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ABSTRACT

In this study we evaluated the arsenate adsorption capacity of red muds (RM), wastes tailing from the
alumina production, at different pH values (4, 7, and 10). RM samples were artificially enriched in batch
tests with solutions containing increasing concentrations of As(V). The pH of the solution significantly
affected the adsorption, which increased with the decrease of pH. Moreover a sequential extraction
procedure [H,0; (NH,4),S04; NH4H,PO,4; NH4*-oxalate; NH4*-oxalate +ascorbic acid] was applied to RM
samples exchanged with arsenate. Using this approach it was shown that low concentrations of arsenate
sorbed in RM were present as water soluble and exchangeable fractions, while NH4*-oxalate and NH4*-
oxalate +ascorbic acid extracted most of the adsorbed arsenate from RM at different pH values. Besides,
FT-IR spectroscopy was used to better understand the nature of RM surface configuration after As(V)
sorption. In the FT-IR spectra the presence of As(V) species was highlighted by a well resolved band at
865cm~!. The intensity and broadness of this band increased at the decreasing of pH. This band could
be related to v(As-0) vibration of an inner-sphere Al-O-As complex and/or due to As—-O bonds of the
adsorbed As(V) species on Fe oxides of RM samples.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic (As) is considered among the most significant and dan-
gerous pollutants, and is classified as human carcinogen by the
International Agency for Research and Cancer (IARC). Chronic and
acute poisoning by arsenic due to exposure to elevated concentra-
tions has been reported worldwide [1].

Arsenicis generally persistent in nature, however, it can become
mobile in soils so that a fraction of its total mass can leach to
groundwater or become bioavailable to plants and animals.

Recently, considerable attention has been paid to the use of dif-
ferent types of low-cost sorbents, such as Fe/Al/Mn oxides and
oxyhydroxides [2-5] zeolite and caolinite [6], laterite [7] and
untreated and modified red muds [8-16] to decrease the arsenate
concentration in polluted waters. Red muds (RM), among these lat-
ter one of the more promising sorbents [17,18], are fine-textured
residues deriving from the digestion of bauxite during the Bayer
process. These are mainly constituted by Fe, Al, Si and Ti oxides and
oxyhydroxides, and tectosilicate-like compounds [19]. As a conse-
quence, these materials could be particularly effective at blocking
the arsenate in the polluted soil pore.
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The ability of red muds as sorbent agents is related to their
chemical, physical and structural properties [17-20]. In this sense,
it is important to point out that this sorbent has a complex and
variable composition which affects its reactivity [20]. An under-
standing of the sorption mechanism between arsenate and red
muds is therefore needed to predict the long-term fate of arsenic in
polluted soils treated with these sorbents. Particularly the interac-
tion mechanisms that regulate the arsenate sorption by red muds,
the mineralogical phases involved in the sorption, as well as the
effects of the distribution of these compounds in soil have not been
clarified yet. Specific sequential extractions of red muds exchanged
with As(V), could be useful in order to predict the potential mobil-
ity of As(V), by estimating all of the chemical forms of As(V) bound
to the red muds.

In this context, spectroscopic studies can also provide a deeper
insight into the main phases of red muds that represent the active
sites involved in the process of As(V) fixation. Because of the com-
plicated structure of this industrial waste any spectroscopic study
has not been published so far, and a significant lack of spectroscopic
information about the type of interaction between red muds and
arsenate sorbed exists.

The aim of this work was therefore (i) to assess, through adsorp-
tion isotherms performed under different pH conditions (pH 4, 7
and 10), the capacity of RM to interact with arsenate; (ii) to inves-
tigate, through sequential extraction, the interaction mechanisms


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:castaldi@uniss.it
dx.doi.org/10.1016/j.jhazmat.2009.09.145

P. Castaldi et al. / Journal of Hazardous Materials 175 (2010) 172-178 173

Table 1

Properties of the RM,; and RM samples at pH 10, 7 and 4 used in the study.
Chemical parameters RMp¢ RM pH 10 RM pH 7 RM pH 4
pH 11.10 10.0 7.0 4.0
EC(mScm™1) 8.70 8.25 6.55 5.22
SBET 19.5 214 23.6 25.5
PCZ 4.77 - - -
Organic matter (% d.m.) 0.60 - - -
Pb (mgkg1) 48.50 - - -
Cd (mgkg1) 1.46 - - -
Cu(mgkg ') 5.70 - - _
Cr(mgkg") 640.21 - - -
Chemical phases (wt.%) - - -
Cancrinite [NagCa; 5AlgSig024(C0O3)16] 4.0 4.0 3.5 n.d
Sodalite [Nag(Cl,0H),|AlgSis024] 20.0 24.0 24.0 22.0
Hematite [Fe, 03] 44.0 42.0 42.0 49.0
Boehmite [AIO(OH)] 12.0 12.0 12.0 8.0
Gibbsite [Al(OH);] 4.0 4.0 4.0 4.0
Anatase [TiO;] 4.5 4.0 4.0 5.5
Andradite [Ca-Fe-Al-Si oxide] 5.5 5.0 5.0 5.5
Quartz [SiO;] 6.0 5.0 5.5 6.0

that regulate the accumulation and mobility of arsenate by RM; and
(iii) to determine, through Fourier transform infrared spectroscopy
(FT-IR), the mineralogical phases of RM actively involved in the
arsenate sorption and the types of surface complex formed through
sorption of arsenate on RM.

2. Materials and methods
2.1. Sample description

Red muds were obtained from the Eurallumina plant (Por-
tovesme, Sardinia, Italy). The red muds were dried overnight at
105°C, finely ground and sieved to <0.02 mm (RMjy¢). The pH and
electric conductivity (EC) values were determined in 1:25 ratio of
red mud/distilled water (Table 1) [19]. The specific surface area of
the RMj; was determined by applying the BET model to the N,
adsorption results obtained from a Sorptomatic Carlo Erba (Milan,
Italy). The samples were also pre-treated by outgassing at 40°C
combined with vacuum at 102 bar for 12 h. The error in the deter-
mination of SBET was +3m2 g~1.

Total organic matter in the RM was determined using the
method of Walkley and Black described in the paper of Garau et al.
[17]. The total concentration of selected heavy metals in RMp; sam-
ples was determined by drying the red mud overnight at 105 °C and
digesting it with HNO3 and HCl (ratio 1/3)in a Microwave Milestone
MLS 1200. The heavy metal concentrations were determined using
a PerkinElmer Analyst 600 atomic absorption spectrometer (FAAS)
equipped with HGA graphite furnace.

X-ray diffraction (XRD) analysis of RMy at pH 4, 7 and 10 was
carried out with a Rigaku D/MAX diffractometer (Cu Ka) equipped
with a graphite monochromator in the diffracted beam. The pattern
was collected in the 26 range from 10° to 70°. Crystalline phases
were identified using the database of the International Centre for
Diffraction Data for Inorganic Substances (Table 1) [20]. Aside from
crystalline phases, about the 20% of the RM was made of amorphous
oxides.

The pHpyzc of the RMy; samples was measured by Laser Doppler
Velocimetry coupled with Photon Correlation Spectrometry using
a Coulter Delsa 440 spectrometer equipped with a 5mW He-Ne
laser (632.8 nm) [20].

2.2. Adsorption and release through sequential extraction of
As(V) from RM samples

All chemicals were of analytical grade and used without fur-
ther purification. RMp; samples were artificially enriched with

solutions containing increasing concentrations of Na;HAsO4-7H,0
to obtain adsorption isotherms. Three batch experiments were
prepared at three pH values (4, 7 and 10) and at constant tem-
perature (254 1°C). Polyethylene bottles containing 1.0g of red
muds were filled with 25 mL of arsenate enriched solutions. Par-
ticularly 15 points on the whole were obtained to create the
adsorption isotherm, corresponding to the addition of differ-
ent volume of 0.2 M Nay;HAsO4-7H,0 solution. The concentration
of NayHAsO4-7H,0 added to 1.0g of red muds varied between
8x 104 and 0.18 M (which correspond to 0.02 and 4.5 mmol
25mL-!, respectively). A background electrolyte of 0.1 M NaCl was
used as diluent for all batch experiments. The pH values of the mix-
tures RM/polluting solution were adjusted with either HCl or NaOH
solutions, the concentration of which were 0.01, 0.1 and 1.0 M.
The mixtures (1:25 ratio of red mud/As(V) solution) were shaken
for 24 h at constant temperature (25 £ 1 °C). After equilibrium, the
samples were centrifuged at 8000 rpm for 10 min and filtered to
completely separate the liquid and solid phases. An aliquot of
the supernatant was taken and analyzed. As(V) was measured by
ionic chromatography by using an lonPac AS12A Analytical Column
equipped with an IonPac AG12A Guard Column, 4 mm. Carbonate
2.1 mM/bicarbonate 0.8 mM was employed as the eluent at a flow
rate of 1.5 mL/min. The sample loop valve was 10 L.

The concentration of As(V) in the final enriched RM samples
(reported in the x-axis of Fig. 1) was also determined to verify
that the total content of arsenate (supernatants+final enriched
RM) actually corresponded to the arsenate added to RM. The solid
phase of RM deriving from each point of the isotherms was dried
overnight at 105°C and digested with 65% HNO3 +30% H,0, in
a Microwave Milestone MLS 1200. The As(V) concentration was
measured by ionic chromatography as described above. The sum of
As(V) concentration in the supernatant and in the final enriched
RM was not significantly different, at the 95% confidence limit
with respect to the As(V) concentration added in each RM sam-
ples. Each experiment was conducted in triplicate and mean values
were reported.

The chemical forms of the arsenate bound to the red muds were
determined by a sequential extraction procedure [21], in order to
study the contribution of the different interaction mechanisms. RM
samples (1g) saturated with arsenate at pH 4, 7 and 10, deriving
from the last point of the isotherms, were placed in 50 mL cen-
trifugation tubes and treated with 25mL of distilled water (pH
6.5) and shaken for 2 h at room temperature to extract the As(V)
soluble (Step 0). These samples were then treated with 25 mL of
0.05M (NH4),SO4 and shaken for 4 h at 20°C to extract the As(V)
non-specifically sorbed (Step 1). The same RM samples were then
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Fig. 1. As(V) adsorption isotherms on RM samples at different pH values.

treated with 25mL of 0.05M NH4H,;PO,4 and shaken for 16h at
20°C to extract the As(V) specifically sorbed (Step 2). They were
then treated with 25 mL of 0.2 M NH4*-oxalate buffer (pH 3.25) and
shaken for 4 h in the dark at 20°C to extract the As(V) associated
with amorphous and poorly crystalline hydrous oxides of Fe and Al
(Step 3) and with 25 mL of 0.2 M NH4*-oxalate buffer + 0.1 M ascor-
bic acid (pH 3.25) and shaken for 0.5 h in a water basin at 96 °C (£3)
in the light to extract the As(V) associated with well-crystallized
hydrous oxides of Fe and Al (Step 4).

After each step of the extraction process the RM samples were
centrifuged at 8000 rpm for 10 min and filtered to separate the lig-
uid and solid phases. After the fifth washing, the residual fraction of
As(V)was determined by drying the solid phase overnight at 105 °C
and digesting it with 65% HNO3 +30% H,0, in a Microwave Mile-
stone MLS 1200. The As(V) concentration was measured by ionic
chromatography as described above. The sum of As(V) concentra-
tion determined in the supernatant after each extraction step and
that present in the final enriched RM was not significantly different
at the 95% confidence limit with respect to the As(V) concentration
in RM samples saturated with arsenate. The residual fraction dis-
cussed in the text is this determined after the RM total dissolution.

Each step of the sequential extraction procedure at the three
pH values was carried out in triplicate and the mean values were
reported.

2.3. X-ray fluorescence (XRF) spectroscopy

XRF-measurements of RM samples exchanged with As(V) at pH
4,7 and 10 were carried out by using a portable equipment com-

posed of an X-ray tube (molybdenum anode, Oxford Instruments)
working at 25kV and 0.1 mA. An aluminum collimator 1cm long
and with an internal hole 1 mm in diameter permits to irradiate an
area of about 0.2 cm? of the object to be analysed, at a distance tube
window-sample of about 2 cm. A Si-PIN detector from AMPTEK was
employed with a thickness of about 300 mm and characterized by
an energy resolution of about 200eV at 5.9 keV.

2.4. FT-IR spectroscopy

The FT-IR spectra were recorded at room temperature using a
Nicolet 380 FT-IR spectrometer equipped with EZ Omnic software.
The FT-IR spectra were recorded in the 4000 to 400cm~! range,
and were collected after 256 scans at 4cm~! resolution. The KBr
disc technique was used for sample preparation. The KBr (FT-IR
grade, Fluka) was dried at 200°C for 24 h. To prepare KBr pellets,
1 mg of RM sample (deriving from the RM-As(V) samples at pH 4, 7
and 10 of the last point of isotherms, and coming from the extrac-
tion procedure steps of RM-As(V) samples at pH 4) was ground
1-2 min together with 200 mg of KBr. The pellets were made using
90 mg of the mixture KBr—-RM. This latter was pressed in a dye under
vacuum for 4-6 min at 12t pressure to produce transparent disks
about 1 mm thick and 13 mm in diameter. An empty KBr pellet was
used as reference and its spectrum was subtracted from the sam-
ple spectrum to suppress spectral artifacts caused by KBrimpurities
and water.

3. Result and discussion
3.1. Characteristics of the sorbent

Table 1 shows the properties of the RM samples at different
pH values used in the study. The specific areas of RM at pH 4, 7
and 10 were 25.5, 23.6 and 21.4m?2 g~ !, respectively. A mixture
of eight phases was retrieved in RMy; samples, however it should
be noted that the 60 wt.% of the RM sample was made by Fe and
Al oxide and oxyhydroxides as hematite (ICSD #15840, S.G.R-3 ¢
H,a=0.5038 nm, c=1.3772 nm), boehmite (ICSD #10-0391, Cmcm,
a=0.287nm, b=1.223 nm, c=0.370 nm) and gibbsite (ICSD #6-162,
P21/C, a=0.870 nm, b=0.487 nm, c=0.969 nm) (Table 1). Besides,
XRD analysis showed that the different pH values changed the min-
eralogical composition of RM. In addition to this and with obvious
cautions suggested by the uncertainties of the quantitative deter-
mination, the percentage of boehmite decreased at pH 4 (Table 1).
Also the cancrinite phase disappeared on decreasing the pH and
sodalite percentage was higher (24 wt.%) in RM samples at pH 7
and 10 (Table 1).

3.2. Adsorption Isotherms of As(V) on RM at different pH values

The effects of the solution pH on arsenate sorption in red muds
were studied by varying the pH of the solution over a range of 4-10.

The adsorption isotherms obtained were regular, positive, and
concave to the concentration axis and a plateau was reached in
all three curves (Fig. 1). The arsenate sorption decreased with
increased in adsorbate concentration, which indicated that the
adsorption depended upon the availability of the binding sites for
arsenate [19].

Isotherm analyses showed that different concentrations of arse-
nate were sorbed at different pH values. These latter affected both
the surface charge of the solid particles and the degree of ion-
ization and speciation of anionic specie. Particularly the As(V)
sorption was higher at lower pH values and increased in the fol-
lowing order: RM-As(V) pH 4 (1.908 mmolg—1)>RM-As(V) pH 7
(0.174mmol g~1)>RM-As(V) pH 10 (0.118 mmol g-1) (Fig. 1). The
arsenate sorbed by the RM at pH 4 was 11.0 and 16.2 times higher
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Table 2
The Langmuir parameters b and K, relating to the As(V) adsorption capacity and
intensity of RM at different pH values.

b (mmolg1) K (Lmmol ') R?
RM-As(V) pH 4 1.83 0.94 0.99
RM-As(V) pH 7 0.17 245 0.85
RM-As(V) pH 10 0.12 455 0.94

compared to that sorbed into RM at pH 7 and 10, respectively. This
sorption behaviour was similar to the effect of the pH on arsenic
adsorption on RM modified with FeCl; [16], seawater neutralized
red mud [13] and acid treated red mud [12].

The arsenate sorption on red mud surfaces at different pH values
could be attributed to various mechanisms, such as electrostatic
attraction/repulsion, chemical interaction and ion exchange [22].
The pH dependence of As sorption by red muds can be further
understood by considering the point of zero surface charge (pHpc)
of red muds, which was 4.77. The pHy, is where the surface charge
switches from negative at higher pHp to positive at lower pHp;c
values. However, the transition from dominantly negative surface
charges on the constituent particles in RM to dominantly positive
charges will be much more gradual than for pure minerals [9]. At
pH 4.0 arsenate mainly exists as HyAsO4~ anion and adsorption in
RM is facilitated by electrostatic attraction, as the surface of red
muds is positively charged. Besides, at this pH value the presence
of fewer OH™ ions, that can compete with the arsenate anions for
the available sorption sites, is supposed. On the other hand, at pH
10.0, where the divalent anion HAsO42~ dominates, and at pH 7,
where both species co-exist (HyAsO4~ and HAsO42"), generally the
surface of the solid is negatively charged and the arsenate may
be affected by Coulombic repulsion [9] and could compete with
an higher concentration of hydroxide ions for positively charged
surface sites. The lower adsorption capacities found at higher pH
values were probably due to the decrease of positively charged sur-
face sites in RM, therefore the arsenate sorption should be mainly
due to chemical sorption of specific anions [13,14], which involved
the incorporation of anions as a ligands in the coordination shell of
the sorbent [2,15].

However the red muds are a complex mixture of minerals, each
characterized by a different point of zero surface charge value. For
example, the pHp, value of hematite is about 8.1, whereas the
pHp;c of gibbsite and boehmite are about 9.4 and 8.6 respectively
[22]. The fact that the As(V) sorption in RM was higher at pH 7.0
than pH 10 could be due to positive charge of oxyhydroxides of Al
and a partial positive charge of hematite, since the change from a
strongly positive to a strongly negative zeta potential takes place
gradually over 1.5-2 pH units [13].

For the present study the Langmuir model, which is the simplest
and most commonly used model that assumes monolayer adsorp-
tion [15], was employed. The Langmuir equation was applied for
adsorption equilibrium as follows:

X KbC
m 1+KC

the Langmuir parameter b refers to maximum adsorption capacity
and Kis a proportional constant of the adsorption energy [23,24]. In
this study, the high correlation coefficients indicated that the Lang-
muir isotherm fits the adsorption data (Table 2). The maximum
adsorption capacity values of arsenate, obtained from the Lang-
muir’s equation, agreed with the experimental results (Table 2).
The maximum As(V) adsorption b in RM at pH 4 was in fact higher
than As(V) adsorption b at pH 7 and 10.

Since the inner-sphere complexes are much stronger than
outer-sphere complex bonds, and the inner-spherically adsorbed
arsenic anions are not considered to be readily exchangeable, it

504

B RM-AspH 4
RM-AspH 7
@ RM-AspH 10

%

Step 0 Step 1 Step 2 Step 3 Step 4

As(V) not
extracted

Fig. 2. Percentage of As(V) extracted with H,O (Step 0); (NH4)2SO4 (Step 1);
NH4H,PO4 (Step 2); NH4*-oxalate (Step 3) NH4*-oxalate buffer + ascorbic acid (Step
4), and not extracted from RM-As(V) at different pH values.

is possible to hypothesize that arsenate sorbed in RM at pH 10,
despite a superficial electrostatic repulsion, mainly establishes
strong bonds. This assumption was supported by the Langmuir’s
parameter K which showed the highest values for the RM-As(V)
pH 10 (4.55 Lmmol~!) followed by RM-As(V) pH 7 (2.44 Lmmol 1)
and RM-As(V) pH 4 (0.94Lmmol-1).

3.3. Sequential extraction on RM samples exchanged with As(V)
at different pH values

The red mud samples exchanged with arsenate, were treated
with solutions of gradually increasing extraction strength [21], in
order to study the different arsenate-red muds interaction mech-
anisms.

The fractions extracted with H, O, which are associated with the
greater environmental hazard being the most soluble and bioavail-
able fractions, were less than 15% of the arsenate adsorbed in
RM samples and followed the order RM-As(V) pH 4 >RM-As(V)
pH 7>RM-As(V) pH 10. Particularly in RM samples at pH 10 no
fractions of arsenate extracted with H,O were detected (Fig. 2).
The percentage of arsenate extracted with (NH4),SO4, which
are associated with the relatively labile exchangeable fractions,
particularly with As(V) bounded through outer-sphere complex,
increased as pH decreased. The percentage of arsenate extracted
with NH4H,PO4, which represent the As(V) specifically sorbed
[21], were higher in RM at pH 10. Also the percentage of arsen-
ate extracted with oxalate and ascorbic acid (Steps 3 and 4), which
were associated with amorphous, poorly crystalline and well-
crystallized oxides and oxyhydroxides of Fe and Al [21], increased
with increasing of pH. These two fractions were higher than 36%
of the arsenate adsorbed in all the RM samples. The fractions of
non-extracted As(V) would not be expected to be readily released
under natural conditions. The residual fractions of As(V) in RM at
pH 4,7 and 10 were respectively the 25, 20 and 19% of the arsenate
adsorbed (Fig. 2).

The results of the sequential extraction procedure showed that
in RM samples low quantities of As(V) were as water-soluble and
exchangeable fractions. Particularly it was possible to believe that
about the 20% of As(V) was physically sorbed in RM at pH 4, as a con-
sequence of the electrostatic attraction between the positive charge
of the red mud surface and the negative charge of the anion. By
contrast, in RM at pH 10 more than 90% of arsenate associated was
chemically sorbed. The main mechanism governing the adsorption
process probably involved the formation of inner-sphere surface
complexes and/or much stronger forces comparable to those lead-
ing to the formation of chemical compounds in which the As(V)
is incorporated as a structural component of low-solubility miner-
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Fig. 3. XRF spectra of RMy; and RM-As(V) at different pH values.

als (e.g., calcium iron arsenates or calcium aluminum arsenates).
Therefore, once bound to the red muds surface, the As(V) at pH 10
should remain trapped and no more soluble or physically exchange-
able.

3.4. X-ray fluorescence (XRF) analysis

Fig. 3 shows the fluorescence spectra of RMp: and RM sam-
ples exchanged with As(V) at different pH values. With respect to
untreated RM, where emission doublets typical of Ca, Ti, Fe ele-
ments can be easily recognized, the As doublet was evident in the
RM doped with arsenate. From analysis of the relative intensities of
emission line it seems that the higher the pH, the lower the amount
of adsorbed As, as highlighted by the adsorption results.

3.5. FT-IR spectra analysis

The nature of RM surface configuration after As(V) sorption
was evaluated by spectroscopic analyses. FT-IR spectra of arsen-
ate sorbed to the RM samples at pH 4, 7 and 10 are shown in Fig. 4.
The spectrainterpretation was complicated because of the complex
composition of red muds due to the presence of several miner-
alogical phases containing numerous adsorption sites. In all of the
spectra a strong band was present in the hydroxyl stretching region
at 3400-3300cm™!. This was likely due to the presence of H,0 in
the red muds [20,25]. In the spectra a band at 3090 cm~! was also
visible. This band, which could be ascribed to O-H stretching vibra-
tion of crystalline boehmite [26], increased its intensity as the pH
increased. This results is consistent with that obtained from XRD
analyses of RM at pH 4, where a decrease of boehmite was observed.
Besides, the band at 3090 cm~! was poorly resolved in RM-As(V)
at pH 4 and the losing of this signal could provide both evidence
for an As(V)-surface direct bonding with the boehmite phase of red
mud, than the formation of aluminum arsenate precipitates.

In all the samples a band at 1630cm~! was detected. This was
attributed to the water molecules occluded inside the aluminosil-
icate structure [20]. Carbonates bands appear in the RM samples
at pH 7 and 10, within the 1410-1470cm~! region, while these
bands were missing in the RM samples at pH 4. The peak recorded
at 1400cm~"! in all the samples could be attributed to nitrate,
this NO3~ band could be present in both cancrinite and sodalite,
according with the results reported by Zhao et al. [27]. The peak at
1070 cm~! in the RM at pH 4, which was a shoulder in the RM sam-
plesat pH 7 and 10, is characteristic of aband corresponding to Si-O
vibration [28]; alternatively, as showed by Goldberg and Johnston
[2]it could be attributed to a carbonate band. The band at 994 cm~!
present in RM samples could be assigned to the stretching vibra-
tions of Si(Al)-0O. This band is sensitive to the content of structural
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Fig. 4. FT-IR spectra of RM;; and RM-As(V) at different pH values.

Si and Al [29]. The disappearance of this band in RM samples at pH
4 could be due to dissolution of cancrinite with acid treatment, as
demonstrated by XRD analyses (Table 1).

The infrared spectral band, due to As-O stretching vibrations of
the adsorbed arsenate species, appeared to contain a main compo-
nent. There was a well resolved band which peaks at 861-865 cm™!
and its intensity and broadness increased as the pH decreased from
10 to 4. This band could be related to v(As-0) vibration of an inner-
sphere AlI-O-As complexes and/or could be also due to As—-O bonds
of the adsorbed As(V) species on Fe oxides [2,30]. The lack of pH
dependence on the positions of the v(As-O) modes and the sim-
ilarity of the band position at 861-865cm~! in RM-As(V) at pH
4,7 and 10 suggested that these interactions are “protected” from
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Fig. 5. FT-IR spectra of RM-As(V) at pH 4 after the sequential extraction steps.

the pH changes, indicating that a similar mechanism of arsenate
sorption occurred. Probably the arsenate groups were involved
in a direct inner-sphere complexation with the Al and/or Fe sur-
face phases of RM. Besides, as suggested also by Myneni et al.
[31], the vibrational spectra of arsenate adsorbed on Fe oxides of
RM overlapped with those of arsenate adsorbed on Al-oxides and
oxyhydroxides, which exhibited the same peaks in the region of
interest. Finally, according with the results reported by Myneni et
al. [31] and Roddick-Lanzillotta et al. [32] it was difficult to deter-
mine the type of coordination from the spectra of the adsorbed
arsenate because both protonated and unprotonated anions were
present.

As previously mentioned, in the RM-As(V) at pH 4 there was
a broad band, which peaks at 861-865cm!, and which covered
the region between 940 and 800 cm~. This broad band could have
obscured some other peaks. For examples as reported by several
authors a peak at 878-880 cm~! could be assigned to uncomplexed
asymmetric As-O stretching vibration [30-33]. The presence of
uncomplexed As-O in the RM-As(V) at pH 4 could be due to elec-
trostatic attraction, as the red muds surface was positively charged
at pH 4. Therefore the nature of the arsenate complexation schemes
in RM at pH 4 was difficult to evaluate exclusively with the FT-IR
spectra information.

A distinct peak at 744cm~! in RM-As(V) at pH 4 was also vis-
ible, and could be assigned to symmetric stretching vibrations of
As-0-Al [2,31]. The band at 730cm~! in the RM-As(V) at pH 10
could be assigned to As-0O vs of arsenate sorbed into Fe oxyhydrox-
ides as pointed out by Lumdson et al. [34], which reported a similar
band in the IR spectra of AsO43~ adsorbed on goethite.

The peaks detected in the region within 400-500cm~! of all
the RM samples could be due to the T-O bend (where T corre-
sponds to Si or Al) of sodalite and cancrinite structure [20]. Also
in the region 560-630 cm~! the peaks detected could be due to 4-
or 6-membered rings vibrations of SiO4 or AlO,4 tetrahedra [20].
Moreover, in all the RM spectra a peak due to stretching vibrations
of Fe-0 bond (460-500 cm~! range) was also present [25].

To better understand the interaction between As(V) and RM at
pH 4, FT-IR analyses of RM-As(V) samples were performed after
each sequential extraction step (Fig. 5). The band which peaks
at 861-865cm~! was progressively more and more flattened as
the extraction steps proceeded until to disappear after the extrac-
tion with NH4*-oxalate (Step 3), which quantified the As(V) sorbed

into amorphous and poorly crystalline oxides and oxyhydroxides
of Fe and Al (Fig. 5). By contrast, a strong decrease of peak at
744 cm~! was observed after the extraction steps 0 and 1 (extrac-
tion with water and (NH4),S04), showing that this peak indicated
an unspecific electrostatic interaction between As(V) and Al-phases
of red muds. After the extraction with NH4H,PO,4 (Step 2), the
band between 940 and 800 cm~! was considerably flattened than
RM-As(V) and the peak at 865cm~! still evident. Therefore the
extraction with phosphate, which is an anion that compete for the
same adsorption sites of arsenate, probably did not exchange all the
As(V) inner-sphere complexed. Besides, in the spectrum of Step 2
the expected bands associated with P-O(H) stretching vibrations,
which are in the 800-1250 cm~! region, were lacking [35] (Fig. 5),
indeed in this region the bands present were the same observed
in the Step 1 spectrum (extraction with (NH,4),SO4). The spectrum
of Step 3 showed new bands at 1320cm~! (also visible in the Step
4 spectrum) and at 1685 cm~!, which were assigned respectively
to C=0 stretching vibrations of outer-sphere adsorption of oxalate
[36] and to the vC=O0 stretches originating from the Fe-oxalate
formed [37-38].

4. Conclusions

The sorption properties of the RM used in this study were signif-
icantly influenced by the pH, which affected both the surface charge
of the solid particles than the degree of ionization and speciation of
arsenate species. The interaction mechanisms between As(V) and
red muds were of several type: electrostatic attraction/repulsion,
chemical interaction and ion exchange. The arsenate sorption in RM
samples increased as the pH decreased from 10 to 4. This could be
due to the formation of chemical bonds, and to unspecific electro-
static bonds between RM at pH 4 and arsenate, since at this pH value
the red mud surfaces were positively charged. Besides, the results
of sequential extraction showed that a higher percentage of As(V)
in RM at pH 4 was exchanged with H,0 and (NH4),S04 with respect
to that extracted in RM at pH 7 and 10. Therefore it was possible to
hypothesize that the As(V) in RM at pH 7 and 10 was mainly sorbed
through a ligand exchange mechanism that involved the forma-
tion of inner-sphere complexes. However, it should be taken into
account that the absolute total As content in RM enriched at pH 4
is much higher than at pH 7 and 10, and therefore also the absolute
value which remains adsorbed after the extraction with water and
(NH4),S04 is higher than that obtained in the case of RM-As(V) at
pH 7 and 10.

The FT-IR spectra of RM-As(V) showed that the oxides and
oxyhydroxides of Fe and Al (hematite, boehmite and gibbsite)
of RM were probably the mineralogical phases involved in the
sorption processes. However, this spectroscopic technique did not
discriminate the different role of Fe—Al oxides and oxyhydroxides
in the arsenate polyhedra sorption. At the same time it was diffi-
cult to determine the type of coordination of the As(V) adsorbed
because both protonated and unprotonated arsenate ions were
present. The infrared band due to adsorbed arsenate species was
at 861-865cm~! and its intensity and broadness increased as the
pH decreased, because of the higher As(V) sorption at pH 4. After
the sequential extraction steps FT-IR spectra of RM-As(V) at pH 4
showed that the band at 865cm~! was completely disappeared
after the extraction with NH4*-oxalate. Consequently, in agree-
ment with the results of the sequential extraction, it is concluded
that most of As(V) sorbed in RM (about the 80%) was strongly and
specifically associated with the Fe-Al oxides and oxyhydroxides
phases.

The results obtained showed that the adsorbing properties of
red muds are related with their capacity to decrease the mobil-
ity of the arsenate through exchange reactions. These aspects are
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of particular importance in order to evaluate the efficiency of the
red muds as As-sorbents in polluted soils which have different pH
values.
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