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a b s t r a c t

The adsorption–desorption kinetics of arsenate on a Fe(III)-modified montmorillonite (Fe-M) was studied
at different arsenate concentrations, pH and stirring rates. The synthesized solid was a porous sample
with Fe(III) present as a mix of monomeric and polymeric Fe(III) species in the interlayer and on the
external surface. Adsorption took place in a two-step mechanism, with an initial fast binding of arsenate
to Fe(III) species at the external surface (half-lives of 1 min or shorter) followed by a slower binding to less
accessible Fe(III) species in pores and the interlayer (half-lives of around 1 h). Desorption kinetics also
esorption
rsenate
odified montmorillonite

ron surface coatings

reflected the presence of externally and internally adsorbed arsenate. At pH 6 the maximum adsorbed
arsenate was 52 �mol/g, a value that is low as compared to adsorption on ferrihydrite (700 �mol/g)
and goethite (192–220 �mol/g). However, since the Fe(III) content of Fe-M is much lower than that of
ferrihydrite and goethite, Fe(III) species in Fe-M are more efficient in binding arsenate than in ferrihydrite
or goethite (one As atom is attached every 8.95 iron atoms). This high binding efficiency indicates that
Fe(III) species are well spread on montmorillonite, forming small oligomeric species or surface clusters

atom
containing just a few iron

. Introduction

The presence of arsenic (As) in drinking water is the most
ommon cause of chronic arsenic poisoning in people. This is an
mportant problem especially in countries or locations where peo-
le depend on groundwater for drinking [1,2].

The As concentration in groundwater is usually controlled by
atural geochemical processes, where adsorption–desorption reac-
ions of As species on mineral surfaces play a key role. These
dsorption–desorption processes usually control the speciation of
s and thus affect its mobility, toxicity, and bioavailability [2].
dsorption–desorption processes are also important to develop
ater purification technologies, with the aim of removing As from
ater [1,3–6].

Arsenate adsorption has been studied using a variety of
dsorbents. Most of the studies were performed using Fe(III)

hydr)oxides, which show high adsorption capacities [7–13]. The
dsorption of arsenate, for example, is around 700 �mol/g on fer-
ihydrite [14], and around 200 �mol/g on goethite [14,15]. There
s also considerable information on arsenate adsorption on phyl-
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losilicates, which are among the most significant geosorbents for
ions in subsurface geochemical settings because of the high sur-
face area of most phyllosilicates. However, arsenate adsorption on
these materials is much lower than on iron containing minerals.
For example, Frost and Griffin [16] observed that arsenate sorp-
tion onto kaolinite and montmorillonite exhibited a maximum at
about pH 5.0 and was around 6.3 �mol/g and 8.4 �mol/g, respec-
tively. Manning and Goldberg [17] reported arsenate adsorption
maxima at pH 5.0–6.5 ranging from 0.15 to 0.22 �mol/g on kaolin-
ite, montmorillonite and illite. Li et al. [18] observed an arsenate
adsorption maximum on kaolinite of around 2 �mol/g, whereas
Saada et al. [19] observed adsorption values of around 1 �mol/g,
also on kaolinite. Even though phyllosilicates have a high surface
area, most of it corresponds to basal surfaces, which do not adsorb
anions significantly because of the presence of negative structural
charges. Arsenate adsorption on phyllosilicates takes place mainly
at exposed crystal edges. Since edges represent only a small fraction
of the total clay surface area, adsorption is relatively low.

The surface properties of phyllosilicates can be greatly modi-
fied by the presence of Fe(III) species in the interlayer or by Fe(III)
(hydr)oxide surface coatings [20]. Fe(III)-modified phyllosilicates

can be found in natural soils and sediments and can be also pre-
pared in the laboratory [21–23]. Such modifications may induce a
severe change in both surface and pore structures and thus may
change clay adsorption and desorption properties [24]. In a pre-
vious work [21], for example, it was shown that modification of

dx.doi.org/10.1016/j.jhazmat.2010.12.074
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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montmorillonite with Fe(III) species significantly increased the
hosphate adsorption capacity of the solid. Ramesh et al. [1], on
he other hand, reported an important arsenate adsorption on an
l/Fe-modified montmorillonite.

The aim of this article is to study the adsorption–desorption
f arsenate on a Fe(III)-modified montmorillonite. After a general
haracterization of the synthesized solid, adsorption–desorption
inetics data are presented and analyzed. The effects of pH on
dsorption kinetics and the effects of residence times on desorp-
ion kinetics are mainly investigated in order to get insight into
he processes and mechanisms that control arsenate binding to
e(III)-modified phyllosilicates.

. Materials and methods

.1. Synthesis of the Fe(III)-modified montmorillonite (Fe-M)

The Fe-M sample was prepared from a sodium-exchanged
ontmorillonite (Na-M), which was obtained from a bentonite

eposit in the province of Rio Negro, North Patagonia, Argentina.
he sample is identical to sample 11 in a previous study by Lom-
ardi et al. [25], who performed a general chemical characterization
f the solid. It is predominantly a sodium-exchanged montmo-
illonite (99% purity) with minor impurities of quartz, zeolite,
eldspar, and calcite. Its CEC is 1.05 mEq/g and its total iron content
s 38 mg/g.

Fe-M was prepared by adding 2 L of a 0.035 M Fe(NO3)3 solu-
ion (pH 2.2) to 100 g of Na-M. The resulting dispersion was shaken
uring 2 h followed by sedimentation and supernatant withdrawal.
new 0.035 M Fe(NO3)3 solution was added, and the procedure

nvolving shaking, sedimentation and supernatant withdrawal was
epeated. The solid was then washed with distilled water until the
onductivity was lower than 10 �S cm−1. The final pH of the washed
ispersion was around 4.2. Finally, the solid was freeze-dried until
dry powder was obtained.

.2. Characterization of Fe-M

All characterization techniques were applied to Fe-M. In some
ases, and for comparison, the techniques were also used to char-
cterize the Na-M sample.

The iron content was determined by extraction with HCl fol-
owing the method reported by Ulery and Drees [26]. 50 mg of solid

ere treated with 10 mL of concentrated HCl (12 M) at 60–80 ◦C for
h. The dispersion was then centrifuged and the supernatant sep-
rated for iron analysis using the colorimetric tiocianate method
27] reading the absorbance at 475 nm.

Powder X-ray diffraction patterns were measured with a Rigaku
eigerflex diffractometer between 2◦ and 40◦ 2� using Cu K�

adiation. The specific surface area was measured by BET N2-
dsorption/desorption 77 K with a Quantachrome Nova 1200e
nstrument wherein the samples were degassed under vacuum
uring 1 h at 30 ◦C. Thermo-gravimetric (TG) and differential ther-
al analysis (DTA) were carried out with a Rigaku Thermoflex TG

110 equipment with a heating rate of 10 ◦C/min in air.

.3. Batch adsorption and desorption kinetics

The adsorption and desorption kinetics experiments were car-
ied out in a cylindrical, water-jacketed reaction vessel covered

ith a glass cap. Mixing was done by a magnetic stirrer, and carbon
ioxide contamination was avoided by bubbling water-saturated
2. The reaction temperature was maintained at 25 ± 0.2 ◦C by cir-
ulating water through the jacket with a FAC (Argentina) water
ath/circulator.
aterials 186 (2011) 1713–1719

Before starting an adsorption–desorption kinetics experiment,
a stock Fe-M suspension (81.6 g/L) was prepared by adding solid
Fe-M to a 0.1 M KNO3 solution. The pH of the resulting suspension
was then adjusted to 6.0 (or other desired value) by adding HNO3
or KOH solutions.

In the adsorption kinetics experiment, 100 mL of a 0.1 M KNO3
solution containing a known concentration of arsenate were placed
in the reaction vessel, and the stirring (450 rpm, except for the
cases where effects of stirring rate were investigated), N2 bubbling
and water circulation were switched on. Once the temperature
reached the desired value, the pH of the KNO3–arsenate solution
was adjusted to the same pH value of the stock Fe-M suspen-
sion. The kinetic experiment was started by adding 320 �L of the
stock suspension to the KNO3–arsenate solution in the reaction
vessel. This time was set as the initial time of the adsorption
reaction. At different adsorption times, a 5 mL aliquot was with-
drawn, centrifuged at 5000 rpm during 5 min and the supernatant
extracted for arsenate analysis. The reaction was followed for
360 min and the pH was continuously checked and kept con-
stant by adding minute volumes of concentrated KOH or HNO3
solutions.

In the desorption kinetics experiment, the arsenate adsorption
was carried out as commented above at 25 ◦C, pH 6.0, 450 rpm and
5.47 × 10−5 M initial arsenate concentration. The adsorption was
followed during different times (10 min, 1 h, 18 h and 72 h), which
are called from now on residence times. When the residence times
finished, the pH of the dispersion was increased to 9.5 adding a
concentrated KOH solution by adding a concentrated KOH solu-
tion. This time was set as the initial time of the desorption reaction.
At different desorption times, a 5 mL aliquot was withdrawn, cen-
trifuged at 5000 rpm during 5 min and the supernatant extracted
for arsenate analysis. The reaction was followed during 360 min
and the pH was continuously checked and kept constant by adding
small volumes of concentrated KOH or HNO3 solutions.

Arsenate concentrations were measured by the spectropho-
tometric method proposed by Murphy and Riley [28]. Adsorbed
arsenate was calculated from the difference between the initial
arsenate concentration and the concentration that remained in the
supernatant solution.

In all experiments the pH was measured with a Crison GLP 22 pH
meter and a Radiometer GH2401 combined pH electrode. The stir-
ring of the dispersions was controlled with an IKA RH KT/C magnetic
stirrer. Spectrophotometric determinations were performed using
an Agilent 8453 UV–vis diode array spectrophotometer equipped
with a 1-cm quartz cell. All the solutions were prepared from ana-
lytical reagent grade chemicals.

3. Results and discussion

3.1. Characterization of Fe-M

The distribution of Fe(III) species in the 0.035 M Fe(NO3)3 solu-
tion used to prepare Fe-M was calculated using the software
MINEQL+ 3.01b [29] with equilibrium constants already included in
the software. These constants can be also found in a previous publi-
cation [21]. At pH 2.2 the solution was unsaturated with respect to
ferrihydrite and all Fe(III) species were in the dissolved state. The
main species present in the solution were Fe3+ (0.0120 M), Fe(OH)2+

(0.0124 M), Fe2(OH)2
4+ (0.0041 M) and Fe3(OH)4

5+ (5.7 × 10−4 M),
which represent, respectively, 34%, 35%, 23% and 5% of the total
Fe(III) concentration in the solution. All of them are positively

charged species with high affinity for the montmorillonite sur-
face. In fact, an uncoloured supernatant was obtained after the first
treatment of Na-M with the 0.035 M Fe(NO3)3 solution, revealing
that most of the Fe(III) species were removed from solution by the
solid.
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ig. 1. DRX of Na-M and Fe-M. The scale for Fe-M was multiplied by a factor of 4.5
nd added a factor of 9000 to better visualize the diffractogram.

The iron content of the studied solids as measured by the HCl
xtraction method was 4 mg/g for Na-M and 26 mg/g for Fe-M.
he method cannot extract structural iron from Na-M since only
mg/g out of the total 38 mg/g were extracted. The 4 mg/g value
ay represent the content of minor non-structural iron impurities.

f this amount of iron is assumed to be present also in Fe-M, the net
mount of iron that was incorporated during the synthesis of Fe-M
as 22 mg/g.

The powder X-ray diffractograms of Na-M and Fe-M are shown
n Fig. 1. The 0 0 1 reflection of Na-M was rather intense and
ppeared at 6.95◦ 2� (d0 0 1 = 12.7 Å), value that is normal for
odium-exchanged montmorillonites [30–32]. A less intense and
roader 0 0 1 reflection was observed for Fe-M, with a maxi-
um at 7.05◦ 2� (d0 0 1 = 12.5 Å) and a shoulder at around 6.2◦ 2�

d0 0 1 = 14.3 Å). The decrease in intensity and the broadening of
he reflection indicate that the staking of layers in Fe-M is more
isordered than in the case of Na-M. Literature reports regarding
he effects of Fe(III) species on the basal spacing of montmoril-
onite are varied. Borgnino et al. [21] found a small decrease in
he basal spacing after modification with Fe(III) and attributed it
o the smaller radii of Fe3+ and [Fe(OH2)6]3+ ions as compared
o those of Na+ and [Na(OH2)6]+ ions. Decrease in d0 0 1 by addi-
ion of Fe(III) has been also observed by Chen et al. [30], who
ttributed this effect to strong attractive forces between inter-
ayer iron and the silicate sheets of montmorillonite. Other authors,
n the contrary, have observed a slight increase in d0 0 1 due
o the presence of polymeric species of Fe(III) within the inter-
ayer [33,34]. Data in Fig. 1 suggest both cases of intercalation,

ith monomeric and polymeric Fe(III) species, resulting in a more
isordered staking. Most of the reports where Fe(III)-modified
ontmorillonites were studied also indicate or assume the pres-

nce of Fe(III) (hydr)oxide phases coating the surface [21,31]. No
trong evidences for the formation of a separate Fe(III) (hydr)oxide
hase were found with XRD. Perhaps, the weak reflection at around
5◦ 2� shown by Fe-M is due to the presence of some ferrihydrite
oatings.

The surface areas measured by BET N2 were 1.4 and 20.7 m2/g
or Na-M and Fe-M, respectively. They represent the external areas
f the solids, since nitrogen molecules cannot enter the interlayer
pace. The increase in the area by incorporating Fe(III) is also an evi-
ence for the more disordered staking of layers in Fe-M. In addition,

t may also indicate the presence of Fe(III) (hydr)oxides phases coat-

ng the surface of montmorillonite. Ferrihydrite, for example, has
surface area of 300 m2/g [35] or even 600 m2/g [36,37] and small
mounts of this solid would significantly contribute to increase the
ET surface area. Based on N2-adsorption/desorption isotherms, an
Fig. 2. TG/DTA curves of Na-M and Fe-M. (a) TG and (b) DTA.

average pore volume of 0.05 cm3/g and an average pore radius of
20.1 Å were obtained for Fe-M. These results are very similar to
those reported by Manjanna et al. [38] and Nguyen-Thanh et al.
[39], who showed that modification with Fe(III) generated small
pores in the solid and increased the BET area.

TG/DTA curves of Na-M and Fe-M are shown in Fig. 2. There
were two main weight losses in the TG curves for both samples,
the first one due to the release of water coordinating interlayer
cations and water adsorbed on the particle surface (below 120 ◦C),
and the second one due to the dehydroxylation of structural OH
groups (between 500 and 700 ◦C). The DTA curve of Na-M showed
two endothermic peaks at 83 ◦C and 664 ◦C corresponding to the
two water releases commented above for the TG curve. These peaks
were also observed by Lenoble et al. [40], Vargas Rodríguez et al.
[41] and Vieira Coelho et al. [42]. The DTA curve of Fe-M was more
complex showing two endothermic processes at 74 ◦C and 115 ◦C
due to dehydration, one endothermic process at 604 ◦C due to dehy-
droxylation, and an exothermic process at 302 ◦C. The dehydration
process in Fe-M is different to that of Na-M due to the presence of
Fe(III) species in the interlayer and on the external surface, since the
hydration energy of Na(I) and Fe(III) are different. The exothermic
peak at 302 ◦C indicates a structural change in Fe-M. This peak must
be due to a structural change on an iron (hydr)oxide phase coating
the clay surface. Ferrihydrite, for example, shows exothermic peaks
at around 291 ◦C [43,44].

In summary, the characterization of the synthesized sample by
XRD, surface area and porosity measurement and TG/DTA indicates

that iron is present as a mix of monomeric and polymeric Fe(III)
species in the interlayer and on the external surface. There may
exist also some surface coatings with Fe(III) (hydr)oxides such as
ferrihydrite.
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Fig. 3. (a) Adsorption kinetics of arsenate on Na-M (�) (at 450 rpm) and Fe-M (at
different stirring rates: (♦) 250 rpm; (�) 450 rpm; (�) 650 rpm) at 25 ◦C and pH 6.0.
Initial concentration of arsenate: 5.57 × 10−5 M. Line in the figure corresponding to
4
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used here for a better identification of the fast and slow adsorption

T
O

50 rpm was calculated with Eq. (1) and parameter listed in Table 1. (b) Adsorp-
ion kinetics of arsenate on Fe-M (�) at 450 rpm. Initial concentration of arsenate:
.57 × 10−5 M. Line was calculated with Eq. (1) and parameter listed in Table 1.

.2. Arsenate adsorption

Fig. 3a shows the arsenate adsorption kinetics on Na-M and
e-M at pH 6 and 25 ◦C at the same initial arsenate concentra-
ion (5.57 × 10−5 M). Arsenate adsorption on Fe-M was relatively
ast during the first 5 min of reaction (first measured point), where
dsorption was 29 �mol/g. A slower adsorption took place after
min, increasing up to around 41 �mol/g at 360 min of reaction.
his value was rather high as compared to the adsorption on Na-M

nder the same conditions (around 0.8 �mol/g). The low adsorp-
ion on Na-M is well known for anionic adsorbates and is mainly
ue to the presence of unreactive siloxane groups at the Na-M basal
urface and to the presence of negative structural charges within

able 1
ptimized parameters for arsenate adsorption on Fe-M.

T (◦C) pH Concentration (M, 10−5) Stirring rate (rpm) A1 (

25 6.0 2.81 450 24.2
25 6.0 3.50 450 30.3
25 6.0 4.18 450 33.0
25 6.0 5.57 450 34.7
25 6.0 6.85 450 37.8
25 6.0 8.15 450 40.3
25 4.5 5.57 450 37.9
25 7.5 5.57 450 24.6
25 9.0 5.57 450 14.9
25 6.0 5.57 250 35.1
25 6.0 5.57 650 34.5
aterials 186 (2011) 1713–1719

the clay structure. Since adsorption on Na-M is negligible as com-
pared to adsorption on Fe-M, it is clear that adsorption on Fe-M
is due to the presence of Fe(III) species, which create favourable
adsorption sites for arsenate species.

Fig. 3a also shows arsenate adsorption on Fe-M at different stir-
ring rates. All curves were equal, indicating that adsorption was
not controlled by diffusion processes on the aqueous side of the
solid/water interface.

Adsorption vs. t curves as shown in Fig. 3a for arsenate on Fe-
M, with most of the adsorption taking place quickly during the
first 5 min of reaction and the rest of adsorption taking place at a
slower rate, were found at all investigated conditions (see below).
The shape of these curves is typical for the adsorption of oxoan-
ions such as phosphate and arsenate on iron (hydr)oxides [9]. For
adsorption on goethite, for example, it was proposed that the fast
adsorption during the first reaction minutes was due to the bind-
ing of oxoanions to the outer surface of goethite, and the rest of
the adsorption was slower because of pore diffusion or intraparti-
cle diffusion [9]. Fast adsorption on external sites combined with a
slower diffusion into pores was also proposed for arsenate adsorp-
tion on ferrihydrite by Fuller et al. [45]. A similar mechanism can be
proposed for arsenate adsorption on Fe-M, with an initial fast bind-
ing of arsenate to Fe(III) species at the external surface (adsorbed
species and surface coatings) followed by a slower binding to less
accessible Fe(III) species in pores and perhaps the interlayer. It must
be remarked that this mechanism is very simplified for the case of
Fe-M. A detailed description of arsenate adsorption kinetics on Fe-
M is difficult owing to the difficulty of the material structure and
chemistry. The separate behaviour of the different Fe(III) species
(species in the interlayer, at the external surface, surface coatings)
should be considered along with the presence of pores in the solid.
In spite of it, this simplified mechanism captures the basics of arse-
nate adsorption on Fe-M, indicating that adsorption occurs in two
different processes, with two different time scales.

The adsorption kinetics with two different time scales can be
represented in a simple way by the following equation:

A = A1(1 − e−k1t) + A2(1 − e−k2t) (1)

where A is the total adsorbed amount of arsenic at time t and the
terms A1(1 − e−k1t) and A2(1 − e−k2t) are first-order kinetic terms
representing the adsorbed amounts in the fast and slow processes,
respectively. A1 and A2 are the respective adsorbed amounts after
equilibration is reached, and k1 and k2 are the respective rate con-
stants for the fast and slow processes. The fit of kinetic data with
Eq. (1) does not allow the determination of a reaction mechanism
due to the complexity of the studied system [45], and it is only
processes. The predictions of Eq. (1), using the parameters listed
in Table 1, are plotted in Fig. 3a and compared to experimental
data. The same data, although only those obtained at a stirring rate
of 450 rpm, are also shown in Fig. 3b together with the calculated

�mol/g) K1 (min−1) A2 (�mol/g) K2 (min−1) R2

0 0.65 2.23 0.0139 0.9951
0 0.60 3.55 0.0251 0.9484
6 0.56 5.57 0.0102 0.9929
8 0.53 8.94 0.0082 0.9919
5 0.52 11.25 0.0076 0.9948
7 0.54 12.30 0.0067 0.9900
2 0.47 11.73 0.0109 0.9955
9 0.55 8.28 0.0067 0.9744
9 0.59 6.27 0.0063 0.9433
4 0.56 8.85 0.0087 0.9914
9 0.53 8.65 0.0088 0.9918
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ig. 4. Adsorption kinetics of arsenate on Fe-M at different initial concentrations of
rsenate: (�) 2.81 × 10−5 M, (�) 3.50 × 10−5 M, (�) 4.18 × 10−5 M, (�) 5.57 × 10−5 M,
♦) 6.85 × 10−5 M, (�) 8.15 × 10−5 M. Stirring rate: 450 rpm, pH: 6.0 and tempera-
ure: 25 ◦C. Lines were calculated with Eq. (1) and parameters listed in Table 1.

dsorptions during the fast and slow processes. Predictions indi-
ate that an adsorption of 29 �mol/g (given by the value of A1 and
orresponding to 70.7% of the adsorption) takes place quickly and
hat the remaining adsorption of 12 �mol/g (given by the value of
2 and corresponding to 29.3% of the adsorption) takes place more
lowly. The differences in the values of k1 and k2 reflect the different
ime scales of the two adsorption processes (half-lives in the order
f 1 min and in the order of 1 h, respectively). Actually, the value of
1 only represents a lower limit for this rate constant. Data points
t times much shorter than 5 min would be necessary to accurately
valuate its value.

The effects of initial arsenate concentration on the adsorption
inetics are shown in Fig. 4, and the effects of pH are shown in
ig. 5. At a given time, arsenate adsorption increased by increas-
ng the oxoanion concentration and decreased by increasing pH.
his pH dependency is well known for adsorption of oxoanions
n Fe(III) containing minerals such as ferrihydrite and goethite
36,46,47]. Lines in the figures were also calculated with Eq. (1)
sing parameters listed in Table 1, showing that the two-step
inetics operates under all investigated conditions. In all cases the
dsorption during the fast process was between 70 and 92% of the

otal adsorption, the rest took place during the slow process. k1
as always larger than k2 with half-lives in the order of 1 min (or

ower) for the fast process and around 1 h for the slow process. The
esults indicate that most of adsorption sites were located on the

ig. 5. Adsorption kinetics of arsenate on Fe-M at different pH: (�) 4.5; (�) 6.0;
�) 7.5; (�) 9.0. Initial arsenate concentration: 5.57 × 10−5 M. Stirring rate: 450 rpm
nd temperature: 25 ◦C. Lines were calculated with Eq. (1) and parameters listed in
able 1.
Fig. 6. Adsorption isoterms of arsenate on Fe-M at (�) pH 6 and (�) pH 9.5.

external surface of Fe-M and were easily and quickly accessed by
arsenate.

The experiments at different arsenate concentration allowed to
construct an adsorption isotherm at pH 6 by plotting the long-term
(360 min) adsorption data as a function of the equilibrium arse-
nate concentration. This isotherm at pH 6 is shown in Fig. 6 and
compared to another isotherm obtained at pH 9.5. The decrease in
adsorption by increasing pH indicates that desorption should take
place by first adsorbing arsenate at pH 6 and then increasing the
pH of the suspension to 9.5. Desorption data at pH 9.5 after adsorb-
ing arsenate at pH 6.5 during different residence times are shown
in Fig. 7. Arsenate desorbed in all cases as expected. Desorption
should not be complete in these cases because arsenate is always
present in the system and thus the reaction should stop when the
new equilibrium situation, which is dictated by the isotherm at pH
9.5, is attained. The dashed line in Fig. 7 indicates this new equi-
librium situation. Equilibrium was attained rather quickly for short
residence times (10 and 60 min). For long residence times the sys-
tem did not reach equilibrium during the investigated period. This
behaviour is consistent with the two-step adsorption mechanism
proposed above. Short residence times mean that adsorption took
place mainly at the external surface, leading to adsorbed species
that were able to pass quickly to solution when the pH was raised

to 9.5. Long residence times, on the contrary, mean that a significant
part of the adsorbed arsenate was attached to Fe(III) species in pores
or the interlayer, resulting in a slower desorption. Unfortunately,
there are no articles in the literature about arsenate desorption

Fig. 7. Desorption kinetics of arsenate on Fe-M at different residence time: (♦)
10 min; (�) 1 h; (�) 18 h; (©) 72 h. Initial arsenate concentration: 5.57 × 10−5 M,
adsorption pH: 6.0, desorption pH: 9.5, temperature: 25 ◦C and stirring rate:
450 rpm. The dashed line represents the equilibrium situation at pH 9.5.
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Table 2
Arsenate adsorption capacity of some Fe(III)-containing solids at pH 6.

Adsorbent Arsenate adsorption at pH 6 (�mol/g) Fe content (g/g) Fe/As (mol/mol) References

Ferrihydrite 700 0.58 14.84 [14]
Goethite 220 0.63 51.27 [14]
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inetics from Fe(III)-modified montmorillonites. In spite of this, the
ehaviour is comparable to that of other systems where anions
ere desorbed from Fe(III) (hydr)oxides. Strauss et al. [48], for

xample, showed that phosphate adsorbed on goethites of different
rystallinity on external and internal (pores) sites. Phosphate that
as adsorbed on external sites desorbed faster than that adsorbed

n internal sites.
Table 2 compares the arsenate adsorption capacity of sev-

ral Fe(III) containing minerals reported in the literature. Data
orresponds to the maximum adsorption capacity obtained from
dsorption isotherms at pH 6. Comparisons of this type with dif-
erent sorbents are usually done with the aim of choosing the best

aterial to be used to remove arsenic from water and wastewa-
ers [1]. In this sense, it is clear that the studied Fe-M sample is
ot the best adsorbent. Ferrihydrite, which is formed by very small
articles with a large surface area, is the solid that better adsorbs
rsenate. In spite of this, data in Table 2 reveal that Fe(III) species
n Fe-M are very active in binding arsenate. The ratios Fe/As in the
olids show that 1 As atom is attached every 14.84 atoms of iron in
errihydrite, every 51–59 atoms of iron in goethite and every 8.95
toms of iron in Fe-M. This high binding efficiency of iron in Fe-M
ndicates that Fe(III) species are well spread over the montmoril-
onite surface. They should be mainly present as small oligomeric
pecies or small clusters containing just a few iron atoms.

. Conclusions

The modification of the Na-M sample with Fe(III) species
esulted in an Fe(III)-modified montmorillonite having a mix of
onomeric and polymeric Fe(III) species in the interlayer and

n the external surface. These Fe(III) species were responsible
or arsenate adsorption. Arsenate adsorption took place with an
nitial fast binding of arsenate to Fe(III) species at the external
urface (adsorbed species and perhaps surface coatings) followed
y a slower binding to less accessible Fe(III) species in pores and
he interlayer. Desorption results also reflected the presence of
xternally and internally adsorbed arsenate. Even though the syn-
hesized Fe-M sample adsorbs less arsenate than ferrihydrite and
oethite, Fe(III) species in Fe-M are more efficient in binding arsen-
te than in ferrihydrite or goethite. This indicates that Fe(III) species
re well spread over the montmorillonite surface.
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