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bstract

In this work the sorption of As(III) and As(V) on different natural iron oxides (hematite, magnetite, and goethite) has been studied as a function
f different parameters. The sorption kinetics for the three iron oxides shows that equilibrium is reached in less than 2 days and the kinetics of
orption seems to be faster for goethite and magnetite than for hematite. The variation of the arsenic sorbed on the three different sorbents as a
unction of the equilibrium arsenic concentration in solution has been fitted with a non-competitive Langmuir isotherm. The main trend observed

n the variation of the arsenic sorbed with pH is the decrease of the sorption on the three sorbents at alkaline pH values, which agrees with results
ound in the literature. Highest As(III) sorption was observed on hematite surface in all the pH range compared to goethite and magnetite. Natural
inerals studied in this work had similar sorption capacities for arsenic than synthetic sorbents.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Arsenic is a trace element toxic for the entire biota and it
as been sometimes implicated in accidents with human mor-
ality or disease [1–4]. Depending on the redox conditions,
rsenic occurs in nature as As(III) and As(V), and due to the
elatively slow arsenic redox transformations both oxidation
tates are often observed, being As(III) more toxic than As(V)
5–7].

The sorption of As(III) and As(V) onto iron oxides has been
tudied previously, actually, iron oxides seem to be responsi-
le of the attenuation of arsenic in soils, and lacustrine and
arine sediments [8–10 and references therein]. Different stud-

es have been carried out on the As(III) and/or As(V) sorption
n amorphous iron oxides [6,9,11,12] and on the arsenic sorp-
ion onto goethite, especially related to the As(V) sorption. In

his sense, Grossl and Sparks [13] observed that the sorption
f As(V) on goethite decreased with the increase of pH in the
ange 6–11, and Matis et al. [14] showed that both As(V) and
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s(III) sorption on goethite decreased at neutral to alkaline pH
nd the variation of the sorption with the initial concentration of
s(V) followed the Langmuir isotherm. Manning et al. [9] also
bserved a decrease of the As(V) sorption on goethite with pH
hile As(III) had a range of pH of maximum sorption between
and 9. A similar trend on the influence of pH on the sorption

f arsenic(III) and (V) onto goethite was observed by Dixit and
ering [3] and Lenoble et al. [15]. The study of Bowell [16]

howed that the sorption of arsenic (either As(III) and As(V))
s higher in a natural goethite than in a natural magnetite and
igher for As(V) than for As(III). The variation of the sorp-
ion with pH showed a maximum at neutral pH. The sorption
f As(V) on the natural goethite at pH 7 obtained by Bow-
ll was calculated to be much lower than the one determined
or freshly precipitated goethite [7]. In the case of the sorp-
ion of arsenic on hematite, Xu et al. [17] observed a decrease
f the sorption of As(V) with the increase of pH. Singh et al.
18] also studied the sorption of As(V) on a natural hematite,
hey found that the sorption followed first-order kinetics and

he data fitted a Langmuir isotherm. The variation of the sorp-
ion with pH showed a maximum at pH 4.2. Few studies can be
ound on the arsenic sorption on magnetite. Dixit and Hering
3] observed that As(III) sorption on magnetite increased with

mailto:francisco.javier.gimenez@upc.edu
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Fig. 1. Kinetics of sorption of (a) As(V), and (b) As(III) on the different solids
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H at pH values lower than 9 while at more alkaline pH the
orption decreased. A high sorption of both As(III) and As(V)
n magnetite was observed by Parga et al. [19] when remov-
ng arsenic from a Mexican contaminated groundwater by using
lectrocoagulation.

In this work, we have tested the sorption of arsenic on nat-
ral magnetite, hematite, and goethite in order to compare the
orption capacity of these minerals with the one obtained by dif-
erent authors when working with synthetic sorbents, because
he minerals used in this work are naturally abundant and rela-
ively low-cost materials. In this sense, the kinetics of sorption,
he Langmuir isotherms as well as the influence of pH on the
orption of arsenic on the different natural iron oxides was
tudied.

. Experimental

The solids used in this work were natural magnetite from
iruna (Sweden), and hematite and goethite from Cerro del
ierro (Spain). The solids were crushed and sieved to the desired
article size (0.25 mm for hematite and goethite, and 0.1 mm for
agnetite).
The surface area of the solids was determined by the BET

ethodology, the results obtained were: 0.381 ± 0.002 m2 g−1

or hematite; 2.009 ± 0.004 m2 g−1 for goethite, and 0.890 ±
.002 m2 g−1 for magnetite.

The studies were carried out by sorption batch experiments at
oom temperature following the same experimental methodol-
gy than in [28]. The first series of tests (see below) indicated that
he systems reached equilibrium in less than 2 days of contact.
nce the equilibrium was reached, the tubes were centrifuged

nd samples of the supernatant solution were withdrawn and fil-
ered through 0.22 �m pore size filters, and the arsenic content
as determined by inductively coupled plasma atomic emission

pectrometry (ICP).
The concentration of arsenic attached to the solids, {As}s in

ol m−2, was calculated by subtracting the final As concentra-
ion, [As], to the initial As concentration added to the solution,
As]0, and normalizing with the surface area (SA, in m2) to
olume (V, in dm3) ratio:

As}s = ([As]0 − [As])
V

SA

Three series of experiments were carried out for the sorption
f As(V) and As(III) on each of the three solids (0.1 g of the
olid were always used):

1) Variation of the sorption of arsenic (initial arsenic con-
centration: 2 × 10−5 mol dm−3) with time. The pH of the
experiments was always between 6.5 and 7.5.

2) Variation of the initial metal concentration in solution

(between 10−6 and 10−3 mol dm−3) at a constant initial pH
and solid/liquid ratio.

3) Variation of solution pH (between 3 and 12), at constant
initial arsenic concentration (2 × 10−5 mol dm−3).

t
a
o
t

sed in this work. The experimental conditions were [As]0 = 2 × 10−5 M and
.1 g of solid. The lines represent the fitting of the pseudo-second order rate
quation.

. Results

.1. Sorption kinetics

The variation of the As(V) and As(III) sorption with the time
f contact on the three solids is shown in Fig. 1 as {As}s versus
ime. As it can be seen, the equilibrium is always reached in less
han 2 days.

The model of the kinetic data has been carried out using a
seudo-second order rate equation [20], which has been widely
sed to describe metal sorption (and also organic compounds
orption) on different sorbents [20,21]. The pseudo-second order
inetic rate equation is:

t

{As}s
= 1

k{As}2
s,eq

+ 1

{As}s,eq
t

here {As}s,eq is the amount of metal sorbed at equilibrium (in
ol m−2), k the rate constant of sorption (in m2 mol−1 h−1) and

As}s is the amount of metal sorbed on the surface of the solid
in mol m−2) at any contact time, t (in h).

When the experimental data from Fig. 1 were introduced into

he equation, straight lines were obtained by plotting t/{As}s
gainst t, indicating that the process follows the pseudo-second
rder rate equation. The results of the fitting of the model to
he data are shown in Table 1. The good fitting of the model to



J. Giménez et al. / Journal of Hazardous Materials 141 (2007) 575–580 577

Table 1
Kinetic data of the sorption of As(III) and As(V) onto the natural solids

Rate constant, k (m2 mol−1 h−1) {As}s,eq (×10−6 mol m−2) R2

As(III)–hematite 0.52 ± 0.01 3.84 ± 0.02 0.9996
As(III)–goethite 1.00 ± 0.01 1.19 ± 0.01 0.9998
As(III)–magnetite 0.82 ± 0.01 1.39 ± 0.01 0.9998
As(V)–hematite 0.48 ± 0.02 3.64 ± 0.03 0.998
A
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w
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Γ

s(V)–goethite 0.44 ± 0.02
s(V)–magnetite 0.47 ± 0.02

he experimental data indicates that in all the cases the process
ollows a pseudo-second order rate. The fitting of the model to
he experimental data is also shown in Fig. 1.

As it can be seen in Table 1, the rate constants for As(V)
orption on the three solids are very similar, while in the case
f the As(III), the rate constant for the arsenic sorption onto
ematite is lower than the ones for goethite and magnetite. The
ate constants for As(III) are always higher than for As(V).

The fit of the experimental data to this equation could indicate
hat the process controlling the rate may be a chemical sorption
nvolving valence forces through sharing or exchange of elec-
rons between sorbent and sorbate [22,23].

.2. Effect of initial arsenic concentration
The variation of the arsenic sorbed on the three different
olids as a function of the equilibrium As concentration in solu-
ion, [As], is shown in Fig. 2 for both As(V) and As(III).

ig. 2. Langmuir isotherms for (a) As(III), and (b) As(III) in hematite, goethite,
nd magnetite. 0.1 g of solid at pH 7.3, 6.5, and 7.5 for hematite, magnetite, and
oethite, respectively.
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1.33 ± 0.02 0.9990
1.85 ± 0.02 0.998

The experimental data have been fitted with a non-
ompetitive Langmuir isotherm, based on the following sorption
quilibrium:

s + S ↔ S–As, KL = {S–As}
{S}[As]

here KL is the Langmuir constant, in dm3 mol−1, {S–As}
tands for the concentration of occupied surface sites, and {S}
or the free surface sites.

The Γ parameter, mol m−2, is defined as the quantity of
rsenic sorbed on the solid:

= {S–As}
SA

nd therefore:

max = {S}tot

SA

here Γ max is the maximum metal sorption, in mol m−2, and
S}tot stands for the total number of surface sites:

S}tot = {S} + {S–As}
rom these equations we can deduce:

= Γmax
KL[As]

1 + KL[As]

he linearized form of this equation was used to obtain the values
f the parameters Γ max, and KL:

[As]

Γ
= [As]

Γmax
+ 1

ΓmaxKL

he linear plot of [As]/Γ against [As] resulted in the val-
es shown in Table 2. The fitting of the Langmuir isotherm
s shown in Fig. 2 together with the experimental values. A
ood applicability to the results obtained with arsenic(III), and
ith arsenic(V) sorbed on goethite and magnetite is observed,

ndicating a monolayer coverage on the iron mineral surface.
owever, a worse fitting is obtained for the sorption of As(V)
nto hematite, actually, a constant {As}s is not reached even at
he highest values of the [As].

As we can see in Table 2, both As(III), and As(V) are more
fficiently sorbed on hematite than in goethite or magnetite.

he Γ max varies between 2.5 × 10−6 and 9.0 × 10−6 mol m−2

except for the As(V) sorption on hematite), values that are in
he range given by Davis and Kent [24] for most oxides and
ilicates: 1.7 × 10−6 to 1.7 × 10−5 mol m−2.
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Table 2
Parameters of the Langmuir isotherms obtained for As(V) and As(III) sorption
on hematite (at pHeq 7.3), magnetite (at pHeq 6.5), and goethite (at pHeq 7.5)

KL (dm3 mol−1) Γ max (mol m−2) R2

Hematite
As(III) (5.5 ± 0.1) × 104 (9.3 ± 0.2) × 10−6 0.9990
As(V) (5 ± 1) × 103 (2.9 ± 0.5) × 10−5 0.85

Magnetite
As(III) (2.50 ± 0.01) × 104 (3.1 ± 0.1) × 10−6 0.996
As(V) (1.4 ± 0.5) × 105 (3.8 ± 0.2) × 10−6 0.9994

Goethite

m
t
o
r

3

a
0
a
d
s
w

F
s

As(III) (3.2 ± 0.1) × 105 (2.5 ± 0.1) × 10−6 0.998
As(V) (3.18 ± 0.04) × 104 (3.0 ± 0.2) × 10−6 0.986

The KL parameter is related to the energy of sorption of the
etal on the solid surface. From our results it can be deduced

hat As(III) is more strongly sorbed onto goethite, while As(V)
nto magnetite, at the experimental pH and metal concentration
ange studied.

.3. Variation of arsenic sorption with pH

The variation of As sorption with pH has been carried out at
n initial arsenic concentration of 2 × 10−5 mol dm−3 and with
.1 g of each solid. The results obtained for As(V) and As(III)

re shown in Fig. 3. The main trend observed in this figure is the
ecrease of the sorption of either As(III) and As(V) on the three
olids with equilibrium pH at alkaline pH values, which agrees
ith results obtained in previous works [3,9,14,18].

ig. 3. Variation of the (a) As(V), and (b) As(III) sorption with pH. 0.1 g of
olid and [As]0 = 2 × 10−5 M.

Fig. 4. Variation of the sorption of (a) As(III), and (b) As(V) with pH (points)
together with the predominance of the different arsenic species in solution
according to the MEDUSA code [25] with a total arsenic concentration of
2
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× 10−5 mol dm−3 (lines).

The experimental data together with the fraction diagram of
rsenic species, which has been obtained using the MEDUSA
ode [25] are shown in Fig. 4 for both oxidation states. In the
ase of As(V), the sorption decreases as the percentage of the
queous species H2AsO4

− decreases, because at these pH val-
es, the surface of the solids is positively charged, the pHZPC
re: magnetite, 6.5; goethite, 6.8; hematite, 6.7 [26,27]. For
s(III), the sorption edge coincides with the predominance of
3AsO3(aq). At more alkaline pH, anionic arsenic(III) species
redominate and the surface of the solid is also negatively
harged, thus making more difficult the interaction between
rsenic and the minerals. It is also shown how the maximum
orption is observed in the case of hematite, indicating the larger
ffinity of this solid for the sorption of As, both in V and III

xidation states. The different behavior at acidic pH can be
ttributed to the relative dissolution of the minerals used in the
tudies, which would influence the total number of sorption sites
18].
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Table 3
Surface area of the solids

Solid Surface area (m2 g−1) Reference

Goethite 134–139 [14]
Goethite 45 [9]
Goethite 54 [3]
Goethite 50 [13]
N
M

3
m

v
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w
n
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o
t
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A

atural hematite 14.4 [18]
agnetite 90 [3]

.4. Comparison of arsenic sorption on natural hematite,
agnetite, and goethite with its synthetic forms

The sorption capacities obtained in this work (in terms of
ariation of arsenite sorption in mol m−2 with pH) with natu-
al sorbents have been compared with previous results obtained
sing its synthetic forms. For the comparison of the sorption of
s(III), different works have been considered: Matis et al. [14]
ho studied the arsenic sorption on a synthetic goethite; Man-
ing et al. [9] who also worked with a synthetic goethite; and
ixit and Hering [3] who made arsenic sorption experiments
n goethite and magnetite (both synthetic). As far as we know,
he variation with pH has not been determined for the As(III)
orption on hematite. The comparison has been made normaliz-
ng the results given by these authors with respect to the surface
rea, which is shown for the different solids in Table 3. The
rsenic(III) sorption variation with pH is shown in Fig. 5. As
t can be seen, the results obtained with natural and with syn-
hetic sorbents are similar. An approximately constant sorption
f As(III) is obtained at acidic to neutral pH while it decreases

t alkaline pH.

In the case of the As(V), no previous works on the influence
f pH on the As(V) sorption onto synthetic hematite or synthetic
agnetite were found. For this reason, the comparison was made

ig. 5. Sorption variation with pH obtained in this work for As(III) compared
o the results found by different authors.
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ig. 6. Sorption variation with pH obtained in this work for the As(V) sorption
nto goethite compared to the results found in the literature.

nly with the results obtained by Singh et al. [18], who used a
atural hematite from Noamundi. The {As}s values obtained
n our work are more than one order of magnitude higher that
he determined by Singh et al. [18] in almost all the pH range
tudied (only at pH values higher than 10, both {As}s are similar,
ata not shown). More works were found related to the sorption
f arsenic(V) onto goethite: Grossl and Sparks [13], Matis et
l. [14], and Dixit and Hering [3] used synthetic goethite (with
urface area values shown in Table 3). As it can be seen in Fig. 6,
he sorption capacity of the natural goethite is very similar to the
orption capacity of the synthesized material, as we observed for
s(III).
The main point obtained from these comparisons is that the

orption capacities of the different solids (either natural or syn-
hetic) are similar when are normalized with respect to the
urface area, which is much lower in the natural minerals than
n the synthetic materials. This could indicate that the arsenic
orption mechanism on the natural minerals used in this work
ould be similar to the one developed for synthetic materials

3,9,13–18].

. Conclusions

Natural hematite, goethite, and magnetite are suitable agents
o remove both As(III) and As(V) from solutions, being natural
ematite the solid that presents the highest sorption capacity,
specially at acidic pH.

The behavior of the natural solids is similar to the synthesized
olids in the cases where we were able to make a comparison:
s(III) with goethite and magnetite and As(V) with goethite.
his indicates that the experimental methodologies applied are

ree of artifact effects which are relatively common in trace ele-
ent sorption investigations. The similar sorption capacities of

he natural solids used in this work and the synthesized mate-

ials used by different authors could indicate that the sorption
echanism is similar in both kinds of solids.
The natural iron oxide minerals used in this work are suitable

andidates as sorbents in As(III) and As(V) removal technolo-
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ies, considering that these sorbents are naturally abundant and
elatively low-cost materials.
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