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This work is aimed at determining phosphate speciation at the Fe(Ill)-modified montmorillonite/aqueous
solution interface by attenuated total reflectance (ATR-FTIR) spectroscopy. IR spectra are analyzed by
second derivative and Fourier self-deconvolution procedures to reveal the number and positions of over-
lapped bands related to phosphate surface complexes. Experiments are conducted at pH4.5,7.0 and 9.0 in
order to determine the effects of changing pH on the surface speciation. The molecular view offered by the
ATR-FTIR measurements is complemented by macroscopic adsorption data, such as adsorption isotherms

1;}913;\;\/;;(;; and electrophoretic mobilities. The ATR-FTIR spectral analyses reveal the existence of two inner-sphere
Adsorption complexes when phosphate adsorbs on modified montmorillonite, as also suggested from macroscopic
Electrophoretic mobility adsorption data. The complex coordination depends on the pH. At pH 4.5, both complexes present Cyy
ATR-FTIR symmetry or lower. On the other hand, at pH 7.0 and 9.0 one of them is also C,y or lower while the other

one presents Czy symmetry. Adsorbed phosphate is not associated with montmorillonite itself but with
Fe(Ill) (hydr)oxides coatings. Therefore, the clay acts as a carrier or support of the Fe(Ill)-(hydr)oxides,

Surface complexes
Fe(Il)-montmorillonite

and these coatings are responsible for phosphate adsorption.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The geochemical behavior of phosphate has been the sub-
ject of numerous studies in various disciplines [1-5]. The interest
stems from the fact that phosphate is essential for plant growth
in soils and it is the nutrient that usually limits algae growth and
eutrophication in surface water [6,7]. Eutrophication as well as the
overgrowth of cyanobacteria due to the excess of phosphate in
recreational, industrial, and drinking water could greatly threaten
human and ecological health [8,9]. Therefore, in order to design
effective remediation strategies for reducing negative impacts on
aquatic/terrestrial environments, it is necessary to understand the
fate and transport of phosphate in soil/water and sediment/water
environments. For this reason, phosphate adsorption on natural
adsorbent has been widely studied during the past years [10-16].
These research works have well established that phosphate has a
relatively strong affinity for metal (hydr)oxides, especially those of
iron and aluminum [12-14,17,18], and that the adsorbed amount
strongly depends on pH [3,12]. Furthermore, spectroscopy studies
have shown that phosphate adsorbs on Fe(Ill) (hydr)oxides through
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the formation of different inner-sphere surface complexes [19-24].
However, the adsorption on aquatic/terrestrial environments may
be different from that inferred directly by working with metal
(hydr)oxides, since phosphate species not only adsorbed on pure
(hydr)oxides, but also on clays that are coated or modified with
metal (hydr)oxides [4,25,26].

Most clay minerals carry a net negative charge within their
structure that is balanced by exchangeable cations. This nega-
tive charge gives important cation adsorption and cation exchange
properties to clays, which have been widely used to remove metal
cations, organic pollutants and bacteria from water and wastewater
[27-29]. Such negative structural charge impedes, however, elec-
trostatic attraction between clay particles and inorganic anions, as
phosphate. In addition, the relatively stable siloxane groups located
on the basal surfaces of clays do not appear to react appreciably
with phosphate to produce surface complexes by ligand exchange
processes [30]. As a result, pure phyllosilicate clays have a very
low affinity for phosphate [31], and their phosphate adsorption
capacity is negligible compared to that of pure Al or Fe (hydr)oxides
[3,16,21].

The phosphate adsorption capacity of clays can be readily
increased by modifying the clays with Fe or Al hydroxylated species.
These metal (hydr)oxide modified clays represent a suitable model
to study the adsorption capabilities of natural occurring systems.
Borgnino et al. [31], for example, showed that the phosphate
adsorption capacity of a pure montmorillonite was significantly
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enhanced by modifying the clay with Fe(III). Phosphate adsorption
on two different Fe(Ill)-modified montmorillonites with different
Fe(IIl) contents was 16 and 55 times larger than that of a sodium
montmorillonite [31]. Kasama et al. [32] investigated phosphate
adsorption on Al-pillared smectites and found that the maximum
adsorbed amount of phosphate was two orders of magnitude higher
on Al-pillared samples when compared to smectites without pillars.
Zhuetal.[33]studied phosphate adsorption on hydroxyaluminum-
and hydroxyiron-montmorillonite complexes and they found that
an increase in Fe contents could enhance the phosphate adsorp-
tion capacity. The adsorption of metals and other anions, such as
arsenate, on modified phyllosilicate, clays minerals and amorphous
aluminosilicates has been also reported in the literature [34-37].

All the mentioned studies were mainly focused on determining
the phosphate adsorption capacity of modified montmorillonites.
However, no studies were directed to identify the adsorbed
phosphate species. An identification of them will allow a better
understanding of the adsorptive properties of modified clays and
will give new insights into the role that iron modification plays in
the fate and transport of phosphate in the environment.

The aim of this work is to perform phosphate adsorption
on Fe(Ill)-modified montmorillonite and to determine phosphate
speciation at the solid/liquid interface by using attenuated total
reflectance (ATR-FTIR) spectroscopy. The capabilities of infrared
spectroscopy have been applied to study the adsorption mecha-
nism of phosphate, carbonate, sulfate, and various inorganic ligand
on metal (hydr)oxides, and to characterize the surface complexes
sorbed onto those mineral surfaces [38]. In the present study,
the IR spectra are analyzed by second derivative and Fourier self-
deconvolution procedures to reveal the number and positions of
overlapped bands related to phosphate surface complexes. In addi-
tion, the spectral analyses allow comparing the results obtained
on Fe(Ill)-modified montmorillonite to previous IR studies per-
formed on different Fe(Ill) (hydr)oxides [19-23]. Experiments are
conducted at different pH values in order to determine the effects of
changing pH on the surface speciation. The molecular view offered
by the ATR-FTIR measurements is complemented by macroscopic
adsorption data, such as adsorption isotherms and electrophoretic
mobilities.

2. Materials

All solutions were prepared from analytical reagent grade chem-
icals and purified water (Milli-Q system). The temperature was
maintained at 26 + 1° in all the experiments.

The montmorillonite used in this study was obtained from
Cerro Banderita (province of Neuquén, Argentina). Particles with
a diameter <2 pum were obtained by sedimentation and saturated
with Na* by treating the clay suspension with 1M NaCl. The
sodium-exchanged clay (Na-M) has a cation exchange capacity of
91.7 meq/100 g and a specific surface area of 833 m2 g~!, measured
by the methylene blue adsorption method [39].

The synthesis procedure and the characterization of the Fe(III)-
modified montmorillonite (Fe-M) was described elsewhere [31].
Briefly, 550 mL of a 0.01 M Fe(Ill) nitrate solution (pH 3.5) were
mixed with 250 mL of a 2.2% Na-M dispersion in water at the same
pH with vigorous stirring during 2 h. Then, a NaOH solution was
added dropwise up to pH 9.0 and the dispersion was stirred for
other 3 h. Finally, the solid was washed with water and dried at
60°C during 3 days. The resulting solid has an iron content of
77.3mgg ! and a specific surface area of 567 m? g1, measured by
the methylene blue adsorption method. More than 60% of the total
Fe(Ill) in this sample corresponds to interlayer/sorbed Fe(Ill). The
remaining fraction was already present in Na-M (structural Fe)[31].

Powder X-ray diffraction (XRD) patterns were recorded on
a Philips XiPert PRO X-ray diffractometer, using CuK, radiation

(30kV to 15mA). XRD data were obtained in the 26 range from 4 to
15° (step size: 0.01; 4seg/step). The reflection assignments were
done using the software XiPert HighScore, installed on the X-ray
diffractometer.

3. Methods
3.1. Batch phosphate adsorption studies

Phosphate adsorption isotherms were measured in batch exper-
iment at pH 4.5, 7.0, and 9.0, in order to determine the effects of
changing pH on the surface speciation. For each data point 1g of
solid was suspended in 40 mL of a 0.01 M NaCl solution and the
pH of this mixture was adjusted to either 4.5, 7.0 or 9.0 by addi-
tion of a HCI or NaOH solution. A well-known volume of a 0.01 M
phosphate solution, prepared in 0.01 M NaCl and having the same
pH than the suspension was then added. Any change in pH after
the mixing was readjusted by adding either HCI or NaOH solutions.
After 24 h of equilibration, the pH was registered, the suspension
was centrifuged, the supernatant analyzed for phosphate concen-
tration following the method proposed by Murphy and Riley [40]
and the adsorbed amount calculated.

3.2. Electrophoretic mobility (EM) measurements

Electrophoretic mobility measurements were carried out using
a Rank Brothers Mark II electrophoresis apparatus equipped with
a cylindrical cell. Dispersions of approximately 0.02 gL~ of Na-M
or Fe-M suspension were prepared by dispersing the clay sample
in 0.01 M NacCl. The pH of the suspension was raised to approxi-
mately 9.0 with NaOH and an EM measurement was carried out.
After that, the pH was slightly decreased with HCl and a new EM
measurement performed. This procedure was continued until the
pH was around 3.5. Each reported data is the average of the read-
ing of 20 individual particles. To study the effect of phosphate on
the EM, measurements at different pH were carried out to solids
suspended in 0.01 M NaCl in the presence of 0.01 M phosphate.

3.3. ATR-FTIR experiments

ATR-FTIR spectra were recorded with a Nicolet Magna 560 FTIR
apparatus equipped with a DTGS detector and a horizontal trough
Ge crystal as the internal reflection element (45° incidence angle;
0.67 wm penetration depths at 2000cm~!; 12 reflections). Each
spectrum was obtained as the average of 1000 individual scans
using a 2cm~! resolution. For these measurements, a stock Fe-
M dispersion (10gL~1) was prepared by dispersing the solid in a
0.01 M NaCl solution. The resulting dispersion was shaken during
one hour and the pH adjusted to the desired value (4.5, 7.0 or 9.0).
Several drops of this dispersion were placed on top of the Ge crys-
tal and let dry under vacuum overnight in order to form a dried
Fe-M film. The film was then rinsed with water to eliminate the
loosely attached particles. Then, the film was covered with 0.01 M
NacCl solution at the desired pH in order to record spectrum 2 (see
Section 3.3.1). After withdrawing the electrolyte solution, a phos-
phate solution prepared in 0.01 M NaCl at the same pH was added
and let equilibrate during 3 hours before recording spectrum 3 (see
Section 3.3.1). The concentration of the added phosphate solution
(always in the 0.4-0.9 mM range) at a given pH was adjusted in
such a way that the phosphate adsorbed amount corresponds to
the plateau value of the adsorption isotherms.

3.3.1. Spectral analysis

The following spectra were recorded: spectrum 1, ATR-Ge
crystal in air (background); spectrum 2, ATR-Ge crystal+Fe-
M film+NaCl solution; spectrum 3, ATR-Ge crystal+Fe-M
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film + phosphate in NaCl solution. In order to obtain IR data of
adsorbed phosphate species, spectrum 2 was finally subtracted
from spectrum 3. This subtraction allows to eliminate the strong
Si-0 vibration band (~1040cm~!) of the montmorillonite struc-
ture, which interferes with IR bands associated with the v(P-0)
signals (900-1200cm1). It also allows to partially removing the
interferences caused by the (H-O-H) absorption band in the spec-
tral region between 900 and 800 cm~! [41,42].

The spectra resulting from the subtraction were analyzed using
second derivative (SD) and Fourier self-deconvolution (FSD) pro-
cedures. These spectral analyses were applied with the algorithms
provided with the FTIR spectrophotometer (OMNIC E.S.P. 5.1 soft-
ware). Both mathematical methods allow to reveal the number
and the position of overlapping bands (Appendix B see support-
ing material, Note I) [43-45]. Before using these mathematical
procedures, the spectra were smoothed (Savitsky-Golay, 5 points
window). The FSD method was applied using a triangular apodiza-
tion and, depending on the signal to noise ratios, the bandwidths
were set between 65 and 103 cm~! while the enhancement param-
eter was fixed in 2.5.

Additional experiments were performed without the Fe-M film
to record the spectra of dissolved phosphate species in NaCl
solution at the studied pH values. For these experiments 0.01 M
phosphate solutions were used. The contribution from aqueous
phosphate species in the ATR-IR spectrum becomes visible above
noise level at solution concentration of approximately 700 .M [23].
In our adsorption experiments, this contribution was negligible
because phosphate concentration in the used solutions was always
lower than 500 .M.

4. Results and discussion
4.1. General characterization and adsorption studies

Fig. 1 shows the phosphate adsorption isotherms in 0.01 M NaCl
at different pH values. Lines in the figure were drawn only to serve
as guides to the eyes. The adsorbed amount per unit area was cal-
culated using the specific surface area measured by the methylene
blue adsorption method, instead of the single-point N, method
used in a previous study [31]. The first method allows obtaining a
value that is more representative of the actual surface area of clays
samples, and hence it is preferred. Phosphate adsorption increases
as the pH decreases, which is consistent with other anion adsorp-
tion studies [46-48]. The general adsorption behavior, i.e. extent of
adsorption and its pH dependency, is comparable to the behavior
on goethite and ferrihydrite [3,21].
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Fig. 1. Phosphate adsorption isotherms on Fe-M at pH 4.5 (solid circles), 7.0 (open
circles) and 9.0 (solid triangles). Lines are drawn only to serve as guides to the eyes.

Intensity (a.u)

Fig. 2. XRD pattern of a Na-M, Fe-M and Fe-M-P samples. Arrows indicate the 00 1
reflection.

In a previous work Borgnino et al. [31] show that the phosphate
adsorption capacity of Fe-M at pH 4.5 is 16 times larger than that
of Na-M. Although data are not show here, it is worth mention-
ing that the adsorption per unit area increases as the iron content
raises. This greater adsorption capacity is attributed to the pres-
ence of interlayer/sorbed Fe(IIl), which is the main iron component
of the studied sample [31]. Moreover, Fe-M has a higher adsorption
capacity than pure ferrihydrite [21], indicating that the synthesized
Fe-M sample presents different surface characteristic from a simple
mixture of montmorillonite and ferrihydrite. Therefore, the mont-
morillonite in the synthesized material behaves as a carrier of the
Fe hydr(oxide), which is the responsible for phosphate adsorption.

Fig. 2 shows the XRD patterns of Na-M and Fe-M in the absence
(Fe-M) and in the presence (Fe-M-P) of adsorbed phosphate. The
pattern obtained for Na-M sample is typical of a sodium-exchanged
montmorillonite [49]. It shows the 001 reflection at 7.01° 26, cor-
responding to a basal spacing, dgg1, of 12.6 A. For Fe-M the 001
reflection is less intense and appears at a slightly higher angle,
around 7.42° 26, corresponding to a lower basal space dgg; of
12.05A. This result is in agreement with the differences in sizes of
iron and sodium ions in their hydrated form [50], suggesting that
a least part of the Fe(IIl) is present in the interlayer space [31]. The
XRD pattern of Fe-M-P is almost coincident with that of Fe-M, and
the basal spacing is not modified by the presence of phosphate. This
suggests that phosphate is not entering the interlayer space and
that phosphate adsorption takes place mainly on the outer surface
of Fe-M particles.

Fig. 3 shows the EM vs. pH curves of the studied samples
in 0.01 M NaCl solutions. The three samples show rather similar
behavior, with the EM always negative between pH 3 and 9. The
behavior of Na-M is well known [51-54], and it is the result of the
presence of structural negative charges within the clay lattice. Fe-
M has electrophoretic mobilities that are slightly less negative than
those of Na-M, indicating that the presence of interlayer/sorbed
Fe(III) species does not produce a strong modification in EM. On
the other hand, the presence of phosphate increases slightly the
negative EM of Fe-M. The fact that phosphate adsorbs significantly
on Fe-M and that this adsorption produces an increase in the neg-
ative EM of the solid indicates that adsorption is not driven by
electrostatic interactions. The net electrostatic repulsion between
Fe-M and phosphate species seems to be overcome by some kind of
specific interaction, possibly the formation of inner-sphere surface
complexes between phosphate and Fe(lll) species. Furthermore,
the similarities in the general adsorption behavior of phosphate
on Fe-M, goethite and ferrihydrite particles strongly suggest the
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Fig. 3. Electrophoretic mobilities (EM) of Na-M (solid circles), Fe-M (open circles)
and Fe-M-P (open triangles) samples in 0.01 M NaCl. Lines are drawn only to serve
as guides to the eyes.

formation of the same kind of surface complexes on the three
solids. These are known to be inner-sphere complexes for the cases
of goethite and ferrihydrite [19,21,22]. Consequently, the macro-
scopic adsorption data points to the existence of inner-sphere
surface complexes of phosphate on Fe-M. However, it is difficult
to ensure this existence only based on macroscopic data; hence,
ATR-FTIR spectroscopic analysis is mandatory to gain insight into
phosphate surface speciation at the Fe-M aqueous solution inter-
face.

4.2. ATR-FTIR analysis

In order to evaluate the phosphate speciation at the Fe-M aque-
ous solution interface, the IR spectra of the adsorbed species were
compared to the spectra of the phosphate species in solution at
the same pH. This comparison allows distinguishing inner from
outer-sphere surface complexes based on the number of vibration
bands and splitting of a particular band. Both spectral features are
related to the symmetry of a given species either in solution or at
the interface [21,23,55].

Fig. 4 shows the ATR-FTIR spectra of phosphate species in solu-
tionat pH4.5,7.0and 9.0 and Table 1 collects the observed vibration
bands. At pH 4.5, the predominant species is HyPO4~ (Coy symme-
try) that presents four vibration bands. Three of them (1160, 1076
and, 940cm1) are assigned to the v3 asymmetric vibration split
(related to v,5(P-0), vs(P-0) and v,5(P-OH) vibration bands), while

Table 1

Normalized Absorbance

1 1 1 1 1
1050 1000 950 900 850 800
wavenumbers (cm-1)

1 1
1200 1150 1100

Fig. 4. ATR-FTIR spectra of phosphate species in solution at pH 4.5 (solid line), 7.0
(solid circles) and pH 9.0 (open circles).

the 873 cm~1 oneis the v, vibration band (vs(P-OH) vibration band)
[20]. On the other hand, HPO42~ (C3y symmetry) is the main species
in solution at pH 9.0 whose spectrum shows only three bands
at 1078, 989 and 850cm™! (corresponding to vas(P-0), vs(P-0)
and v(P-OH) vibration bands). The reduction in the number of
bands, related to the increasing molecular symmetry in going from
H,P0,4~ to HPO42~ [21], is assigned to the v vibration that splits
into two bands (1078 and 989 cm~1). The third band at 850 cm™!
corresponds to the vy vibration as observed at pH 4.5 [21]. Since
at pH 7.0 both species are present, the IR spectrum shows a com-
bination of their vibration bands: 1160, 1076 and 940 cm~! due to
H,PO4~, and 1078 and 989 cm~! due to HPO42~. The v; vibration
band appears at 870 cm™!.

Fig. 5 shows the ATR-FTIR of phosphate adsorbed at the Fe-M
aqueous solution interface. The number and position of the vibra-
tion bands (although not well resolved) depend on the pH. There
are two vibration bands (at 1050 and 1080cm~1) at pH 4.5 while
there is a single one (1066 cm~1) at pH 7.0 and 9.0. The two bands
observed at pH 4.5 may be related to the shift of the main bands
(1076 and 1160 cm~1) present in the spectrum of H,PO4~ in solu-
tion. The presence of the third v3 vibration band belonging to the
Cyy symmetry is obscured due to the strong absorption of the
Fe-M wet film at wavenumbers below 1000cm~!, which could
not be completely removed as indicated in Section 3.3.1 (see also
supporting material, Note II). On the other hand, at pH 7.0 and 9.0
the single broad band may be due to the shift of the strongest v3

Comparison of the peaks position obtained by FSD and second derivative method, together with (v3) and (v1) bands of free aqueous species of phosphate in solution at pH

4.5,7.0 and 9.0. References are given in parenthesis.

pH 4.5
HyP0O4~(Cov)
FSD/SD
(Fe0), PO, (Cyy or lower) [19,21,22]
(FeQ); OHPO (Cyy or lower) [19]

1160 (v3)
1128/22 1088/86

1102-1123

pH7
H2P047/HPO427
FSD/SD
(Fe0), PO, or (FeO)PO3-H (Cyy or lower) [19,22,23,58]
(FeO)PO3 (Cav)[19]
Co(NH3)5P04(Csv) [59]

1160 (v3)
1095/91

pH9
HPO4%~(Cav)
FSD/SD
(Fe0), PO, or (FeO)PO3-H (Cyy or lower) [19,22,23,58]
(FeO)PO3 (Csv) [19]
CO(NH3)5PO4(C3\/) [59]

1096/96

1085-1096

1085-1096

1085-1096

1076 (v3) 940 (v;) 873 (v1)
1049/47 1011/16 978/80 941/44
1021-1044 945-960
1006-1012  920-982
1077 (v3) 989 (v;)  940(vs) 870 (v1)
1062/62 1020/21 988/84 962/60  935/30
1021-1044 945-960
1025-1075 990-1001
1030 980 934(v1)
1078 (v3) 989 (v3) 850 (1)
1062/61 1023 983 957/NS 931
1021-1044 945-960
1025-1075 990-1001
1030 980 934 ()
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Fig. 5. ATR-FTIR spectra of phosphate adsorbed on Fe-M at pH 4.5, 7.0 and 9.0.

band (1077-1078 cm~!) present in the spectra of both HPO42~ and
H,PO4~species.

In order to achieve a better identification, the overlapped bands
in the spectra of Fig. 5 were resolved by using two independent
spectral analyses: SD and FSD. Both mathematical methods have
been successfully applied to determine the number and positions
of overlapped bands in the spectra of peptides and proteins, either
in solution or adsorbed on the ATR crystal [44,45,56]. These meth-
ods were barely applied in ATR-IR studies of ion adsorption on
oxide films [55], presumably because no interferences with other
bands occurred. In these simpler cases, band deconvolution has
been mostly performed by spectral fitting. SD and FSD spectral
analyses provide a simple way of resolving overlapped bands in
composite envelope as it is the case of the spectra in Fig. 5. Even-
tually, the number and positions of the overlapped bands found
by FSD or SD may be used as initial parameters in curve-fitting
routines. Due to the strong water absorption of the Fe-M wet film
(wavenumbers lower than 1000 cm~!), spectral fitting could not be
applied to the spectra in Fig. 5. Therefore, SD and FSD were inde-
pendently applied in the 1200-1900 cm~! range and the spectral
analyses were mainly focused on the number and positions of the
v3 vibration bands.

For comparison purposes, Fig. 6 shows the SD and FSD analy-
ses on the spectra of phosphate species in solution and adsorbed
at pH 4.5, and Table 1 collects the number of bands and their posi-
tions. Both methods provide the same information: there are three
resolved bands in solution and six in the adsorbed state. For data in
solution, the number of bands and their positions coincide with the
resolved bands present in the spectrum in Fig. 4, giving reliability
to the spectral SD and FSD analyses.

For the case of Fe-M in the presence of phosphate, the six bands
resolved at pH 4.5 correspond to adsorbed phosphate species, since
these bands do not appear in absence of phosphate (see Supporting
Material, Note III). They correspond to two surface complexes with
C,y symmetry (as the species H,PO4~ in solution) or lower. Based
on the results reported by Tejedor-Tejedor and Anderson [19],
Arai and Sparks [21], Luengo et al. [22], and Elzinga and Sparks
[23] (see Table 1), these bands are divided into two groups: (a)
941, 1049 and 1088cm~! and (b) 978, 1011 and 1128 cm~!. The
first group accounts for the main bands observed in the spectrum
of Fig. 5, related to the shifted H,PO4~ v3 vibrations, indicat-
ing inner-sphere surface complexes. These bands correspond to a
nonprotonated bidentate complex (FeO),PO,. On the same basis,
the second group is assigned to the monoprotonated bidentate
complex (FeO),(OH)PO. It is worth mentioning that Rahnemaie
et al. [57] combining surface complexation modeling, FTIR data

1200 1150 1100 1050 1000 950 900

(@
-’/\ /\
Second
derivative
1157 1076 940
FSD
3
g 1 1 1 1 1
St
= | (b
5 (b)
< Second
derjvative //\
1221086 980
1047
112
FSD

. 1 g 1 N IH P N 1 >
1200 1150 1100 1050 1000 950 900
wavenumber (cm-1)

Fig. 6. Second derivative (SD) and Fourier self-deconvolution (FSD) analyses of
phosphate (a) in solution and (b) adsorbed on Fe-M at pH 4.5.

and molecular calculations from the literature [19,58] assigned
this band position to a protonated monodentate surface complex
instead of the protonated bidentade.

Fig. 7 shows the FSD analysis performed on the spectra of the
adsorbed species at the three studied pH, and Table 1 gives the posi-
tions found with FSD and SD. The spectral analyses performed at pH
7.0-9.0 also give six vibration bands that are divided as well into
two groups: (a) 962-957, 1062-1062 and 1095-1096cm~!, and
(b) 935-931, 988-983 and 1020-1023 cm~"'. The three v3 vibra-
tion bands of the first group are slightly shifted when compared
to the same group at pH 4.5, and suggest also the presence of the
(FeO), PO, surface group at these pH values. The slight shift in band

Arbitrary units

1 1 1 1 1
1200 1150 1100 1050 1000 950 900
Wavenumber (cm-1)

Fig. 7. Fourier self-deconvolution (FSD) analysis of phosphate adsorbed on Fe-M at
pH 4.5, 7.0 and 9.0.
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positions may be due to hydrogen-bonding of phosphate species to
adjacent surface sites that would lead to a surface coordination that
isintermediate between monodentate and bidentate ((FeO), PO, or
(FeO)PO3-H), as postulated by Elzinga and Sparks [23]. The binu-
clear complex is preferred at low pH and high surface coverage
(weak hydrogen bond) whereas at high pH and low surface cover-
age the hydrogen bond to an adjacent surface is favored promoting
monodentate mononuclear complexes. Since both surface com-
plexes have Cyy symmetry or lower, the interpretation of the IR
spectra is ambiguous [58].

The three vibration bands (935, 988 and 1020cm™!) of the
second group were assigned following the IR spectrum of the mon-
odentate mononuclear Co(NH3)5P0O4 complex, previously used as
a reference compound with C3, symmetry [59]. Two (1020 and
988 cm~1) of the three bands in the spectra correspond to the v
vibration split and the one centered at 935cm~! is related to the
v1 band, as already discussed for the C3, HPO42~ species in solu-
tion. On this basis, the spectral analyses of the adsorbed phosphate
on Fe-M indicate the presence of a surface complex with C3y sym-
metry at pH 7.0 and 9.0. The positions of the v; vibration bands
(988 and 1020 cm~!) are similar to those found by Tejedor-Tejedor
and Anderson [19] (1001 and 1025 cm~1) which were assigned to
a nonprotonated monodentate complex ((FeO)PO3). The v3 vibra-
tion bands, related to the v(PO3) mode of the surface complex are
expected to be at lower wavenumbers than those of the HPO4~
species in solution (1076-1078 and 989 cm~') because metal ions
are not as strongly coordinated to oxygen ions as proton [19]. More-
over, the v; vibration band, accounting for the v(POM) mode, of
the surface complex is likely to be at higher wavenumbers than the
counterpart in solution (850cm~1), as observed in the spectra of
Fig. 7.

The ATR-FTIR spectral analyses reveal the existence of inner-
sphere complexes when phosphate adsorbs on Fe-M as already
suggested from macroscopic adsorption data and electrophoresis.
The identified surface complexes have been also found in other IR
studies reporting the adsorption of phosphate on different Fe(III)
(hydr)oxides [19-23]. These complexes were also proposed by
several authors when modeling the adsorption of phosphate on
goethite [3,17]. The similarity in the type of surfaces complexes
when either goethite, Fe(Ill) (hydr)oxides or Fe-M interacts with
phosphate also indicates that phosphate is mainly attached to
Fe(Ill) (hydr)oxide coatings in Fe-M.

5. Conclusions

The applied ATR-FTIR spectral analyses allow to evaluate the
phosphate speciation at the Fe(lll) modified montomorillonite-
aqueous solution interface. Phosphate forms inner-sphere surface
complexes when adsorbed on Fe-M particles with a coordina-
tion that depends on the pH. At pH 4.5, two surface complexes
with Coy symmetry or lower are formed: nonprotonated bidentate
((FeO),P0O,) and monoprotonated bidentate ((FeO), OHPO). On the
other hand, the two surface complexes at pH 7.0 and 9.0 present Cyy
or lower and C3y symmetry. These inner-sphere surface complexes
are identified as nonprotonated bidentate and nonprotonated mon-
odentate ((FeO),PO, or (FeO)PO3-H) and (FeO)PO3). All of them
are not associated with montmorillonite itself but with the Fe(III)
(hydr)oxides coatings. Therefore, the clay acts as a carrier or sup-
port of the Fe(Ill) (hydr)oxides, and these coatings are responsible
for phosphate adsorption.
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