the natural siderite was an essentially more complex process con-
trolled by diffusion, exhibiting the slowest step in the primary and
secondary porosity [25].
3.3. Effect of initial As concentration

Effect of initial As concentration on As adsorption were investi-
gated at initial As(V) concentrations between 0.5 and 60.0 mg/L at
15, 25, 35, and 45 ◦C. The As loadings on the adsorbents (qe, �g/g)

ion on the synthetic siderite at 25 and 45 ◦C.

Intraparticle diffusion rate

h (mg/(g min)) Kid (mg/(g h0.5))

0.179 3.559
8.834 8.983
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Fig. 4. Isotherms for As(V) adsorption on the synthetic

ere calculated from the equilibrium As concentrations (Ce, �g/L)
sing mass balance. The adsorption loadings varied in the ranges
f 0.239–7.57, 0.249–10.25, 0.379–20.14 and 0.370–25.29 mg/g at
5, 25, 35, and 45 ◦C, respectively. It indicates that As adsorption

ncreased with the increase in reaction temperature.
The adsorption isotherm data (qe versus Ce) were fitted to

angmuir and Freundlich isotherm models [Eqs. (4) and (5), respec-
ively]. Langmuir isotherm model assumes a monolayer surface
overage limiting the adsorption due to the surface saturation,
hile Freundlich isotherm model is an empirical model allowing

or multilayer adsorption [13].

Ce

qe
= 1

q0b
+ Ce

q0
(4)

og qe = log KF + nlog Ce (5)

here Ce is the equilibrium concentration in the solution (mg/L), qe

s the amount adsorbed on the adsorbent at equilibrium (mg/g), q0

s the maximum adsorption capacity (mg/g), b is a constant related
o the adsorption energy (L/mg), KF is the Freundlich constant
enoting the adsorption capacity of the adsorbent [(mg/g)(L/mg)n],
nd n is the adsorption intensity parameter. Values of 0.1 <n < 1
how favorable adsorption of As onto adsorbents [26].

All the adsorption data obtained were fitted to both mod-
ls as shown in Fig. 4. At 15 and 25 ◦C, correlation coefficients
or Langmuir isotherm model (r2 = 0.9735–0.9868) were a lit-
le higher compared to those for Freundlich (r2 = 0.9446–0.9622)
Table 2), while at 35 and 45 ◦C correlation coefficients for Fre-
ndlich isotherm model were higher than those for Langmuir.
herefore, Freundlich isotherm yielded better fit to the experimen-
al data with regard to As adsorption on the synthetic siderite at
emperatures of 35 and 45 ◦C. In contrast, the As(V) adsorption
loser followed Langmuir isotherm in comparison with Freundlich

sotherm at temperatures of 15 and 25 ◦C. These facts suggest that
s(V) was adsorbed in the form of monolayer coverage on the
urface of the adsorbent at low temperatures. Langmuir isotherm
odel was also used to well describe As(V) adsorption on natural

iderite [2], Fe oxide-coated sand [27], granular titanium dioxide

able 2
angmuir and Freundlich constants for As(V) adsorption on the synthetic siderite at diffe

Temperature (◦C) Langmuir constants

q0 (mg/g) b (L/mol) r2

15 6.86 3.65 × 104 0.98
25 10.73 4.28 × 104 0.97
35 22.99 4.29 × 104 0.98
45 30.77 4.85 × 104 0.92
te: (a) Langmuir isotherm and (b) Freundlich isotherm.

adsorbent [28], synthetic goethite [29], and iron-coated sand and
manganese-coated sand [30], at 25 ◦C. Because Freundlich isotherm
model can be applied to multilayer sorption as well as non-ideal
sorption on heterogeneous surfaces, it could be speculated from
our data that the multilayer adsorption would be involved in the
process of As removal by the synthetic siderite at relatively higher
temperatures (>35 ◦C).

The values of maximum adsorption capacity (q0) and Langmuir
constant (b) were evaluated from the intercept and slope of the
Langmuir plots and given in Table 2. Results show the greatest
amount of As was removed at 45 ◦C, followed by that at 35, 25, and
15 ◦C. The maximum adsorption, for example, reached 10.73 mg/g
at 25 ◦C. It demonstrates that adsorption capacity increased with an
increase in reaction temperature. Although the cost of this material
was a little higher than the natural siderite, the adsorption capacity
of the synthetic siderite was much greater than the natural siderite.
Guo et al. [13] reported that the maximum adsorption capacity of
the natural siderite was 0.516 mg/g at 25 ◦C.

The values of KF and n were obtained from the slope and inter-
cept of the linear Freundlich plots and listed in Table 2. The KF

indicating the adsorption capacity of the adsorbent increased with
the increase in reaction temperature, which is consistent with
the results of Langmuir model. The calculated n lies in the range
between 0.2 and 0.7, denoting favorable adsorption of As(V) onto
the synthetic siderite.

3.4. Thermodynamic study

To evaluate the thermodynamic feasibility and to confirm the
nature of the adsorption process, three basic thermodynamic
parameters, standard free energy (�G0), standard enthalpy (�H0)
and standard entropy (�S0) were calculated using the following
equations [Eqs. (6)–(8)].
�G0 = RT ln
(

1
b

)
(6)

ln b = ln b0 − �H0

RT
(7)

rent temperatures.

Freundlich constants

n KF (mg/g)(L/mg)n r2

68 0.3668 2.30 0.9622
35 0.2960 3.81 0.9446
49 0.5109 4.82 0.9932
69 0.6503 5.89 0.9845
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Table 3
Thermodynamic parameters for As(V) adsorption on the synthetic siderite at differ-
ent temperatures.

T (◦C) �G0 (kJ/mol) �H0 (kJ/mol) �S0 (J/(mol K))

15 −25.23 6.57 110.44
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25 −26.51 111.01
35 −27.40 110.30
45 −28.62 110.67

G0 = �H0 − T�S0 (8)

here b is Langmuir constant which is related to the energy
f adsorption, b0 is a constant, R is the universal gas constant
8.314 J/(mol K)), and T is the temperature in Kelvin (K).

Calculated values of the energy parameters �G0, �H0 and �S0

re given Table 3. The negative �G0 values indicate the adsorption
rocess was spontaneous. The value of �H0 for As(V) adsorption

s 6.57 kJ/mol, suggesting that interaction between As(V) and the
ynthetic siderite was endothermic in nature. Hence, it can be con-
luded that the nature of As(V) adsorption was chemical, which is
onsistent with the results of kinetic study. The decrease in �G0

ith the rise in temperature shows an increase in feasibility of
dsorption at higher temperatures [31]. The positive �S0 values
ndicate some structural changes in adsorbate and adsorbent dur-
ng adsorption reaction [32].

.5. Effect of solution pH

The solution pH is an important parameter which influences
ost of the solid/liquid adsorption processes. The adsorption of
s(V) on the synthetic siderite was examined at different pH rang-

ng from 2.0 to 10.0 with an initial As(V) concentration of 1.0 mg/L
nd a contact time of 3.0 h. Results are presented in Fig. 5. It was
bserved that the As(V) adsorption drastically increased with the
ncrease in pH from 2.0 to 3.0 and remained relatively constant at
igher pHs up to 10.0. These results clearly show that the synthetic
iderite adsorbed As(V) efficiently in a relatively wide pH range.
t was reported that As(V) adsorption on the natural siderite was
ndependent on pH between 4.0 and 9.0 [2]. Except for the batch at

H 2.0, equilibrium solutions had a neutral pH around 6.5 (data not
hown). It means that the adsorbent had capability in maintaining
neutral solution pH and kept the adsorption system at near neu-

ral pH during the experiments. This broad optimum pH could be

ig. 5. Effect of solution pH on As(V) adsorption onto the synthetic siderite (initial
s(V) concentration = 1.0 mg/L, temperature = 25 ◦C, contact time = 3.0 h, adsorbent
osage = 2 g/L).
Fig. 6. Effect of presence of anions on As(V) adsorption (initial As(V) concentra-
tion = 1.0 mg/L, temperature = 25 ◦C, contact time = 3.0 h, adsorbent dosage = 2 g/L).

explained by the amphoteric nature of Fe oxides/oxyhydroxides,
since Fe hydroxide minerals mainly attributed to As(V) removal
(which will be discussed later). The amphoteric nature of Fe oxides
can be explained by Eqs. (9) and (10) [33,34].

≡ FeOH2+ ⇔≡ FeOH + H+ (9)

≡ FeOH ⇔≡ FeO− + H+ (10)

In a low pH medium, the reaction Eqs. (9) and (10) shift towards
left, resulting in an increase in the bulk solution pH. In a high pH
medium, the acid dissociation dominates, which causes a decrease
in the bulk solution pH [37].

In addition, the stable adsorption efficiency at pH 3.0–10.0 was
expected to attribute to high dosage of the adsorbent with high
adsorption capacity. In this case, although a proportion of the adsor-
bent was inactivated during the reaction with H+ or OH−, the
residual was enough to adsorb the As from aqueous solution. The
much low adsorption at pH 2.0 resulted from dissolution of the
adsorbent, since quite high Fe concentration was found in aqueous

solution (up to 270 mg/L).

It is believed that adsorption of As(V) species, such as H2AsO4
−

and HAsO4
2−, onto Fe-containing substances takes place via

Coulombic as well as Lewis acid–base interactions (ligand exchange
reactions). In our study, slight dissolution of siderite would intro-

Fig. 7. XRD patterns of the pristine adsorbent (a) and the used adsorbent (b) (S,
siderite; G, goethite; L, lepidocrocite).
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Fig. 8. SEM images of the pristine a

uce bicarbonate into solutions. Chemical processes, including
icarbonate buffering reactions and Eqs. (9) and (10), made solution
H approaching 6.5 when As(V) solution having initial pH 3.0–10.0
eacted with the synthetic siderite. Since the equilibrium pH tended
o a constant around 6.5, Coulombic interaction remained rela-
ively constant during batch experiments with initial pH 3.0–10.0.
n addition, Lewis acid-base interactions would be independent on
olution initial pH. However, As(V) adsorption was much greater
t the higher adsorption rate at the lower pH on hydrous Fe oxide
35] and granular ferric hydroxide [8], in comparison with that at
he higher pH.

.6. Effect of competing anions on As removal

Arsenic(V) adsorption in the presence of competing anions
including NO3

−, SO4
2−, PO4

3−, or SiO3
2−) was investigated with

.5, 1, 2, 5,10 and 20 mg/L of P (as PO4
3−), N (as NO3

−), S (as
O4

2−), or Si (as SiO3
2−) with an initial As(V) concentration of

.0 mg/L at 25 ◦C. Results are shown in Fig. 6. The adverse effect
f the anion on As(V) removal decreased in the following order:
iO3

2− > PO4
3− > NO3

− > SO4
2−. The removal of As(V) decreased sig-

ificantly as PO4
3− and SiO3

2− concentrations increased in the
eparate solutions. When S (as SO4

2−) concentration increased
rom 0.5 to 20 mg/L, the removal of As(V) by the synthetic siderite
as not affected (Fig. 6). The SO4

2− had no obvious effect on adsorp-
ion of As(V) because it did not compete with HAsO4

2−. With the
resence of 0.5 mg/L N as NO3

−, removal efficiency reduced from
9.93% to 98.97% in comparison with the absence of NO3

−. Above
mg/L N as NO3

−, the effect levelled off.
As can be seen from Fig. 6, an increase in Si from 0.5 to

0 mg/L resulted in a decrease in removal efficiency from 98.44% to
3.75%, which amounts to a 5% decrease in As(V) adsorption. Above
0 mg/L Si, the adverse effect drastically increased. At 20 mg/L Si,
he removal efficiency reduced to 73.76%. Meng et al. also found
hat As removal by Fe hydroxides was reduced from greater than
9% to approximately 85% when silicate concentration increased
o approximately 0.7 mM [36]. In contrast, Zhang et al. observed
30% decrease in As(V) adsorption when Si (as silicate) concen-

ration increased from 1.4 to 5.0 mg/L [37]. Below 2.0 mg/L P as
O4

3−, the change of As removal efficiency with PO4
3− concentra-

ion is the same as SiO3
2−. With an increase in P concentration from

.5 to 2.0 mg/L, the As(V) removal efficiency steadily reduced from
9.93% to 96.85%. Above 2.0 mg/L, PO4

3− had a less adverse impact

n As(V) removal than SiO3

2−. The evident reduce in As(V) removal
n the presence of PO4

3− and SiO3
2− was believed to result from the

ompetitive adsorption between As(V) and those anions for posi-
ively charged adsorption sites [36,38]. Guo et al. [2] also found
hat the presence of phosphate (10 mg/L in terms of P) reduced the
ent (a) and the used adsorbent (b).

uptake of As(V) by natural siderite from 54% to 28%. In Inner Mon-
golia, most high As groundwater had P concentrations ranging from
<0.1 to 3.54 and Si concentrations from 3.5 to 16.9 mg/L [39,40]. It
was speculated that the component adversely affecting As removal
efficiency should be SiO3

2− rather than PO4
3− in case that the adsor-

bent is applied to remove As from high As groundwater in Inner
Mongolia.

Effect of background electrolyte (NaCl) concentration was inves-
tigated with 0.001–0.1 mol/L NaCl as background electrolyte with
an initial As(V) concentration of 1.0 mg/L at 25 ◦C. It was found that
As(V) removal was not affected by the concentration of background
electrolyte. Arsenic(V) removal efficiency was kept around 99.92%
from As solution containing 0.001–0.1 mol/L NaCl (data not shown).

3.7. Mechanisms of As removal

It was found that siderite is the main mineralogical compo-
nent in the synthesized material (Fig. 7a). After adsorption, most
of siderite was changed into goethite and lepidocrocite (Fig. 7b).
These freshly formed Fe-hydroxide minerals have a very high affin-
ity for As [41,42]. The transformation of mineral phases during the
adsorption was also manifested by the SEM images (Fig. 8). It can
be noted that there were many spherical particles (∼200 nm diam-
eter) presented on the surface of the pristine adsorbent, whereas
the used adsorbent was mainly covered by needle-like goethite and
scaly lepidocrocite (∼20 nm diameter). The goethite or ferrihydrite
were loosely covered on the siderite matrix (Fig. 8b), which dras-
tically enhanced the specific surface area. The transformation can
take place as given in Eqs. (11) and (12).

FeCO3 + H2O ↔ Fe2+ + HCO3
− + OH− (11)

2Fe2+ + 1
2

O2 + H2O ↔ 2FeOOH + 4H+ (12)

The same changes in mineralogical and structural characteris-
tics were observed when the natural siderite was used to remove As
from aqueous solution [13]. Therefore, mechanisms for As removal
by the synthetic siderite were likely identical to those by the natu-
ral siderite. Chemical processes were the major factors controlling
As adsorption characteristics, which is consistent with kinetic and
thermodynamic study as stated above. The high adsorption capac-
ity of the adsorbent possibly arose from both coprecipitation of the
Fe hydroxides with As and subsequent adsorption of As on the fresh
Fe hydroxides.
4. Conclusions

Arsenic(V) adsorption on the synthetic siderite significantly
increased with an increase in contact time. The adsorption rate was
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ast at the initial stage, followed by a slower rate, which well fit-
ed a pseudo-second-order kinetics model. Temperature played an
mportant role in the As adsorption kinetics. At higher tempera-
ure, As(V) exhibited greater removal rates. The adsorption closely
ollowed Langmuir isotherm at low temperatures (i.e., 15 and
5 ◦C), while Freundlich isotherm at relatively higher temperatures
35–45 ◦C). Thermodynamic study shows that As(V) adsorption
nto the synthetic siderite was an endothermic process, indicating
s(V) adsorption capacity increased with an increase in reaction

emperature. The adsorption was spontaneous and favorable at
he temperature investigated. Arsenic(V) removal was indepen-
ent on the initial pH between 3.0 and 10.0. The presence of SO4

2−

nd NO3
− had no significant effect on the uptake of As(V) by the

dsorbent, while PO4
3− and SiO3

2− impeded As(V) adsorption. The
dverse effect on As adsorption was enhanced as PO4

3− or SiO3
2−

oncentration increased. Chemical processes were the major fac-
ors controlling As adsorption characteristics. The high removal
apacity of the adsorbent may result from both coprecipitation of
s with the Fe hydroxides (i.e., goethite and lepidocrocite) forming
uring the reaction and subsequent adsorption of As on these fresh
e hydroxide minerals. The study results presented here have con-
rmed the potential of synthetic siderite as an efficient material

or the treatment of As(V). Although we have presented evidence
hat As(V) can be removed by adsorption/precipitation on synthetic
iderite in a relatively short time in static conditions, the synthetic
iderite could be used as a coating material on grained particles
such as quartz sand and feldspar) and/or an active agent in aggre-
ated adsorbents for the purpose of fixed bed application.
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