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ABSTRACT
We studied selenate and selenite sorption by amorphous Fe oxide

[am-Fe(OH)3] and goethite (a-FeOOH) as a function of time
(25 min-96 h), pH (3-12), ionic strength (0.01-1.0 M NaCl), and total
Se concentration (0.0001-1.0 M). We examined sorbed selenate and
selenite by in situ attenuated total reflectance Fourier transform infra-
red (ATR-FTIR) spectroscopy, diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy, and electrophoresis to deduce sorp-
tion mechanisms. Sorption of both selenate and selenite reached equi-
librium in <25 min and the sorption isotherm was not reversible.
Increasing ionic strength decreased selenate sorption but did not affect
selenite sorption. The presence of either selenate or selenite lowered
the electrophoretic mobility (EM) and decreased the point of zero
charge (PZC) of both sorbents, suggesting inner-sphere complexation
for both selenate and selenite species. Both in situ ATR-FTIR and
DRIFT difference spectra showed bidentate complexes of selenate
with am-Fe(OH)3. The structure of selenite complexes in am-Fe(OH)3
-solution interface was uncertain due to insensitivity of the in situ
ATR-FTIR technique. The DRIFT spectra of selenite on am-Fe(OH)3
showed i'j splitting as evidence of complexation. The DRIFT spectra
of selenite on goethite showed bridging bidentate complex of selenite.
We conclude that the influence of ionic strength on Se sorption cannot
be used as a criterion for distinguishing outer- vs. inner-sphere com-
plex formation.

ATHOUGH SE is ESSENTIAL to humans and animals, it
is toxic at high concentrations (NRC, 1983). Soil

Se is derived from parent rocks in which Se often occurs
together with sulfides in reduced forms. Weathering of
parent materials causes Se oxidation and mobilization
(Ihnat, 1989; McNeal and Balistrieri, 1989). Selenium
deficiency has been linked to certain endemic diseases
in China (Tan and Huang, 1991), whereas Se enrichment
in soils and waters has been implied as a major factor
resulting in severe teratogenic symptoms in wildlife at
Kesterson National Wildlife Refuge in the western San
Joaquin Valley, California. The source of Se to the Kes-
terson Wildlife Refuge is from agricultural drainage
from seleniferous soils (Presser and Barnes, 1984,1985;
Letey et al., 1986). A major effort has been directed to
the study of Se sorption phenomena because it plays an
important role in mobility, transport, transformation,
and the ultimate fate of Se in soil and aquatic systems.
The interaction of the inorganic Se species, selenate
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and selenite with soils, individual soil components, and
specimen minerals has been extensively studied and dif-
ferent sorption behavior found (e.g., Benjamin, 1983;
Hansmann and Anderson, 1985; Balistrieri and Chao,
1987; Neal et al., 1987a,b). Selenate has been shown
to behave like sulfate with minimal sorption and high
mobility (Hayes et al., 1987; Goldberg and Glaubig,
1988; Neal and Sposito, 1989), while selenite behaves
analogously to phosphate, with greater sorption than
selenate (Neal et al., 1987a; Barrow and Whelan, 1989;
Zhang and Sparks, 1990). The mechanisms of Se sorp-
tion, however, remain poorly understood.
The use of spectroscopic techniques has generated valu-
able yet controversial information on the structure of
sorbed Se species on mineral surfaces. Harrison and
Berkheiser (1982) studied the bonding mechanism of
selenate with freshly precipitated hydrous ferric oxide
by dispersive infrared (IR) spectroscopic analysis on
air-dried samples. They concluded that selenate forms
a bidentate bridging complex by replacement of proton-
ated and unprotonated hydroxyls. The influence of air
drying on the structure of surface-sorbed selenate has
not been previously studied. Drying samples has been
suggested as to favoring the conversion of monodentate
to bidentate phosphate complexes (Goldberg and Spo-
sito, 1985). A transition from outer-sphere to inner-
sphere complex upon air drying has also been postulated
for nitrate and chloride ions (Parfitt and Russell, 1977).
Early evidence of the sulfate binuclear bridging inner-
sphere surface complex on Fe oxides was based on infra-
red spectroscopy of dry materials (Parfitt and Smart,
1977).
Hayes et al. (1987) concluded, using in situ extended x-
ray absorption fine structure (EXAFS) spectroscopy,
that selenate forms an outer-sphere surface complex on
goethite (a-FeOOH). Outer-sphere surface complexes
contain at least one water molecule between the sorbate
anion and the surface functional group. The low affinity
of selenate for oxide surfaces has been demonstrated by
the fact that selenate can be easily displaced by adding
competing anions or by increasing the ionic strength
with NaCl (Dzombak and Morel, 1990; Davis and Kent,
1990). Consequently, the ionic strength dependence (in-
dependence) of anion distribution at the solid-solution
interface has been used as a macroscopic criterion for

Abbreviations: ATR-FTIR, attenuated total reflectance-Fourier
transform infrared; DRIFT, diffuse reflectance infrared Fourier trans-
form; EM, electrophoretic mobility; EXAFS, extended x-ray absorp-
tion fine structure; ICP-AES, inductively coupled plasma-atomic emis-
sion spectrophotometry; IR, infrared; PZC, point of zero charge.
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the formation at the molecule scale of outer-sphere (in-
ner-sphere) surface complexes (Hayes et al., 1987;
Hayes and Leckie, 1987; Hayes et al., 1988). Contrary
to the early findings of Hayes et al. (1987), Manceau
and Charlet (1994) concluded in a recent EXAFS study
that selenate forms an inner-sphere binuclear bridging
surface complex on hydrous ferric oxide and goethite.
Thus, the validity of using ionic strength effect to derive
complexation mechanisms is questionable.
One important factor affecting ion sorption behavior
is the surface charge density of sorbent particles. The
surface charge characteristics of Fe oxides depend on
both the surface hydroxyl density and the surface den-
sity of specifically sorbed anions. The specifically sorbed
anion contributes additional negative charge to the sur-
face, thereby displacing the point of zero charge (PZC)
to lower pH values (Sposito, 1984). Microelectrophore-
sis is a convenient macroscopic technique for monitoring
the surface charge of dispersed particles. The measure-
ment of electrophoretic mobility (EM), which is related
to the zeta potential at the shear plane and surface
charge density of the sorbent particles, and the determi-
nation of PZC provide information on the nature of the
surface of sorbents (Hunter, 1981).
We hypothesize that both selenate and selenite are
sorbed on Fe oxides via ligand exchange and produce
direct coordination to the Fe cations. In situ ATR-FTIR
spectroscopy has been successfully used to study proton-
ation of phosphate on goethite surfaces (Tejedor-Teje-
dor and Anderson, 1986,1990), surface facilitated degra-
dation of tetraphenylboron in smectite clay pastes
(Hunter and Bertsch, 1994), coordination of sorbed bo-
ron on the surfaces of amorphous Al and Fe oxides
and allophane (Su and Suarez, 1995), and sorption of
carbonate on Al and Fe oxides (Su and Suarez, 1997a).
This technique is useful to determine if the ligands are
within the coordination sphere. Previous IR studies on
selenate interaction with Fe oxide involved air drying
of samples; however air drying may result in conversion
of one surface species to another. Therefore, application
of in situ ATR-FTIR spectroscopy to selenate and sele-
nite sorption in mineral-water suspensions is preferred
to examination of dry samples. Also, a comparison of
IR spectra using diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy is desirable for evalu-
ating humidity effects on the structure of Se interfa-
cial species.
The objectives of this study were to determine the bond-
ing mechanisms of selenate and selenite with hydrous
Fe oxide and goethite and to elucidate the structure of
surface sorbed Se species using FTIR spectroscopy and
microelectrophoresis.

MATERIALS AND METHODS
Materials

We synthesized x-ray amorphous Fe hydroxide [am-
Fe(OH)3] by the method of Su and Suarez (1995). Goethite
was prepared by the method of Schwertmann and Cornell
(1991) with an OH/Fe molar ratio of 9.0 for the parent solution
using 1.0 M Fe(NO3)3 and 5.0 M KOH. The suspension of

titrated Fe(NO3)3 was incubated at 70°C for 60 h and centri-
fuged. The goethite particles were resuspended in deionized
water, the suspension pH was adjusted to 6.5 with HC1 and
the crystals were washed repeatedly with deionized water until
the supernatant electrical conductivity was <0.003 dS m"1.
The solids were dried at 70°C and gently ground.

Electrophoretic Mobility
The EM was determined for minerals by microelectrophore-

sis using a Zeta-Meter 3.0 system (Zeta Meter, Long Island City,
NY)1. Suspensions containing 0.2 g L"1 solid in 0.01 M NaCl
with or without analytical grade Na2SeO4 or Na2SeO3 (Sigma
Chemical, St. Louis, MO) were acidified to pH 3.0 with HC1
and equilibrated for 1 h before being titrated with 0.01 M
NaOH (CO2 free) to various pH values for EM determination.
The EM was determined for at least 30 particles at each pH
level for each mineral. The PZC was determined by direct
observation or by interpolating the data to zero mobility.

Sorption Envelopes
Batch equilibrium sorption experiments were conducted at

23°C for constructing graphs of Se sorption as a function of
pH (sorption envelopes). Mineral suspensions of 4.0 g L"1

were prepared by adding 0.10 g of solids to either 25 mL of
0.01, 0.1, and 1.0 M NaCl containing Na2SeO4 or Na2SeO3 at
total Se concentrations of 0.1 and 1.0 mM. The suspension
pH was adjusted with dilute HC1 or NaOH. The suspensions
were shaken for 24 h and centrifuged. The supernatant solu-
tions were analyzed for pH using a combination pH electrode,
then filtered through 0.1 jjim Whatman filter membraness be-
fore Se determination by inductively coupled plasma-atomic
emission spectrophotometry (ICP-AES).

Sorption-desorption Isotherms
Sorbents of 0.1 g were added to 25 mL of 0.01 M NaCl

each containing 0, 1.0, 2.0, 4.0, 6.0, 8.0, and 10.0 mM total
selenate or selenite for am-Fe(OH)3 (0, 0.1, 0.2, 0.4, 0.6, 0.8,
and 1.0 mM for goethite) and shaken for 24 h. The suspension
pH was maintained at 5.0 with dilute NaOH or HC1 by continu-
ous manual adjustment. Suspensions were centrifuged and
supernatant solutions filtered prior to Se analysis by ICP-
AES. Selenium sorbed by the minerals was calculated as the
difference between the initial and equilibrium Se concen-
trations.

Desorption was initiated from each sorption mineral sus-
pension by replacing the removed aliquot with 25 mL of
0.01 M NaCl. The solids were resuspended by vigorous agita-
tion and equilibrated on a reciprocating shaker for 24 h. Al-
though pH values of the suspensions after solution replace-
ment were found to decrease by <0.3 units, they were
nevertheless adjusted to and maintained at 5.0 by NaOH addi-
tion. After equilibration the suspension was centrifuged and
the filtered supernatant was analyzed for Se. This procedure
was repeated three times, resulting in a total of four desorption
steps for each sorption sample. The amount of desorption was
corrected for the carry-over from each previous desorption.

ATR-FTIR Spectroscopy
Infrared spectra of the aqueous solutions of Na2SeO4 and

Na2SeO3, and selenate, or selenite-sorbent suspensions were
recorded in the 4000 to 700 cm"1 range with a Bio-Rad FTS-

1 Mention of trade names is for the benefit of the reader only and
does not indicate endorsement by the USD A.
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7 spectrometer equipped with Balston H2O/CO2 stripper, a
deuterated triglycine sulfate detector, and a Csl beamsplitter
(Digilab, Cambridge, MA) or a Bio-Rad FTS-175C spectrom-
eter equipped with Balston H2O/CO2 stripper, a deuterated
triglycine sulfate detector or MCT detector and a KBr beams-
plitter (Digilab, Cambridge, MA). An ATR apparatus with a
horizontal reservoir as a sample holder and a ZnSe crystal
rod with a 45 degree angle of incidence was used for sample
analysis. The sample reservoir was made of stainless steel and
had a volume of 4 mL. Single beam IR spectra were developed
from 2000 co-added interferograms with a 4 cm"1 resolution
after purging the sampling chamber with filtered air for 30 min.
All final spectra were obtained by subtracting either the spec-
tra of the supernatant or the ionic strength and pH-adjusted
deionized water solutions using NaCl, HC1, and NaOH (refer-
ence) from spectra of the sorbent suspensions or Na2SeO4 and
Na2SeO3 in solution (sample), respectively (Tejedor-Tejedor
and Anderson, 1986). Both reference and sample spectra were
ratioed against empty reservoir cell spectra. A unity subtrac-
tion factor was always used. Four grams of am-Fe(OH)3 (or
2.0 g of goethite) were added to 20 to 30 mL of 1.0 M NaCl,
0.05 M Na2SeO4 + 1.0 M NaCl, 0.10 M Na2SeO4 + 1.0 M NaCl,
0.5 M Na2SeO3 + 1.0 M NaCl, or 1.0 M Na2SeO3 + 1.0 M NaCl.
All the solutions were adjusted to pH 5.0 or 8.0. The suspen-
sion pH was adjusted to 5.0 and 8.0 manually with 1.0 M HC1
and 1.0 M NaOH, and readjusted to the target values (within
0.02 pH units) 30 min before centrifugation. The amount of
hydroxyl release as a result of Se sorption was determined as
the amount of HC1 consumed during the sorption experiment
to maintain the pH at 5.0 and 8.0, respectively, after correcting
for the amount of HC1 or NaOH consumed by the minerals
in the Se-free 1.0 M NaCl to achieve the same pH. The suspen-
sions were shaken for 24 h and centrifuged and 3.2 mL of the
supernatant was used as a reference for ATR-FTIR examina-
tion. The am-Fe(OH)3 solid was resuspended in the remaining
4 or 8 mL (10 mL for goethite) of the supernatant in the
centrifuge tube and used as the sample. This procedure yields
a solid concentration of 1000 or 500 g L"1 in the ATR reservoir
for am-Fe(OH)3 and 200 g L"1 for goethite. Preliminary experi-
ments using concentrations of 500 to 1000 g L~' showed that
it was necessary to decrease goethite concentrations to avoid
gel formation that is undesirable when using the ATR reser-
voir. The remaining solid suspensions were washed with 30 mL
of deionized water four times and then air dried. A subsample
of 5 nig was used for the DRIFT analysis. The amount of
sorbed Se in the washed mineral samples was determined by
digesting a subsample of 50 mg in 50 mL of 1.0 M HNO3 at
90°C and measuring Se by ICP-AES.

DRIFT Spectroscopy
Samples subjected to ATR-FTIR study were also examined

by the DRIFT spectroscopy to evaluate the effects of air drying
on the structure of interfacial Se species. Infrared spectra of
mineral solids were recorded with the same Bio-Rad FTS-7
FTIR or Bio-Rad FTS-175C spectrometers. The spectra were
presented in terms of diffuse absorbance instead of the com-
monly used Kubelka-Munk or remission function. Aochi and
Farmer (1992) have shown that spectral subtraction produces
less noise in the difference spectra, and the qualitative changes
in the spectra are much more easily observed using diffuse
absorbance over Kubelka-Munk mode. Band intensities in
diffuse absorbance show relative rather than absolute quanti-
ties (Nguyen et al., 1991). Water-washed minerals were air
dried in the centrifuge tubes for 48 h, and a subsample of
5 mg was hand ground for 3 min and mixed with 95 mg of
fine KBr. Alternatively, "wet samples" (4 mg dry weight) were
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removed from the centrifuge tubes and a subsample of 5 mg
was mixed with 95 mg of fine KBr. Wet samples were 40%
water by weight. Stainless steel cylindrical sample cups (2 by
7 mm i.d.) were filled with the KBr-diluted sample powder
and the sample surface was leveled with a glass slide. DRIFT
spectra were recorded from 4000 to 200 cm"1 at 4 cm"1 resolu-
tion over 500 scans after purging the sample chamber with
filtered, dry air for 10 min, eliminating interference by CO2
and water vapor (Su and Suarez, 1997b).

Other Characterization Techniques
The starting minerals and deionized water-washed minerals

previously reacted with Na2SeO4 and Na2SeO3 were examined
by x-ray diffraction. Deposited minerals on glass slides were
scanned in 0.02° 26 steps with a Philips model 12045 diffracto-
meter (Philips Electronic Instruments, Mount Vernon, NY)
using Cu ka radiation and a LiF crystal monochromator. Spe-
cific surface areas of sorbents were determined using a single-
point BET N2 adsorption isotherm on a Quantachrome
Quantasorb Jr. surface area analyzer (Quantachrome Corp.,
Syosset, NY).

RESULTS AND DISCUSSION
Batch Sorption and Desorption

The sorption reaction of both selenate and selenite
by am-Fe(OH)3 and goethite at pH 5.0 was fast, reaching
equilibrium within 25 min, the minimum time required
for separation of solids and solution by centrifugation
and filtration (data not shown). More selenite than sele-
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nate was sorbed by goethite, whereas similar amounts
of selenite and selenate (>95% of total Se) were sorbed
by am-Fe(OH)3.

Ionic strength did not influence the sorption of sele-
nite onto am-Fe(OH)3 at a total Se concentration of
0.1 mM (Fig. la) or 1.0 mM (Fig. Ib). While an increase
in ionic strength from 0.01 to 1.0 M dramatically de-
creased selenate sorption (Fig. la and Ib). In addition,
an increase in the total Se concentration from 0.1 to
1.0 mM in ani-Fe(OH)3 suspensions shifted the sorption
edge to the lower pH values. In the goethite suspensions
at 0.1 mM total Se concentration, selenate and selenite
sorption envelopes were well separated and a slight ionic
strength effect on sorption was observed for selenate
(Fig. 2a). At 1.0 mM total Se concentration, a two-order
magnitude change in ionic strength had little effect on
selenate sorption (Fig. 2b) and flat sorption envelopes
were evident for both selenate and selenite. This was
due to an excess of the sorbate and insufficient surface
sites for sorption on goethite, as the BET N2 surface area
was 250 and 21.8 m2 g~' for am-Fe(OH)3 and goethite,
respectively. No negative sorption of selenate was ob-
served even at pH > 10, in contrast to the sorption of
nitrate and chloride, which show negative sorption at
high pH (Wang et al., 1987; Zhang et al., 1996).

The presence or absence of an ionic strength effect
on selenate sorption provides only macroscopic infor-
mation on the relative affinity of selenate for Fe oxide
surfaces compared to other ions, and no molecular level
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structural information can be deduced with confidence.
In fact, an increase in ionic strength has been shown to
decrease sorption of anions including phosphate (Bar-
row and Ellis, 1986), selenite (Barrow and Whelan,
1989a), molybdate (Goldberg et al., 1997), borate
(Goldberg et al., 1993), and carbonate (Van Gee et
al., 1994), all known to form inner-sphere complexes.
Manceau and Charlet (1994) questioned the relevance
of the ionic strength dependence (independence) of
sorption isotherms as a criterion used to differentiate
between outer-sphere (inner-sphere) complex forma-
tion. Although a measure of anion-bonding affinity for
oxide surface, the effect of ionic strength on anion sorp-
tion on oxide surfaces provides no reliable information
on bonding mechanisms at the solid-water interface.
The ionic strength effect on anion sorption can be ex-
plained by the mass-action principle and activity of ions
in solution without invoking detailed molecular struc-
ture of the sorbed anion species on mineral surfaces
(McBride, 1997).

Selenate and selenite sorption-desorption isotherms
were presented in Fig. 3 and 4. Greater amounts of sele-
nite than selenate were sorbed by either am-Fe(OH)3 or
goethite. More Se was sorbed on am-Fe(OH)3 than on
goethite. Desorption data points deviated significantly
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from the corresponding sorption isotherms, indicating
hysteretic desorption. This would argue against an
outer-sphere complexation mechanism for selenate
sorption. If such a mechanism is correct, then a greater
amount of sorbed selenate should desorb.

Electrophoretic Mobility
The presence of either selenate or selenite decreased

the EM and shifted the PZC of both am-Fe(OH)3 and
goethite to lower pH values. Depending on the surface
species proposed this may imply inner-sphere complex-
ation of both selenate and selenite with both sorbents
(Fig. 5). Similar results were reported for phosphate
sorbed on goethite (Tejedor-Tejedor and Anderson,
1986), for borate (Su and Suarez, 1995) and carbonate
(Su and Suarez, 1997a) sorbed on Al and Fe oxides.
Electrophoresis cannot distinguish between adsorption
and surface precipitation nor can it identify monoden-
tate or bidentate surface complexes. Electrophoretic
mobility is, however, complementary to the spectro-
scopic techniques from which direct information of mo-
lecular interactions between sorbate and sorbent can
be obtained.

Free Selenate and Selenite Ions
in Aqueous Solution

ATR-FTIR difference spectra of 0.1 M Na2SeO4 in
1.0 M NaCI at pH 8.0 and of 1.0 M Na2SeO3 in 1.0 M
NaCI at pH 5.0 and 8.0 are shown in Fig. 6. A single
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peak at 872 cm"1 was also identified for selenate at pH
5.0 (data not shown). The peak was attributed to the
free SeO4~ anion because this anion is the only predomi-
nant species at pH 5.0 and 8.0. This is consistent with
the ionization reaction of selenic acid, with a pKa2 of
1.97 (Elrashidi et al., 1987) and the fact that SeO^" does
not polymerize in Na2SeO4 solution in the absence of
other complexing agents. The vibration spectrum of the
SeO4~ anion can be interpreted on the basis of a tetrahe-
dron (four oxygen nearest neighbors), which has a Td
symmetry (Ross, 1972; Nakamoto, 1986). The band at
872 cm"1 was assigned to v3 (asymmetric stretching of
Se-O bond). Ross (1972) gives the Raman spectra of
free SeO4" in solution as follows: vi (symmetric stretch-
ing of Se-O) at 837 cm"1, v2 (in-plane bending of Se-O)
at 345 cm"1, v3 (asymmetric stretching of Se-O) at
873 cm"1, and v4 (out-of-plane bending of Se-O) at
314 cm"1. Only v3 and v4 are IR active (Nakamoto, 1986)
but v4 was not observed in the ATR study because it is
beyond the IR detection range of the ZnSe crystal.

High concentrations of Na2SeO3 were used because
concentrations below 0.1 M gave very weak unsatisfac-
tory IR absorbance peaks. The solutions of Na2SeO3 at
pH 5.0 give two absorbance bands near 850 and
825 cm"1, whereas an additional band at 731 cm"1 was
observed at pH 8.0. The four normal modes of vibrations
of a pyramidal SeO3" are both IR and Raman active
(Ross, 1972; Nakamoto, 1986). Both mononuclear and
binuclear species are present in concentrated Na2SeO3
solutions. Distribution of Se species in 1.0 M NaClO4
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Fig. 6. The attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) difference spectra of selenate and selenite in aqueous
solution (spectrum of 0.1 M Na2SeO4 or 1.0 M Na2SeO3 in 1.0 M
NaCI at pH 5.0 or 8.0 - spectrum of 1.0 M NaCI at pH 5.0 or 8.0).
The subtraction factor was unity. The spectra are offset for clarity.

with total Se at 1.0 M Na2SeO3 at pH 5.0 are 56%
HSeO3 and 44% H2(SeO3)i", and at pH 8.0 are 32%
SeOi", 28% H2(SeO3)i", 24% H2(SeO2)i and 16%
HSeO3-(Barcza and Sillen, 1971). The SeOi" anion is
dominant only at pH >10 where selenite sorption on
Fe oxides started to decrease with increasing pH, re-
sulting in insufficient amount of sorption to give satisfac-
tory IR signals. No assignments to individual selenite
species were made due to the presence of multiple sele-
nite species in the solution.

Characterization of Interfacial Selenate
Free selenate ion belongs to the Td point group and

shows v3 and v4 fundamental IR bands. When selenate
coordinates to a metal cation, the symmetry of selenate
decreases, resulting in a splitting of the v3 band. If a
monodentate complex (C3v symmetry) forms, two bands
appear and if a bidentate complex (C2v symmetry)
forms, three bands are present (Harrison and Berk-
heiser, 1982; Table 1). To distinguish between a biden-
tate chelate and a bidentate bridging complex, a compar-
ison with known complexes can be made (Harrison and
Berkheiser, 1982). Following a method of Tejedor-Teje-
dor and Anderson (1986,1990), we obtained the spectra
of chemical species at the solid-aqueous solution inter-
face by subtracting the bulk solution (supernatant) IR
absorption from the spectrum of the corresponding sor-
bent suspension. The resulting difference spectra con-
tain IR absorption bands due to both solid bulk and
interfacial species. The difference ATR-FTIR spectra
of am-Fe(OH)3 reacted with 0.05 and 0.1 M Na2SeO4 at
pH 5.0 (Fig. 7) show two bands at 895 and 885 cm-',
indicating a reduction in symmetry. Indication of mono-
or bidentate complex is not definitive, but the spectra
around 900 to 880 cm"1 can only be simulated by three
peaks 890, 879, and 824 cm"1 from spectral deconvolu-
tion of the difference spectra (b-c) (Fig. 8). The DRIFT
difference spectra of am-Fe(OH)3 reacted with 0.05 and
0.1 M Na2SeO4 at pH 5.0 (Fig. 9) show clearly three
bands at 916, 890, and 820 cm"1 attributable to a reduc-
tion in symmetry of adsorbed selenate ion. Further spec-
tra were collected with the FTS-175C by repeating the
experiment with fresh am-Fe(OH)3 and 0.1 M Na2SeO4
solution. After reaction the Fe oxide suspensions were
centrifuged and the wet material (40% water by weight)
was mixed with KBr as before. At this time new spectra

Table 1. Infrared absorption bands of selenate and selenite in the mineral-solution interface (ATR-FTIR) and on air-dried mineral
surfaces (DRIFT). According to Fowless and Stranks (1977) the distinction between monodentate and bidentate selenito complexes
is that the monodentate selenito complexes show weak to medium broad bands, whereas bridging bidentate selenito complexes show
medium to strong sharp absorbance bands.

Absorption frequency, cm

Anion-complex Symmetry Reference

Free SeO^
Monodentate selenate
[CoSe04(NH3)5]Cl
Bridging bidentate selenate
[Co2(Se04)2OH(NH3)6]Cl
Am-Fe(OH)3-selenate (ATR-FTIR)
Am-Fe(OH)3-selenate (DRIFT)
Am-Fe(OH)rselenate (DRIFT, wet)
Goethite-selenate (DRIFT)
Free SeOf
H2SeO3
Monodentate selenite
Cis-[Co(en)2(H2O)HSeO3](CIO4)2-H2Ot
Trans-
[Co(En)2(H2O)HSe03](CIO4)2-H2O
Bridging bidentate selenite
[Co(en)2SeO3]ClO4-H2O
[Co(tn)2Se03]CI04-H20*
Am-Fe(OH)3-selenite (ATR-FTIR)
Am-Fe(OH)3-selenite (DRIFT) (pH 5)
Am-Fe(OH)3-selenite (DRIFT) (pH 8)
Goethite-selenite (DRIFT)

T,

C3,

C2v

C3vc,
c.
cs

c,c,

800

801

807
831

830

830

830
832
844
842
838
886

345

432
702

530

520

515
520

594

532

872

885, 845

908, 872, 822
890, 879, 824
916, 891, 824
915, 891, 824
911, 885, 815
737
430

770, 580

760, 600

762, 678
762, 673
750
757
760, 710
778, 656

412, 395

374
336

400, 350

380, 360

405, 360
390, 362

478
472, 390
453

This study

Ross and Thomas (1970)

Weighardt and Eckert (1971)
This study
This study
This study
This study
Nakamoto (1986)
Nakamoto (1986)

Fowless and Stranks (1977)

Fowless and Stranks (1977)

Fowless and Stranks (1977)
Fowless and Stranks (1977)
This study
This study
This study
This study

t en = ethylenediamine
t tn = 1,3-propanediamine.
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Am-Fe(OH)3, pH 5.0
1000 gI/1

1500 1300 1100 900 700
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Fig. 7. The attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) difference spectra of am-Fe(OH)3 equilibrated at
pH 5.0 with (a) 0.1 M Na2SeO4 + 1.0 M NaCI, (b) 0.05 M Na2SeO4 +
1.0 M NaCI, and (c) 1.0 M NaCI alone. The BET N2 surface area
of am-Fe(OH)3 was 250 m2 g~'.The subtracted reference spectra
were the supernatant solutions. The initial solid concentration was
200 g I. ' before centrifugation and the solid concentration in the
ATR reservoir was 1000 g L"1. The interfacial selenate spectra
were presented as (a-c) and (b-c), respectively.

were also collected for the same material only air dried
(as in Fig. 9). The spectra presented in Fig. 10 also
showed the presence of three peaks at 915, 891, and 823
cm"1 for both the wet and air-dried systems. No evi-
dence of biselenate (HSeO<T) species was obtained for
the interfacial region of am-Fe(OH)3 suspension be-
cause IR bands characteristic of (HSeO4~) near 948,870,
702, and 444 cm'1 (Ross, 1972, p. 225) were absent. On
the contrary, the DRIFT spectra clearly show the triplet
splitting of the v3 band when selenate sorbed onto am-
Fe(OH)3 at pH 5.0 (Fig. 8 and 9). This demonstrates
the strong coordination of the selenate anion to the iron
cation (Table 1). Pure Na2SeO4 shows two bands at 1400
and 1383 cm"1 which are probably due to CO3~ or

.02

o

ATR - Deconvoluted
Selenate on Am - Fe (OH>3

pHS.O

1400 8001200 1000

Wavenumbcr (cm'1)
Fig. 8. Spectral deconvolution of the attenuated total reflectance-

Fourier transform infrared (ATR-FTIR) difference spectra (b-c)
from Fig. 7.

Ia•e

1.0-

0.8-

0.6-

0.4-

0.2-

DRIFT
Selenate on Am-Fe(OH)3

pHS.O

scale ratio a:b:c = 0.30: 0.15:1.00

1500 1300 1100 900 700
Wavenumbers (cm-1)

Fig. 9. Diffuse reflectance infrared Fourier transform (DRIFT) dif-
ference spectra of sorbed selenate on am-Fe(OH), reacted at pH
5.0 with (a) 0.10 M Na2SeO4 + 1.0 M NaCI, and (b) 0.05 M
Na2SeO4 + 1.0 M NaCI. The reference spectrum for (a) and (b)
was the am-Ke(OH), equilibrated with 1.0 M NaCI. The solid to
KBr ratio was 5 to 95 mg. Regent grade Na2SeO4 (c) was included
for comparison. The BET N, surface area of am-Fe(OH), was
250 m2 g-1.

NO3~ impurity as pointed out by Sathianandan et al.
(1964). The origin of the two bands at 1121 and 1130
cirr1 is unknown and was observed also by Sathianan-
dan et al. (1964). A bidentate bridging complex is thus
supported by a comparison of these bands with those

o
M.a

i.o-

0.8-

0.6 -

0.4 -

0.2 -

DRIFT
Selenate on Am - Fe (OH},

pH 5.0

1200 1100 1000 900
Wavenumber (cm-1)

800 700

Fig. 10. Diffuse reflectance infrared Fourier transform (DRIFT) dif-
ference spectra of sorbed selenate on am-l'e(OH), reacted at pH
5.0 with 0.01 M Na2SeOj + 1.0 M NaCI. Spectra were collected for
both wet (40% water by weight) and air-dried Fe oxide suspensions
using a Bio-Rad FTS-175C immediately after mixing with KBr at
a solid to KBr ratio of 5 to 95 mg.
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DRIFT
Selenate on Goethite

pHS.O

1400 1200 1000 600 400
Wavenumbers (cm-1)

Fig. 11. Diffuse reflectance infrared Fourier transform (DRIFT)
spectra of goethite reacted at pH 5.0 with (a) 0.10 M Na2SeO4 +
1.0 M NaCl, and (b) 1.0 M NaCl alone, and the difference spectrum
(a-b). The solid to KBr ratio was 5 to 95 mg. The BET N2 surface
area of goethite was 21.8 m2 g"1.

for the Co(III) bidentate bridging compound (Table 1).
A bidentate bridging complex was also suggested by
Harrison and Berkheiser (1982) for selenate sorbed on
am-Fe(OH)3 using air-dried samples. We note that the
peak at 820 cm"1 is prominent in the DRIFT spectra
but not in the ATR spectra. We conclude that selenate
forms a bidentate bridging complex on the am-Fe(OH)3
surface under dry conditions and to a lessor extent in

0.20- Am-Fe(OH)3, pH 5.0
1000 gI/1

1500 1300 1100
Wavenumbers (cm-1)

Fig. 12. Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) difference spectra of am-Fe(OH)3 equilibrated at
pH 5.0 with (a) 0.5 M NazSeO3 + 1.0 M NaCl, and (b) 1.0 M
NaCl alone. The subtracted reference spectra were the supernatant
solutions. The initial solid concentration was 200 g L"1 before
centrifugation and the solid concentration in the ATR reservoir
was 1000 g L~'. The interfacial Se(IV) spectrum was presented
as (a-b).

8
I
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DRIFT
Selenite on Am-Fe(OH)3

pH 5.0

1400 1200 1000 800 600 400

Wavenumbers (cm-1)
Fig. 13. Diffuse reflectance infrared Fourier transform (DRIFT) dif-

ference spectra of sorbed selenite on am-Fe(OH)3 reacted with
0.05 M Na2SeO3 + 1.0 M NaCl at pH 5.0. The reference spectrum
was the am-Fe(OH)3 equilibrated with 1.0 M NaCl.

aqueous suspension. These spectra are consistent with
a mixture of mono- and bidentate complexes.

In comparison with am-Fe(OH)3, goethite was less
reactive with selenate and selenite as shown by their
lower amounts of sorption. This is largely due to the
much smaller surface area of goethite relative to am-
Fe(OH)3. No detectable IR absorption bands were
found for either selenate or selenite species in the in-
terfacial region of goethite for the concentrations exam-
ined. The DRIFT spectra of goethite with and without
selenate (Fig. 11) showed little difference with strong
absorbance bands for the goethite lattice. The DRIFT
difference spectra between selenated and nonselenated

cuu
C
£

0.5-

0.4-

0.3-

0.2-

0.1-

DRIFT
Selenite on Am-Fe(OH),

PH8.0

1400 1200 1000 800 600 400

Wavenumbers (cm-1)
Fig. 14. Diffuse reflectance infrared Fourier transform (DRIFT) dif-

ference spectra of sorbed selenite on am-Fe(OH), at pH 8.0: (a)
analytical grade Na2SeO3 and (b) am-Fe(OH)3 reacted with 0.05
M NazSeO3 + 1.0 M NaCl. The reference spectrum for (b) was
the am-Fe(OH), equilibrated with 1.0 M NaCl.
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goethite, however, showed three bands at 911, 885, and
815 cm"1. These bands were assigned to the v3 splitting
of sorbed selenate. It is concluded that selenate on air-
dried goethite also formed bidentate bridging complex.
The origin of other bands were not readily explainable.

Characterization of Interfacial Selenite
Chemical properties of selenite in aqueous solution are

important in determining selenite complex formation. At
low concentrations, the SeO3~ anion has a pyramidal
structure (C3v symmetry) and hydrolyzes to form
(HSeO3~) and selenious acid H2SeO3 with pKal = 2.5 and
pKa2 = 8.0 at room temperature (Fowless and Stranks,
1977). At higher selenite concentrations, extensive dimer-
ization occurs to yield H(SeO3)^~, H2(SeO3)i~,
H3(SeO3)2- and H4(SeO3)2.

The free SeO3~ ion has C3v symmetry and absorbs in
the region 900 to 350 cm"1 (Table 1). There are six
fundamental modes of vibration, two pairs of which are
degenerate, giving rise to four fundamental frequencies
vi(At), v2(A!),v3(E), and v4(E) which are IR active (Fow-
less and Stranks, 1977). If the selenito ligand were to
coordinate through either one or two of its oxygen
atoms, then the C3v symmetry would be lowered to Cs
symmetry and six fundamental frequencies should be
observed. Monodentate and bidentate selenito com-
plexes cannot be distinguished on the basis of the num-
ber of fundamental frequencies of the selenito ligand
(Fowless and Stranks, 1977). The complexes selenitobi-
s(ethylenediamine)cobalt(III) perchlorate {[Co(en)2SeO3]
C1O4.H2O}, and selenitobis(l,3-propanediamine)cobalt-
(III) perchlorate{[Co(tn)2SeO3]ClO4.H2O} involve bide-
ntate selenito ligands whose IR spectra include selenito
absorptions that are characteristically sharper than
those of the monodentate complexes. Moreover, the
degenerate v3(E) vibration of free SeO3~, which is split
on coordination into a doublet for the monodentate
selenito complexes, is split into two distinct bands for
the bidentate complexes. These qualitative distinctions
enable the monodentate and bidentate selenito com-
plexes to be identified (Fowless and Stranks, 1977).

Figure 12 shows the ATR-FTIR spectra of am-
Fe(OH)3 reacted at pH 5.0 with 0.5 M Na2SeO3 + 1.0 M
NaCl, am-Fe(OH)3 reacted with 1.0 M NaCl, and their
difference spectrum. The bands at 844 and 750 cm"1

are attributed to sorbed selenite. Bands near 1375 and
1485 cm"1 are from sorbed monodentate carbonate
complex (Su and Suarez, 1997a). Multiple bands at 842,
757,594, and 478 cm"1 were resolved for sorbed selenite
at pH 5.0 in the DRIFT difference spectrum (Fig. 13).
Similar spectra were observed at pH 8.0 (Fig. 14). Our
data suggest a splitting of the v3 band (737 cm"1) into
the 760,710 cm"1 doublet. These data indicate formation
of a selenite surface complex but the question of mono
or bidentate complex cannot be resolved with these
data alone.

After 4.0 g of am-Fe(OH)3 were reacted with 20 mL
of 1.0 M Na2SeO3 + 1.0 M NaCl at pH 5.0 for 24 h, am-
Fe(OH)3 was partly transformed to a crystalline iron
oxyhydroxide, akaganeite [3-FeOOH], as indicated by

the x-ray diffractogram (not shown) and the disappear-
ance of the band at 957 cm"1 in the ATR-FTIR spec-
trum (not shown). In addition, the DRIFT spectrum of
the products was in agreement with the IR absorption
spectrum of a synthetic akaganeite in a KBr pellet re-
ported by Schwertmann and Cornell (1991). Despite
sorbent phase transformation of the am-Fe(OH)3, a
large amount of selenite was sorbed.

The ATR-FTIR spectra of goethite reacted with
0.5 and 1.0 M Na2SeO3 did not show any bands attribut-
able to selenite due to low amounts of sorption by goe-
thite, however, the DRIFT difference spectrum of goe-
thite reacted with 0.1 M Na2SeO3 at pH 5 showed
positive bands for selenite suggesting bridging bidentate
complex formation.

Mechanisms of Selenate and Selenite Surface
Complexes Formation

We propose mechanisms for selenate and selenite
sorption by am-Fe(OH)3 and goethite, based on these
observations: (i) the presence of either selenate or sele-
nite lowered the electrophoretic mobility of sorbent par-
ticles and decreased the PZC of particles, (ii) the sorp-
tion envelope was affected by pH and total Se
concentration, (iii) hydroxyl ions were released during
both selenate and selenite sorption (Table 2), (iv) the
symmetry of sorbed selenate and selenite was lowered
as compared to their free species in aqueous solution,
and (v) bidentate bridging complex of selenate on wet
and air-dried am-Fe(OH)3 surfaces were observed at
pH 5.0 and 8.0 as shown by in situ ATR-FTIR spectros-
copy and DRIFT spectroscopy (Table 1). Ligand ex-
change has been proposed as a mechanism for specific
(inner-sphere) sorption of anions on oxides (Stumm and
Morgan, 1996; Sposito, 1984). It describes the exchange
of surface OH groups of a metal cation (=M) by the
aqueous anion (ligand L) as follows:

=M-OH + L" = =M-L + [1]

The surface OH groups undergo protonation-depro-
tonation depending on solution pH and ionic strength:

=M-OH + H+ + Cl" = =M-OH2
+...Cr [2]

=M-OH + Na+ = =M-O"...Na+ + H+ [3]
The proposed reaction of selenate sorption on am-

Table 2. The molar ratio of hydroxyl release over selenate or
selenite sorption for am-Fe(OH), after 24 h of reaction.

Treatment

1.0 M NaCl
1.0 M NaCl + O.OS M Na2SeO4
1.0 M NaCl + 0.1 M Na2SeO4
1.0 M NaCl
1.0 M NaCl + 0.05 M Na2SeO4
1.0 M NaCl + 0.1 M Na2SeO4
1.0 M NaCl
1.0 M NaCl + 0.5 M NazSeO3
1.0 M NaCl + 1.0 M Na2SeO3
1.0 M NaCl
1.0 M NaCl + 0.5 M Na2SeO3
1.0 M NaCl + 1.0 M Na2SeO3

pH

5.0
5.0
5.0
8.0
8.0
8.0
5.0
5.0
5.0
8.0
8.0
8.0

Se sorbed

minol kg"1

0
313
429

0
178
188

0
1382
2690

0
897

1070

OH/Se ratio

_
0.56
0.55
-

0.70
0.94
-

0.51
0.53
-

0.87
0.81
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=Fe-OH2
+...Cl-

=Fe-OH
+ -O-Se-O- + Na+ =

O

=Fe-O. p
I >eT + H2O + OH" + Cl" + Na+ [4]

=Fe-(7 t>

^Fe-OH2
+...cr

=Fe-OH,+...Cl-
?

+ -O-Se-O- + 2Na+ =
O

o-
=.je.OH!-...Cr + I + Na.
• Fe-OH 1QH

and

Fe-O ,Q
I ;SeT +2H2O +2C1- +2Na+ K
<e-0 \>=Fe

^"^eO + 2H20 + Cl- + Na* [6]
nFe-0^ 2

=F,e-OH
=Fe-OH

f
Se=O
OH

•rvo +=Fe-O^
OH- + H2O [7]

Fe(OH)3 and goethite is the formation of a bidentate
bridging complex with two singly coordinated A-type
OH2

+ groups and OH groups.
The mass action principle (McBride, 1997) helps ex-

plain the ionic strength effect. A greater ionic strength
(greater NaCl concentration) drives the reactions of Eq.
[4] and [5] from right to left, resulting in decreased
adsorption of selenate. An increase in ionic strength
also lowers the activity of SeOi" ion, thus decreasing
selenate sorption as shown in Fig. 1 and 2. The greatest
ionic strength effect is observed at pH < 8 where the
=Fe-OH2

+ groups predominate (Eq. [5]). Higher pH
should decrease selenate sorption and minimize the
ionic strength effect as shown in Eq. [4].

No definite mechanism can be derived from the pres-
ent IR study for selenite on am-Fe(OH)3, although the
DRIFT spectra of selenite on am-Fe(OH)3 and goethite
suggest bridging bidentate complex. Nevertheless, the
release of hydroxyls upon selenite sorption (Table 2),
the early EXAFS results of Hayes et al. (1987), and
Manceau and Charlet (1994) suggest the reactions in
Eq. [6] and [7].

An increase in NaCl concentration should also de-
crease selenite sorption as Eq. [6] indicates; however,
since selenite surface complex is stronger than selenate
surface complex as demonstrated by the desorption
data, the ionic strength effect is not as significant for
selenite as for selenate.

CONCLUSIONS
Similar to other inner-sphere complex forming anions

such as phosphate, arsenate, arsenite, borate, and car-
bonate, the presence of either selenate or selenite low-
ered the electrophoretic mobility and decreased the
PZC of amorphous Fe oxide and goethite. Selenate
formed bidentate bridging complexes with am-Fe(OH)3
suspension and air drying seemed to have little effect
on the complexation. Sorbed selenite on am-Fe(OH)3

exhibited evidence of complexation as revealed by the
DRIFT spectroscopy. Goethite sorbed much less Se
than am-Fe(OH)3 on a weight basis. The DRIFT spectra
showed the sorbed selenite on amorphous Fe(OH)3 and
goethite as likely bridging bidentate complex. A discrete
crystalline solid phase, akaganeite, formed when am-
Fe(OH)3 reacted with 1.0 M Na2SeO3 in 1.0 M NaCl at
pH 5.0 for 24 h. Our results support the conclusions of
Manceau and Charlet (1994) that it is not reliable to
distinguish between inner-sphere and outer-sphere
anion surface complexes by the effects of ionic strength.
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