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Abstract

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
of different parameters. The sorption kinetics for the three iron oxides shows that equilibrium is reached in less than 2 days and the kinetics of
sorption seems to be faster for goethite and magnetite than for hematite. The variation of the arsenic sorbed on the three different sorbents as a
function of the equilibrium arsenic concentration in solution has been fitted with a non-competitive Langmuir isotherm. The main trend observed
in 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
found in the literature. Highest As(III) sorption was observed on hematite surface in all the pH range compared to goethite and magnetite. Natural
minerals studied in this work had similar sorption capacities for arsenic than synthetic sorbents.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

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

The sorption of As(IIT) and As(V) onto iron oxides has been
studied previously, actually, iron oxides seem to be responsi-
ble of the attenuation of arsenic in soils, and lacustrine and
marine sediments [8—10 and references therein]. Different stud-
ies have been carried out on the As(IIl) and/or As(V) sorption
on amorphous iron oxides [6,9,11,12] and on the arsenic sorp-
tion onto goethite, especially related to the As(V) sorption. In
this sense, Grossl and Sparks [13] observed that the sorption
of As(V) on goethite decreased with the increase of pH in the
range 6-11, and Matis et al. [14] showed that both As(V) and
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As(III) sorption on goethite decreased at neutral to alkaline pH
and the variation of the sorption with the initial concentration of
As(V) followed the Langmuir isotherm. Manning et al. [9] also
observed a decrease of the As(V) sorption on goethite with pH
while As(III) had a range of pH of maximum sorption between
5 and 9. A similar trend on the influence of pH on the sorption
of arsenic(III) and (V) onto goethite was observed by Dixit and
Hering [3] and Lenoble et al. [15]. The study of Bowell [16]
showed that the sorption of arsenic (either As(IIl) and As(V))
is higher in a natural goethite than in a natural magnetite and
higher for As(V) than for As(IIl). The variation of the sorp-
tion with pH showed a maximum at neutral pH. The sorption
of As(V) on the natural goethite at pH 7 obtained by Bow-
ell was calculated to be much lower than the one determined
for freshly precipitated goethite [7]. In the case of the sorp-
tion of arsenic on hematite, Xu et al. [17] observed a decrease
of 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,
they found that the sorption followed first-order kinetics and
the data fitted a Langmuir isotherm. The variation of the sorp-
tion with pH showed a maximum at pH 4.2. Few studies can be
found on the arsenic sorption on magnetite. Dixit and Hering
[3] observed that As(IIl) sorption on magnetite increased with
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pH at pH values lower than 9 while at more alkaline pH the
sorption decreased. A high sorption of both As(IIl) and As(V)
on magnetite was observed by Parga et al. [19] when remov-
ing arsenic from a Mexican contaminated groundwater by using
electrocoagulation.

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

2. Experimental

The solids used in this work were natural magnetite from
Kiruna (Sweden), and hematite and goethite from Cerro del
Hierro (Spain). The solids were crushed and sieved to the desired
particle size (0.25 mm for hematite and goethite, and 0.1 mm for
magnetite).

The surface area of the solids was determined by the BET
methodology, the results obtained were: 0.381 £0.002m? g~!
for hematite; 2.009 £ 0.004 m? g_l for goethite, and 0.890 &+
0.002m? g~ ! for magnetite.

The studies were carried out by sorption batch experiments at
room temperature following the same experimental methodol-
ogy thanin [28]. The first series of tests (see below) indicated that
the systems reached equilibrium in less than 2 days of contact.
Once the equilibrium was reached, the tubes were centrifuged
and samples of the supernatant solution were withdrawn and fil-
tered through 0.22 pm pore size filters, and the arsenic content
was determined by inductively coupled plasma atomic emission
spectrometry (ICP).

The concentration of arsenic attached to the solids, {As}s in
mol m~2, was calculated by subtracting the final As concentra-
tion, [As], to the initial As concentration added to the solution,
[As]o, and normalizing with the surface area (SA, in m?) to
volume (V, in dm?) ratio:

1%
{As}s = ([As]p — [AS])S—A

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

(1) Variation of the sorption of arsenic (initial arsenic con-
centration: 2 x 107 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 1076 and 103 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 x 107> mol dm—3).
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Fig. 1. Kinetics of sorption of (a) As(V), and (b) As(III) on the different solids
used in this work. The experimental conditions were [As]o=2 x 1075 M and
0.1 g of solid. The lines represent the fitting of the pseudo-second order rate
equation.

3. Results
3.1. Sorption kinetics

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

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

r 1 n 1 ;
{Asly  k{As} {As}s eq

s,eq

where {As}; ¢q is the amount of metal sorbed at equilibrium (in
mol m~2), k the rate constant of sorption (in m?> mol~' h™!) and
{As}; is the amount of metal sorbed on the surface of the solid
(in mol m~2) at any contact time, ¢ (in h).

When the experimental data from Fig. 1 were introduced into
the equation, straight lines were obtained by plotting #{As}
against ¢, indicating that the process follows the pseudo-second
order rate equation. The results of the fitting of the model to
the data are shown in Table 1. The good fitting of the model to
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Table 1
Kinetic data of the sorption of As(III) and As(V) onto the natural solids

Rate constant, k (m? mol~! h~!) {As}eq (X 10~% mol m~2) R?

As(III)-hematite 0.52 + 0.01 3.84 + 0.02 0.9996
As(IlI)-goethite 1.00 £+ 0.01 1.19 + 0.01 0.9998
As(IIT)-magnetite 0.82 + 0.01 1.39 + 0.01 0.9998
As(V)-hematite 0.48 + 0.02 3.64 + 0.03 0.998
As(V)-goethite 0.44 + 0.02 1.33 £ 0.02 0.9990
As(V)-magnetite 0.47 + 0.02 1.85 + 0.02 0.998

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

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

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

3.2. Effect of initial arsenic concentration

The variation of the arsenic sorbed on the three different
solids as a function of the equilibrium As concentration in solu-
tion, [As], is shown in Fig. 2 for both As(V) and As(III).
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Fig. 2. Langmuir isotherms for (a) As(IIT), and (b) As(III) in hematite, goethite,
and magnetite. 0.1 g of solid at pH 7.3, 6.5, and 7.5 for hematite, magnetite, and
goethite, respectively.

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

_ {S-As}

Kp=—""1

As+ S < S-As,
{S}[As]

where K is the Langmuir constant, in dm?® mol~!, {S—As}
stands for the concentration of occupied surface sites, and {S}
for the free surface sites.
The I" parameter, molm~2, is defined as the quantity of
arsenic sorbed on the solid:
r— {S-As}
SA

and therefore:

where ['max is the maximum metal sorption, in mol m—2

{S}tot stands for the total number of surface sites:

{Shot = (S} + {S-As}

, and

From these equations we can deduce:

Ki[As]
1 4+ Ki[As]

I = max

The linearized form of this equation was used to obtain the values
of the parameters I max, and Ky :

[As]  [As] 1
r B Fmax FmaxKL

The linear plot of [As]/I" against [As] resulted in the val-
ues shown in Table 2. The fitting of the Langmuir isotherm
is shown in Fig. 2 together with the experimental values. A
good applicability to the results obtained with arsenic(IIl), and
with arsenic(V) sorbed on goethite and magnetite is observed,
indicating a monolayer coverage on the iron mineral surface.
However, a worse fitting is obtained for the sorption of As(V)
onto hematite, actually, a constant {As} is not reached even at
the highest values of the [As].

As we can see in Table 2, both As(III), and As(V) are more
efficiently sorbed on hematite than in goethite or magnetite.
The Iy varies between 2.5 x 107¢ and 9.0 x 10~® mol m—2
(except for the As(V) sorption on hematite), values that are in
the range given by Davis and Kent [24] for most oxides and
silicates: 1.7 x 1070 to 1.7 x 10~ mol m~2.
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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)

K1 (dm3 mol™) IMnax (molm™2) R?

Hematite

As(III) (5.5+0.1) x 10* (9340.2)x 107¢ 0.9990

As(V) 5+1)x 103 29+0.5)x 1073 0.85
Magnetite

As(I1D) (2.50£0.01) x 10* (3.1£0.1)x 1076 0.996

As(V) (1.4£0.5) x 10° (3.840.2) x 107° 0.9994
Goethite

As(III) (32+0.1)x 10° (2540.1)x 107¢ 0.998

As(V) (3.18£0.04) x 10* (3.0+£02)x 1076 0.986

The K1, parameter is related to the energy of sorption of the
metal on the solid surface. From our results it can be deduced
that As(III) is more strongly sorbed onto goethite, while As(V)
onto magnetite, at the experimental pH and metal concentration
range studied.

3.3. Variation of arsenic sorption with pH

The variation of As sorption with pH has been carried out at
an initial arsenic concentration of 2 x 10~ mol dm~> and with
0.1 g of each solid. The results obtained for As(V) and As(IIl)
are shown in Fig. 3. The main trend observed in this figure is the
decrease of the sorption of either As(IIT) and As(V) on the three
solids with equilibrium pH at alkaline pH values, which agrees
with results obtained in previous works [3,9,14,18].
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Fig. 3. Variation of the (a) As(V), and (b) As(IIT) sorption with pH. 0.1 g of
solid and [As]p=2 x 1075 M.
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Fig. 4. Variation of the sorption of (a) As(IIl), 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 x 10~° moldm~3 (lines).

The experimental data together with the fraction diagram of
arsenic species, which has been obtained using the MEDUSA
code [25] are shown in Fig. 4 for both oxidation states. In the
case of As(V), the sorption decreases as the percentage of the
aqueous species H)AsO4 ™~ decreases, because at these pH val-
ues, the surface of the solids is positively charged, the pHzpc
are: magnetite, 6.5; goethite, 6.8; hematite, 6.7 [26,27]. For
As(III), the sorption edge coincides with the predominance of
H3AsO3(aq). At more alkaline pH, anionic arsenic(IIl) species
predominate and the surface of the solid is also negatively
charged, thus making more difficult the interaction between
arsenic and the minerals. It is also shown how the maximum
sorption is observed in the case of hematite, indicating the larger
affinity of this solid for the sorption of As, both in V and III
oxidation states. The different behavior at acidic pH can be
attributed to the relative dissolution of the minerals used in the
studies, which would influence the total number of sorption sites
[18].
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Table 3

Surface area of the solids

Solid Surface area (m? g_l) Reference
Goethite 134-139 [14]
Goethite 45 9]
Goethite 54 [3]
Goethite 50 [13]
Natural hematite 14.4 [18]
Magnetite 90 [3]

3.4. Comparison of arsenic sorption on natural hematite,
magnetite, and goethite with its synthetic forms

The sorption capacities obtained in this work (in terms of
variation of arsenite sorption in molm~2 with pH) with natu-
ral sorbents have been compared with previous results obtained
using its synthetic forms. For the comparison of the sorption of
As(III), different works have been considered: Matis et al. [14]
who studied the arsenic sorption on a synthetic goethite; Man-
ning et al. [9] who also worked with a synthetic goethite; and
Dixit and Hering [3] who made arsenic sorption experiments
on goethite and magnetite (both synthetic). As far as we know,
the variation with pH has not been determined for the As(III)
sorption on hematite. The comparison has been made normaliz-
ing the results given by these authors with respect to the surface
area, which is shown for the different solids in Table 3. The
arsenic(Ill) sorption variation with pH is shown in Fig. 5. As
it can be seen, the results obtained with natural and with syn-
thetic sorbents are similar. An approximately constant sorption
of As(IIl) is obtained at acidic to neutral pH while it decreases
at alkaline pH.

In the case of the As(V), no previous works on the influence
of pH on the As(V) sorption onto synthetic hematite or synthetic
magnetite were found. For this reason, the comparison was made
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Fig. 5. Sorption variation with pH obtained in this work for As(III) compared
to the results found by different authors.
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Fig. 6. Sorption variation with pH obtained in this work for the As(V) sorption
onto goethite compared to the results found in the literature.

only with the results obtained by Singh et al. [18], who used a
natural hematite from Noamundi. The {As} values obtained
in our work are more than one order of magnitude higher that
the determined by Singh et al. [18] in almost all the pH range
studied (only at pH values higher than 10, both { As} are similar,
data not shown). More works were found related to the sorption
of arsenic(V) onto goethite: Grossl and Sparks [13], Matis et
al. [14], and Dixit and Hering [3] used synthetic goethite (with
surface area values shown in Table 3). As it can be seen in Fig. 6,
the sorption capacity of the natural goethite is very similar to the
sorption capacity of the synthesized material, as we observed for
As(I1D).

The main point obtained from these comparisons is that the
sorption capacities of the different solids (either natural or syn-
thetic) are similar when are normalized with respect to the
surface area, which is much lower in the natural minerals than
in the synthetic materials. This could indicate that the arsenic
sorption mechanism on the natural minerals used in this work
would be similar to the one developed for synthetic materials
[3,9,13-18].

4. Conclusions

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

The behavior of the natural solids is similar to the synthesized
solids in the cases where we were able to make a comparison:
As(IIT) with goethite and magnetite and As(V) with goethite.
This indicates that the experimental methodologies applied are
free of artifact effects which are relatively common in trace ele-
ment sorption investigations. The similar sorption capacities of
the natural solids used in this work and the synthesized mate-
rials used by different authors could indicate that the sorption
mechanism is similar in both kinds of solids.

The natural iron oxide minerals used in this work are suitable
candidates as sorbents in As(III) and As(V) removal technolo-
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gies, considering that these sorbents are naturally abundant and
relatively low-cost materials.
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