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In the present work we investigated the interactions established between red mud (RM) and phosphate
anions (P) at pH 4.0, 7.0 and 10.0.

The amount of P sorbed by RM (P-RM) increased as the pH decreased being equal to 4.871 mmol g−1

at pH 4.0, 0.924 mmol g−1 at pH 7.0, and 0.266 mmol g−1 at pH 10.0. Sequential extractions’ data of P-RM
equilibrated at pH 4.0 and 7.0, suggested that the phosphate sorption at these pH values was mainly
regulated by two different mechanisms that gave rise to a chemical adsorption on RM phases, and to
the formation of metal phosphate precipitates. By contrast, at pH 10.0 the P-sorption was regulated by a
hosphate
dsorption isotherms
equential extraction
T-IR spectroscopy

chemisorption mechanism on Fe–Al phases of RM.
These findings were supported by FT-IR analysis, which showed a broad band at 1114 and 1105 cm−1

in P-RM spectra at pH 4.0 and 7.0 respectively, attributable to P–O(H) stretching �3-modes associ-
ated to inner-sphere complexes of phosphate on Fe–Al phases, or alternatively to stretching vibrations
of PO4

3− tetrahedra, arising from a precipitate of aluminium phosphate. Importantly, the FT-IR spec-
troscopy showed a phosphate-promoted dissolution of tectosilicates, notably cancrinite and sodalite, in

phate
RM exchanged with phos

. Introduction

Phosphate is a soil element essential for plant growth, a
acronutrient present in most of biological tissues, and has been

ecognized as one of the main nutrients limiting the growth of
hotosynthetic algae and other organisms living in surface water
odies [1–4]. However, an excessive presence of phosphate in
astewater is one of the main causes of eutrophication that affects
any natural water bodies [2,4]. Therefore, its transport and fate in

oils and aquifers, as well as its affinity towards soil colloids must be
ell understood to better evaluate its environmental impact. It is
ell known that mobility of phosphate anions in the environment

s markedly influenced by mineral surfaces [3,5]. The phosphate
nions strongly interact with iron and aluminium (hydr)oxides,
hich are important constituents of soils and sediments and key

olids governing the transport and bioavailability of this and other
nions [1,3]. The affinity of phosphate for (hydr)oxide surfaces

epends on the complexing capacity of these latter, which allows
inding of phosphate to surface groups by ligand-exchange reac-
ions, and on the other hand on attractive or repulsive electrostatic
nteractions with the charged (hydr)oxide surfaces.

∗ Corresponding author. Tel.: +39 079229214; fax: +39 079229276.
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at pH 4.0 and 7.0.
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Recently, different types of low-cost sorbents, such as Fe/Al/Mn
oxides and oxyhydroxides [1,3,6] zeolite and kaolinite [7,8], and
untreated, acid and heat treated red muds (i.e. [2,4,9–11]) have
been used for phosphate removal from polluted waters. Red muds,
which are industrial wastes that remain after the digestion of
bauxite during the Bayer process, are expected to be particularly
effective in the removal and immobilization of both toxic anions
and cations from wastewaters and polluted soils [11–14], thank to
the combined presence of ferric, aluminium and tectosilicate-like
compounds.

However, most of the studies that investigated the phosphate
removal capacity of untreated or modified red muds (i.e. [2,4,9–11])
only considered the possible interaction mechanisms regulating
the phosphate sorption by red mud (RM), while a much deeper
knowledge would be essential in order to evaluate the red mud
suitability over time as phosphate sorbent. Such a deeper knowl-
edge could, for example, be provided by spectroscopic studies [10].
These could possibly provide useful details about the main phases
of red mud that represent the active sites involved in the process
of phosphate sorption, and could help elucidating the interaction

mechanisms involved between phosphate and RM (e.g. chemical
sorption, precipitation, and/or diffusion).

In a previous study we investigated the interaction mechanisms
that regulate the accumulation and mobility of arsenate sorbed into
RM and the mineralogical phases of RM actively involved in the

dx.doi.org/10.1016/j.jhazmat.2010.06.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
Properties of the RMnt and RM samples at pH 10.0, 7.0 and 4.0 used in the study.

Chemical parameters RMnt RM pH 10.0 RM pH 7.0 RM pH 4.0

pH 11.1 10.0 7.0 4.0
EC (mS cm−1) 8.70 8.25 6.55 5.22
SBET 19.5 21.4 23.6 25.5
PZC 4.77 – – –

Element composition (wt.%)
C 9.15 9.00 9.32 n.d.
O 35.12 34.23 34.15 42.33
Na 5.17 4.31 2.30 1.15
Al 9.65 10.25 10.44 9.33
Si 4.32 4.94 4.53 3.41
Ca 1.04 1.13 1.15 1.00
Fe 30.35 30.88 32.53 35.32
Ti 4.13 4.23 4.53 6.43
Cl 1.07 1.03 1.05 1.03

Crystalline phases (wt.%)
Cancrinite [Na6Ca1.5Al6Si6O24(CO3)1.6] 4.0 4.0 3.5 n.d.
Sodalite [Na8(Cl,OH)2|Al6Si6O24] 20.0 24.0 24.0 22.0
Hematite [Fe2O3] 44.0 42.0 42.0 49.0
Boehmite [AlO(OH)] 12.0 12.0 12.0 8.0
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Gibbsite [Al(OH)3] 4.0
Anatase [TiO2] 4.5
Andradite [Ca–Fe–Al–Si oxide] 5.5
Quartz [SiO2] 6.0

rsenate sorption [15]. The results obtained showed that sorption
roperties of the RM were significantly influenced by the pH, which
ffected the surface charge of the solid particles and the degree of
onization and speciation of arsenate species. The arsenate sorp-
ion in RM samples increased as the pH decreased (from 10.0 to 4.0),
nd the oxides/oxyhydroxides of Fe and Al (hematite, boehmite and
ibbsite) of RM were the mineralogical phases involved in the sorp-
ion processes of arsenate [15]. In this study, we have considered
he interaction mechanisms that control the sorption of phosphate
nto red mud, in order to better understand the affinity of red mud
owards this anion, and the role of phosphate in arsenic polluted
oils and waters, treated with red mud. The aim of this work is
herefore (i) to assess, through adsorption isotherms performed
nder different pH conditions (pH 4.0, 7.0 and 10.0), the capac-

ty of RM to interact with phosphate; (ii) to investigate, through a
equential extraction procedure, the interaction mechanisms that
egulate the accumulation and mobility of phosphate by RM; and
iii) to determine, through Fourier transform infrared spectroscopy
FT-IR), the mineralogical phases of RM actively involved in the
hosphate sorption and the types of surface complexes formed
hrough the sorption of phosphate onto RM.

. Materials and methods

.1. Sample description

Red muds were obtained from the Eurallumina plant (Por-
ovesme, Sardinia, Italy). The red muds were dried overnight at
05 ◦C, finely ground and sieved to <0.02 mm (RMnt). The pH and
lectric conductivity (EC) values were determined in 1:2.5 ratio of
ed mud/distilled water (Table 1). The specific surface area of the
Mnt was determined by applying the BET model to the N2 adsorp-
ion results obtained from a Sorptomatic Carlo Erba (Milan, Italy).
he details on the sample pre-treatment are reported in Castaldi et
l. [15].

The element composition of RMnt and RM at pH 4.0, 7.0 and 10.0

as analyzed using Energy Dispersive X-ray (EDX) by JOEL model

SM-6480LV (Table 1). X-ray diffraction (XRD) analysis of RMnt and
M at pH 4.0, 7.0 and 10.0 was carried out with a Rigaku D/MAX
iffractometer (Cu K�) equipped with a graphite monochromator

n the diffracted beam (Table 1). The pattern was collected in the
4.0 4.0 4.0
4.0 4.0 5.5
5.0 5.0 5.5
5.0 5.5 6.0

2� range from 10◦ to 70◦. Aside from crystalline phases, about the
20 wt.% of the red mud samples was made of amorphous oxides.
A more detailed description of crystalline phases identification is
reported in Castaldi et al. [16].

2.2. Adsorption isotherms of phosphate on RM at pH 4.0, 7.0 and
10.0

All chemicals were of analytical grade and used without fur-
ther purification. Red mud samples were artificially enriched with
solutions containing increasing concentrations of NaH2PO4·7H2O
to obtain adsorption isotherms. Three batch experiments were
prepared at three pH values (4.0, 7.0 and 10.0) and at constant
temperature (25 ± 1 ◦C). Polyethylene bottles containing 1.0 g of
red mud were filled with 25 mL of phosphate enriched solutions.
Particularly 14 points on the whole were obtained to create the
adsorption isotherm, corresponding to the addition of different
volume of a 0.4 M NaH2PO4·7H2O solution. The concentration of
NaH2PO4·7H2O added to 1.0 g of red muds varied between 4 × 10−4

and 0.40 M (which correspond to 0.01 and 10.0 mmol 25 mL−1

respectively). A background electrolyte of 0.1 M NaCl was used as
diluent for all batch experiments. The pH values (4.0, 7.0, and 10.0)
of the red mud not-exchanged and of the mixtures RM/polluting
solution were adjusted with either 0.01, 0.1 or 1.0 M HCl or NaOH
solutions. The mixtures (1:25 ratio of red mud/phosphate solu-
tion) were shaken for 24 h at constant temperature (25 ± 1 ◦C).
Preliminary kinetic tests confirmed that this time was sufficient
to reach the equilibrium (data not shown). 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. P was measured by ionic
chromatography by using an IonPac AS12A-SC Analytical Column
equipped with an IonPac AG12A-SC Guard Column, 4 mm. Carbon-
ate 1.8 mM/bicarbonate 1.7 mM was employed as the eluent at a
flow rate of 2.0 mL/min. The sample loop valve was 10 �L.

The concentration of phosphate in the final enriched RM sam-

ples (reported in the y-axis of Fig. 1) was also determined to verify
that the total content of phosphate (supernatants + final enriched
RM) actually corresponded to the phosphate 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% H2O2 in a
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ples at different pH values used in the study. A detailed discussion
Fig. 1. Adsorption isotherms of phosphate on RM samples at different pH values.

icrowave Milestone MLS 1200. The P concentration was mea-
ured by ionic chromatography as described above. The sum of P
oncentration in the supernatant and in the final enriched RM was
ot significantly different, at the 95% confidence limit, with respect
o the P concentration added to each RM samples. Each experiment
as conducted in triplicate and mean values were reported.

.3. FT-IR spectroscopy

The FT-IR spectra were recorded at room temperature using a
icolet 380 FT-IR spectrometer equipped with EZ Omnic software.
he FT-IR spectra were recorded in the 4000–400 cm−1 range, and

ere collected after 256 scans at 4 cm−1 resolution. The KBr disc

echnique was used for sample preparation. The KBr (FT-IR grade,
luka) was dried at 200 ◦C for 24 h. To prepare KBr pellets, 1 mg of
M sample, deriving from the P-RM samples at pH 4.0, 7.0 and 10.0
Materials 182 (2010) 266–272

of the last point of the isotherms, and coming from the extraction
procedure steps of P-RM samples at pH 4.0 and 7.0 (see also Section
2.4) was ground 1–2 min together with 200 mg of KBr. The prepa-
ration of pellets has been comprehensively described in Castaldi et
al. [15].

2.4. Sequential extraction of phosphate from RM samples at pH
4.0, 7.0 and 10.0

The chemical forms of the phosphate bound to the red mud
studied were determined using the sequential extraction method
proposed by Wenzel et al. [17] with minor modifications. This pro-
cedure was adopted in order to better compare the interaction
mechanisms that regulate the accumulation and mobility of phos-
phate and arsenate by the same red mud [15]. Particularly at step 3
we used NaH2AsO4 as extracting agent in the place of NH4H2PO4.
This modification was adopted to extract the phosphate specifically
sorbed, given the competition of arsenate for the same adsorption
sites in red mud samples.

RM samples (1 g) saturated with phosphate at pH 4.0, 7.0 and
10.0, deriving from the last point of the isotherms, were placed in
50 mL centrifugation tubes and treated with 25 mL of distilled water
(pH 6.5) and shaken for 2 h at room temperature to extract the sol-
uble phosphate (Step 0). These samples were then treated with
25 mL of 0.05 M (NH4)2SO4 and shaken for 4 h at 20 ◦C to extract
the phosphate non-specifically sorbed (Step 1). The same RM sam-
ples were then treated with 25 mL of 1 M NaH2AsO4 and shaken for
16 h at 20 ◦C to extract the phosphate specifically sorbed (Step 2).
The higher concentration of the NaH2AsO4 used in Step 2 (1 M) with
respect to that of NH4H2PO4 used in the Wenzel procedure (0.05 M
[15]), was adopted to guarantee an excess addition of NaH2AsO4.
The samples 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 phosphate 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 ascorbic acid (pH 3.25) and shaken for 1/2 h
in a water basin at 96 ◦C (±3) in the light to extract the phos-
phate 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 liq-
uid and solid phases. After the fifth washing, the residual fraction of
P was determined by drying the solid phase overnight at 105 ◦C and
digesting it with 65% HNO3 + 30% H2O2 in a Microwave Milestone
MLS 1200. The P concentration was measured by ionic chromatog-
raphy as described above. The sum of P concentration determined
in the supernatant after each extraction step and that present in the
final enriched RM was not significantly different, at the 95% con-
fidence limit, with respect to the P concentration in RM samples
saturated with phosphate. The residual fraction mentioned in the
text is that determined after total dissolution of RM.

Each step of the sequential extraction procedure (at the three
pH values) was carried out on three samples and the mean values
were reported.

3. Result and discussion

3.1. Main features of the sorbent

Table 1 shows the main chemical properties of the RM sam-
of data obtained is reported in a previous manuscript [15]. EDX
analyses revealed that the RMnt was rich in O (35.12 wt.%), Fe
(30.35 wt.%), Al (9.65 wt.%) and C (9.15 wt.%) (Table 1). A mixture of
eight phases was retrieved in the untreated red mud, and the acid-
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Table 2
The Langmuir and Freundlich parameters relating to the phosphate [P] adsorption
into RM samples.

Model Parameters

Langmuir isotherm b (mmol g−1) K (L mmol−1) R2

P-RM pH 7.0 1.078 0.032 0.97
P-RM pH 10.0 0.240 1.181 0.98

Model Parameters
P. Castaldi et al. / Journal of Haz

fication of samples changed the mineralogical composition of this
M. Red mud samples at pH 4.0 showed a loss, proton-promoted,
f acid-soluble fractions like boehmite and cancrinite. This dissolu-
ion could have contributed to the increase of the XRD-amorphous
hase, and the solubilized Al and Si retained in the residue may play
n important role in the removal of anions in aqueous solution [18].

.2. Adsorption isotherms of phosphate on RM at pH 4.0, 7.0 and
0.0

The sorption of phosphate by red mud was studied at pH 4.0,
.0 and 10.0. The adsorption isotherms obtained at three pH val-
es were different in the shape and in the amount of P sorbed.
he adsorption of P by RM at pH 4.0 could be the result of dif-
erent adsorption steps. In particular when phosphate is present
t low concentration (<0.15 M), the sorption could be attributed
o a chemical interaction (the first six points of the isotherm)
19]. Subsequently, the isotherm shape indicated that the adsorp-
ion process was directly proportional to the concentration of the
nion in solution and the isotherm did not reach a defined plateau
Pads/Padded ratio increasing) [13]. The second part of the isotherm
ould be attributed to a slow precipitation of phosphate at the
M surface [20] or to a slow and progressive coagulation due to
hosphate that bonded and bridged primary particles [3,21]. By
ontrast, the sorption isotherms at pH 7.0 and 10.0 were concave
o the x-axis and a plateau was reached in both curves (Fig. 1). The
hosphate sorption by RM at these two pH values decreased as the
oncentration of P increased, which indicated that the adsorption
epended upon the availability of the binding sites for phosphate
13].

The isotherm analyses showed that different concentrations
f phosphate were sorbed at different pH values. Particu-
arly the phosphate sorption followed the order: P-RM pH 4.0
4.871 mmol g−1) > P-RM pH 7.0 (0.924 mmol g−1) > P-RM pH 10.0
0.266 mmol g−1) (Fig. 1). Significant enhancement of adsorption
apacities was achieved at pH 4.0, where the RM adsorption capac-
ty was 5.3 and 18.3 times the amount sorbed into RM at pH 7.0
nd 10.0 respectively. These results are in agreement with those
eported by other researches in which the authors demonstrated
hat increasing pH values result in reduced phosphate adsorption
n the activated and non treated red mud [2,4,9–10].

Since the anionic sorption is favoured by electrostatic attraction
nd/or coupled with release of OH− ions, it should be facilitated by
ow pH values. Therefore, the lower phosphate sorbed in RM at pH
.0 and 10.0, with respect to pH 4.0, should be due a higher com-
etition between the anions OH− and H2PO4

−/HPO4
2−. Besides, at

H values higher than 4.77 (the pHPZC of red mud) the surface of
he RM possesses more negative charges, therefore at pH 7.0 and
0.0 the repulsion of the negatively charged phosphate species in
olution should increase, resulting in lower RM adsorption capacity
10,15].

The sorption behaviour of phosphate as a function of the pH was
imilar to that reported for arsenate on the same RM in our previ-
us manuscript [15], while the quantities of the two anions sorbed
ere very different. For example, the phosphate sorbed on RM at
H 4.0 was three times higher with respect to arsenate sorbed on
M at the same pH. These differences are not in line with a rather
eneral literature consensus which considers phosphate and arse-
ate as having similar reactivity and adsorption behaviour on solid
urfaces [1,22]. The differences observed in the differential adsorp-
ion of arsenate and phosphate by red mud could be tentatively

xplained by a different ligand-exchange mechanism for the two
nions, and/or a different reactivity and precipitation of phosphate
nd arsenate anions on the surface of red mud [4].

In order to describe the adsorption of phosphate into red mud
wo types of models, Langmuir and Freundlich isotherms, were
Freundlich isotherm KF (mmol g−1) 1/n R2

P-RM pH 7.0 0.654 0.492 0.85
P-RM pH 10.0 0.476 0.566 0.89

applied to describe the equilibrium adsorption of P from liquid
solution.

The Langmuir equation, which is the simplest and most common
model assuming monolayer adsorption, was applied for adsorption
equilibrium as follows:

x

m
= KbC

1 + KC
;

the Langmuir parameter b refers to maximum adsorption capacity
and K is a proportional constant of the adsorption energy [9].

The Freundlich model is an empirical equation employed to
describe heterogeneous systems [2,10]. The Freundlich isotherm
can be expressed as:

x

m
= KF C1/n

were KF and n are the Freundlich exponent.
Comparison between isotherms models showed that the Lang-

muir isotherm represents the adsorption process better than the
Freundlich isotherm, in agreement with the results of Li et al. [2].
The higher correlation coefficients (R2) for Langmuir isotherm in
P-RM at pH 7.0 and 10.0 was a clear evidence (Table 2). The low
correlation coefficients (R2 < 0.50, values not showed) for Langmuir
and Freundlich isotherms in P-RM at pH 4.0 showed that, at this pH
value, there were different interaction mechanisms between phos-
phate and red mud, which could be assigned to chemical adsorption
and precipitation of this anion.

The highest adsorption values of phosphate onto RM at pH 7.0
and 10.0, obtained from the Langmuir’s equation, agreed with the
experimental results (Table 2). The maximum phosphate adsorp-
tion b in RM at pH 7.0 was in fact higher than phosphate adsorption
b at pH 10.0. These results support the hypothesis previously
proposed, hence suggesting that a pH increase decreased the
phosphate sorption, but at the same time, as highlighted by the
Langmuir’s parameter K, this anion formed stronger bonds with
the red mud surfaces at pH 10.0 rather than pH 7.0.

The infrared characteristics of red muds saturated with phos-
phate were studied on P-RM at pH 4.0, 7.0 and 10.0, and compared
with RM not exchanged with phosphate at the same pH values
(Fig. 2).

In all of the spectra a strong band was present in the hydroxyl
stretching region at 3400–3300 cm−1. This was likely due to the
presence of H2O in the red muds [15–16]. A band at 3090 cm−1,
which could be ascribed to O–H stretching vibration of crystalline
boehmite [23], was also visible in all the spectra. This band was
poorly resolved in P-RM at pH 4.0 and 7.0 and the losing of this
signal could provide evidence for a P–surface direct bonding with

the boehmite phase of red mud.

In all the samples a band at 1630 cm−1 was detected. This was
attributed to the water molecules occluded inside the aluminosil-
icate structure [24]. The absorption band of carbonates, which
are incorporated in the main channel of cancrinite [25], appeared
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Fig. 3. Percentage of phosphate extracted with H2O (Step 0); (NH4)2SO4 (Step 1);
Fig. 2. FT-IR spectra of RMnt and P-RM at different pH values.

ithin the 1410–1470 cm−1 region in the samples at pH 7.0 and
0.0. The peak recorded at 1400 cm−1 in the samples at pH 7.0 and
H 10.0 could be attributed to NO3

− present in both cancrinite and
odalite [4]. The band at 994 cm−1 observed in samples at pH 7.0 and
H 10.0 could be assigned to the stretching vibrations of Si(Al)–O.
his band is sensitive to the content of structural Si and Al [26]. The
ecreased intensity of this band in RMnt at pH 4.0 was due to the
issolution of cancrinite after the acid treatment, as highlighted by

RD analyses (Table 1).

To evaluate, through the FTIR technique, the interaction mech-
nisms between the phosphate species and RM, we focused our
ttention on a part of the midinfrared region, 750–1250 cm−1,
here bands associated with various P–O(H) stretching vibrations
NaH2AsO4 (Step 2); NH4
+-oxalate (Step 3) NH4

+-oxalate buffer+ascorbic acid (Step
4), and not extracted from P-RM at different pH values.

were found (see also [27–29]). No significant differences were
observed in RM spectra between the samples not exchanged and
exchanged with phosphate at pH 10.0 with respect to pH 4.0 and
7.0.

The spectra of P-RM at pH 4.0 and 7.0 were dominated by a broad
band centred at 1114 and 1105 cm−1 respectively. The spectrum of
P-RM at pH 7.0 showed the presence of two other shoulders occur-
ring at lower wavenumbers, at approximately 1010, and 940 cm−1.
By contrast, in the spectrum of P-RM at pH 4.0, only the shoulder at
940 cm−1 was visible. The broad IR bands and the shoulders iden-
tified in P-RM at pH 4.0 and 7.0, could be assigned to the P–O(H)
stretching �3 modes, associated to inner-sphere surface complexes
of phosphate on Fe and Al phases of red muds [3,27,29–30]. This
broad band may also represent an assemblage of a series of over-
lapping bands associated with a set of different phosphate surface
complexes [31], that probably covered the shoulder at 1010 cm−1

in the spectrum of P-RM at pH 4.0. The presence of multiple differ-
ent phosphate complexes at the red mud surfaces is not unlikely
given the complex nature of this substrate, which likely leads to
a larger variety in the characteristics of surface sites available for
phosphate complexation [30].

The presence of a broad IR band, centred at 1114 and 1105 cm−1

in P-RM at pH 4.0 and 7.0 respectively could also indicate the forma-
tion of metal-phosphate precipitate on red mud surfaces [28,32].
According to the results reported by Rokita et al. [32], this band
could be assigned to the stretching vibrations of PO4

3− tetrahedra,
arising from a precipitate of aluminium phosphate. An evidence
for this was the presence of a shoulder at 1263 cm−1 in P-RM at pH
4.0 and 7.0, which could be assigned to PO4

3− stretching modes of
aluminium phosphates [33,34].

However, the FT-IR analysis was unable to distinguish among
the type of the complexes formed between the sorbent and phos-
phate anions, and the metal-phosphate precipitation at the surface
of red mud [28]. In this particular case, a balance between the
surface precipitation of phosphate phases and a true surface com-
plexation of phosphate ions could be hypothesised.

A comparison of the RM spectra, not treated and exchanged with
phosphate at pH 7.0, showed that the most considerable difference,
besides the appearance of a new band at 1105 cm−1, was the com-
plete disappearance of the peaks at 1470, 1400 and 994 cm−1, and
the substantial reduction of the peak intensity at 1630 cm−1 (Fig. 3).
Also the comparison of RMnt and P-RM spectra at pH 4.0 showed
the disappearance of the peak at 1630 cm−1. All these peaks were

directly related to the presence of cancrinite and sodalite phases of
RM. Therefore, a partial and/or total ligand-promoted dissolution
of tectosilicates at pH 4.0 and 7.0 was very likely.
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Fig. 4. FT-IR spectra of P-RM at pH 4.0 after the sequential extraction steps.
P. Castaldi et al. / Journal of Haz

.3. Sequential extraction of phosphate from RM samples at pH

.0, 7.0 and 10.0

To better understand the different interaction mechanisms
etween the red mud and the phosphate sorbed, samples of red
ud saturated with phosphate were treated with solutions of grad-

ally increasing extraction strength [15,17].
The fractions extracted with H2O, which are the most soluble

nd bioavailable fractions, were less than 20% of the phosphate
dsorbed in RM samples and followed the order P-RM pH 10.0 > P-
M pH 7.0 > P-RM pH 4.0. Particularly, the lowest concentrations of
hosphate were detected in RM samples at pH 4.0 extracted with
2O (Fig. 3). This finding was rather unexpected. A higher concen-

ration of water-soluble phosphate in RM at pH 4.0 with respect
o pH 7.0 and 10.0, was originally hypothesized as a consequence
f physical interactions between the phosphate and the positive
harged surface of RM at this pH value. Probably, in the RM at pH 4.0,
hosphate, after an initial electrostatic interaction, formed chem-

cal bonds with functional groups present on the sorbent surface
nd/or formed precipitates unsoluble in water.

The amount of phosphate extracted with (NH4)2SO4, which is
ndicative of the relatively labile exchangeable fractions, particu-
arly with phosphate bounded through outer-sphere complexes,

as very low in all the red mud samples. The amount of phosphate
xtracted with NaH2AsO4, which represents the phosphate specif-
cally sorbed, was higher in RM at pH 10.0 with respect to pH 4.0
nd 7.0. Also the amount of phosphate extracted with oxalate and
scorbic acid (Steps 3 and 4), which is indicative of the phosphate
ractions associated with amorphous, poorly crystalline and well-
rystallized oxides and oxyhydroxides of Fe and Al [17], was higher
n P-RM at pH 10.0 with respect to the P-RM at pH 4.0 and 7.0. The
esidual fractions of P in RM at pH 4.0, 7.0 and 10.0, which would
ot be expected to be readily released under natural conditions,
ere respectively 93, 62 and 46 wt.% of the phosphate adsorbed

Fig. 3).
The results of the sequential extraction procedure showed that

ow quantities of phosphate sorbed in RM at pH 4.0 and 7.0
<38 wt.%) were in the form of physically and chemically bounded
ractions, while the residual fractions of phosphate were more
han 60 wt.% in all the doped red mud samples. Probably, at these
H values the main mechanism governing the adsorption process

nvolved the formation of chemical compounds in which the phos-
hate was incorporated as a structural component of minerals with

ow-solubility (e.g., calcium iron phosphates or calcium aluminium
hosphates). By contrast, a more important sorption mechanism
t pH 10.0 was phosphate chemisorption on iron and aluminium
hases of RM.

To better understand the interaction between the phosphate
nd red mud, FT-IR analyses of P-RM at pH 4.0 and 7.0 were per-
ormed after each sequential extraction step (Figs. 4 and 5). The
and which peaked at 1114 and 1105 cm−1 in P-RM at pH 4.0 and
.0 respectively, was progressively more and more flattened as the
xtraction steps proceeded. After the extraction with NaH2AsO4
Step 2) a new band at 865 cm−1 was evident. The intensity of this
and, which increased at decreasing of pH, could be assigned to
s–O stretching vibrations of the adsorbed arsenate species [15].
he appearance of a band due to the arsenate sorbed, and the con-
emporary decrease of intensity of the phosphate band, indicated a
artial substitution of phosphate with arsenate, or the availability

n P-RM of active binding sites for arsenate.
The band assigned to the phosphate sorption did not disappear
fter the extraction with NH4
+-oxalate and ascorbic acid (Step 3

nd 4), which quantified the phosphate sorbed into oxides and
xyhydroxides of Fe and Al. Therefore, it was possible to hypothe-
ize that the phosphate sorbed on red muds was mainly bound to
hases different from the oxides and oxyhydroxides of Fe and Al
Fig. 5. FT-IR spectra of P-RM at pH 7.0 after the sequential extraction steps.

such as the tectosilicates. Alternatively, the phosphate adsorption
process involved the formation of metal phosphate precipitates of
low-solubility (e.g., aluminium phosphates).

The spectrum of Step 3 showed new bands at 1320 cm−1 (also
visible in the Step 4 spectrum) and at 1685 cm−1, which were
assigned respectively to C O stretching vibrations of outer-sphere
adsorption of oxalate [35] and to the �C O stretches originating
from the Fe-oxalate formed [36].

4. Conclusions

The red mud used in this study showed a sorption capacity for
phosphate that was pH dependent. In particular, the concentra-
tions of phosphate sorbed increased with the pH decrease. Isotherm
analyses of arsenate and phosphate on red mud samples, showed

a different sorption capacity of the sorbent towards two anions.
The phosphate sorbed in RM at pH 4.0 was ∼3.0 times higher
with respect to arsenate. It can be hypothesized that different
interaction mechanisms occurred between phosphate, arsenate
and red muds, such as chemical sorption, precipitation and dif-
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usion in the pores and cavities of the framework of red mud
hases.

Based on the roles played by phosphate ions during the sorption
eactions, it is possible to suggest a coordination-assisted disso-
ution process for some of the chemical phases of RM at pH 4.0
nd 7. Thus, besides a ligand-exchange mechanism, also a metal-
hosphate precipitation on RM surfaces could be proposed. This
ypothesis was supported by the sequential extraction results that
howed the presence of low concentration of phosphate physically
nd chemically bounded to RM predominantly at pH 4.0.

The FT-IR analyses showed a broad band at 1114 and 1105 cm−1

n the spectra of RM exchanged with phosphate at pH 4.0 and 7.0.
his band was likely arising from the overlap of different bands,
nd this could mean the presence of metal-phosphate precipitates,
articularly precipitates of aluminium phosphate. In addition, FT-IR
pectroscopy showed that the phases probably subject to ligand-
romoted dissolution in RM at pH 4.0 and 7.0 were sodalite and
ancrinite.

The results obtained showed that the adsorbing properties of red
ud studied are related to their capacity to decrease the mobility

f the phosphate through exchange and precipitation reactions. In
ddition, the results obtained suggest the need for further stud-
es that would take into account the interaction between red mud
nd phosphate and arsenate when these latter are simultaneously
resent, in order to better clarify the affinity and competition of
wo anions towards the red mud.
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