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Abstract—The distribution and speciation of Se within aerobicBurkholderia cepacia biofilms formed on
�-Al2O3 (1-102) surfaces have been examined using grazing-angle X-ray spectroscopic techniques. We
present quantitative information on the partitioning of 10�6 M to 10�3 M selenate and selenite between the
biofilms and underlying alumina surfaces derived from long-period X-ray standing wave (XSW) data.
Changes in the Se partitioning behavior over time are correlated with microbially induced reduction of Se(VI)
and Se(IV) to Se(0), as observed from X-ray absorption near edge structure (XANES) spectroscopy.

Selenite preferentially binds to the alumina surfaces, particularly at low [Se], and is increasingly partitioned
into the biofilms at higher [Se]. WhenB. cepacia is metabolically active,B. cepacia rapidly reduces a fraction
of the SeO3

2� to red elemental Se(0). In contrast, selenate is preferentially partitioned into theB. cepacia
biofilms at all [Se] tested due to a lower affinity for binding to the alumina surface. Rapid reduction of SeO4

2�

by B. cepacia to Se(IV) and Se(0) subsequently results in a vertical segregation of Se species at theB.
cepacia/�-Al2O3 interface. Elemental Se(0) accumulates within the biofilm with Se(VI), whereas Se(IV)
intermediates preferentially sorb to the alumina surface.

B. cepacia/�-Al2O3 samples incubated with SeO4
2� and SeO3

2� when the bacteria were metabolically active
result in a significant reduction in the mobility of Se vs. X-ray treated biofilms. Remobilization experiments
show that a large fraction of the insoluble Se(0) produced within the biofilm is retained during exchange with
Se-free solutions. In addition, Se(IV) intermediates generated during Se(VI) reduction are preferentially bound
to the alumina surface and do not fully desorb. In contrast, Se(VI) is rapidly and extensively
remobilized. Copyright © 2003 Elsevier Ltd

1. INTRODUCTION

Selenium contamination of soils, groundwater, and surface
waters poses a serious environmental problem in numerous
regions globally (e.g., Kesterson Reservoir, CA). The bioavail-
ability of Se is strongly dependent upon its chemical speciation,
due to variations in the solubility, mobility, sorptive properties,
and uptake mechanisms for each oxidation state of Se. Exten-
sive research on selenium interactions with plants, fungi, bac-
teria, and soil systems has shown that the biogeochemical
cycling of selenium in the environment is largely regulated by
micro-scale changes in redox conditions (Frankenberger and
Benson, 1994; Frankenberger and Engberg, 1998). Se bioavail-
ability is reduced by the removal of Se via volatilization of
biomethylated selenium species (Terry and Zayed, 1994) or via
immobilization of Se by precipitation as sparingly soluble,
elemental selenium under reducing conditions (Maiers et al.,
1988; Oremland, 1994; Tokunaga et al., 1996). Many plants
and microorganisms also biochemically assimilate Se (Milne,
1998). Sorption of selenium oxoanions to reactive mineral
phases such as metal-(hydr)oxide and clay surfaces may also be

an important process for sequestering mobile, dissolved Se
species (Balistrieri and Chao, 1987; Neal and Sposito, 1989).
For example, selenite (SeO3

2�) sorbs strongly to (hydr)oxide
surfaces, and X-ray absorption spectroscopic data indicate the
formation of inner-sphere complexes with hydrous aluminum,
manganese and iron oxides and clays (Hayes et al., 1987;
Foster, 1999; Foster et al., 2003). However, selenate (SeO4

2�)
exhibits a low affinity for binding to Al- and Fe-(hydr)oxide
surfaces and can be easily remobilized by changes in solution
variables such as ionic strength (Davis and Kent, 1990).

The aqueous, chemical reduction of selenate is slow, al-
though rapid surface-catalyzed reduction of selenate can occur
via reduction by mixed-Fe(II)Fe(III) minerals such as green
rust (Myeni et al., 1997). Microbial organisms play a major role
in selenium cycling by catalyzing the reduction of selenate and
selenite under anoxic conditions. Numerous organisms have
been identified that can reduce SeO4

2� and SeO3
2� to elemental

Se(0) (Lortie et al., 1992; Tomei et al., 1992; Garbisu et al.,
1996; Milne, 1998; Kessi et al., 1999; De Souza et al., 2001;
Roux et al., 2001), as well as to organic forms, such as sel-
enomethionine and selenocysteine (Turner et al., 1998; Van
Fleet-Stalder et al., 2000). A few organisms have been isolated
that are capable of using selenate or selenite as a terminal
electron acceptor (Macy et al., 1989; Oremland et al., 1989;
Oremland et al., 1994; Switzer-Blum et al., 1998), and it has
been proposed that microbial respiration of selenium oxoanions
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may be the dominant mode of selenium reduction in sediments
(Oremland, 1994).

Monitoring changes in selenium partitioning and speciation
in soils and aquatic systems is difficult due to the complexity
and heterogeneity of these systems. Therefore, the relative
importance of microbial oxidation-reduction reactions vs. sorp-
tion processes in the immobilization of Se has been difficult to
determine. X-ray absorption spectroscopy (XAS) has proven to
be an invaluable tool for probing selenium speciation in sedi-
ments from localities such as Kesterson Reservoir (Pickering et
al., 1995; Tokunaga et al., 1996) and for determining the mode
of Se sorption to reactive surfaces (Hayes et al., 1987; Foster et
al., 2002). In this study, we have used X-ray standing wave
(XSW) and grazing-incidence X-ray absorption near edge
structure (XANES) spectroscopy methods to examine the spa-
tial distribution and speciation of Se, respectively, at the inter-
face between Se-reducing microorganisms and aluminum oxide
surfaces the bacteria have colonized (i.e., at the biofilm/mineral
interface). We have grown biofilms of Burkholderia cepacia, a
gram-negative bacterium commonly found in soil environ-
ments, on �-Al2O3 (1-102) single-crystal substrates, which
serve as a chemical and structural analog for Al-(hydr)oxide
phases common in soil and aquatic systems. This relatively
simple type of biofilm-mineral assemblage was used success-
fully to investigate Pb(II) partitioning between similar Burk-
holderia cepacia biofilms and �-Al2O3 (0001), �-Al2O3 (1-
102), and �-Fe2O3 (0001) substrates (Templeton et al., 2001).
The data presented in Templeton et al. (2001) demonstrate that
the formation of a B. cepacia biofilm does not passivate the
intrinsic reactivity of the underlying metal–oxide substrates in
the systems studied. In this work, a similar approach, based on
the long-period XSW technique, has been used to quantitatively
compare the partitioning of both SeO4

2� and SeO3
2� oxoanions

at the biofilm/alumina interface. To resolve variations in oxi-
dation state of Se across the biofilm/alumina interface, and to
monitor changes in Se speciation as a function of time at
various positions relative to this interface, the XSW technique
has been coupled with high-resolution XANES spectroscopy at
the Se K-edge in the grazing incidence mode.

Experiments were carried out with biofilms of Burkholderia
cepacia directly transferred from growth media (defined as
“active” ) to solutions varying in Se concentration, initial Se
speciation (e.g., SeO4

2�, or SeO3
2�), or exposure time (0.25 h to

1000 h). Parallel experiments were conducted with similar
biofilm/alumina samples exposed to X-rays at 14 KeV for 5
min (defined as metabolically “ inactive” ) to measure passive Se
sorption processes occurring at reactive surface functional
groups present within the biofilm vs. the alumina surface.
These X-ray treated samples are also used as a control to
identify changes in the partitioning behavior of Se that occur as
a result of redox transformations induced by B. cepacia in the
metabolically active biofilms. The concentration range of the
Se amendments was approximately 0.1 to 100 ppm to simulate
environmentally relevant [Se].

The spectroscopic data show that SeO3
2� exhibits a much

greater affinity for the alumina surface, even in the presence of
the B. cepacia biofilm, whereas SeO4

2� accumulates within the
biofilms. In addition, metabolically active B. cepacia catalyzes
the rapid reduction of both SeO4

2� and SeO3
2� to Se(0) under

aerobic conditions, presumably as a detoxification mechanism.

Due to these combined bioreduction and sorption processes, we
demonstrate that a segregation of selenium species (i.e., Se(VI)
vs. Se(IV) vs. Se(0)) occurs at the biofilm/alumina interface,
which has a strong impact on the potential for remobilization of
selenium.

2. MATERIAL AND METHODS

2.1. Sample Preparation

Highly polished, 3�-diameter, single crystal �-Al2O3 substrates cut
parallel to the (1-102) surface (Saint-Gobain Crystals and Detectors)
were obtained commercially and subsequently cut into wafers 1 cm
wide � 7 cm long. All wafers were washed in 10�2 M nitric acid
followed by multiple rinses with MilliQ water and baked at 350°C for
4 h before use. The crystals were characterized by X-ray photoelectron
spectroscopy (Surface Science S-Probe, monochromatic Al K� radia-
tion) before reaction and were found to have no metal contamination on
the surfaces. Twenty similar crystals were then attached to polycar-
bonate coupons and inserted into a jacketed, 900-mL internal-volume
annular reactor (Biosurface Technologies) equipped with ports for the
introduction and removal of media. After sterilization of the reactor and
all media feeds and tubing, a culture of Burkholderia cepacia (ATCC
17616) in exponential growth phase in minimal medium was intro-
duced into the main chamber of the reactor. After 24 h in batch-mode,
fresh medium was added to the reactor at a rate of 40 mL/h. The inner
drum holding the crystals and coupons was rotated at 50 rpm, and
temperature was maintained at 30°C. The B. cepacia biofilms were
grown aerobically over the course of 1 week using a minimal medium
(200 �M CaCl2, 150 �M MgSO4, 90 �M (NH4)2SO4, 150 �M KNO3,
10 �M NaHCO3, 5 �M KH2PO4, and 100 �M sodium acetate as a
carbon and energy source) at pH 6 at an average O.D.600 of �0.1. After
1 week, three test crystals were extracted and visualized using either (1)
a JEOL JSM-5600LV scanning electron microscope at 15 KeV accel-
erating voltage to examine the cell density and distribution on the
crystal surfaces (Fig. 1) or (2) incubated with a Live/Dead stain
(Molecular Probes, Inc.) to visualize the total number of cells on the
crystal surface using a Nikon E6000 epifluorescent microscope. All
three crystals were extensively colonized by B. cepacia, which forms
relatively monolayer biofilms, and greater than 90% of the total cells
were green (live) vs. red (dead).

Aqueous solutions of selenate and selenite were prepared using
reagent grade Na2SeO4 and Na2SeO3 salts (Sigma) in 18M� Barnstead
water. The pH was adjusted to 4.5 (where we expect a high level of
sorption to the bacterial and alumina surfaces) using 0.1 to 0.01 mol/L
HNO3. The ionic strength of all samples was adjusted to approximately
0.001 mol/L by addition of variable volumes of 1.0 mol/L NaNO3

solution. For experiments with X-ray treated (“ inactive” ) B. cepacia
biofilms, biofilm-coated crystals were extracted from the reactor, rinsed
in fresh media, and exposed to synchrotron X-rays tuned to 14 keV for
5 min before equilibration with Se-bearing solutions. For all other
experiments, the crystals were extracted, rinsed in fresh media, and
directly immersed in a sterile tub containing 100 mL of a 10�6 M to
10�3 M aqueous selenate or selenite solution. Samples were equili-
brated with the Se-containing solutions for 18 h for fixed-exposure
experiments or for 0.25 h up to 1000 h for time-course experiments
(biofilm density remains relatively constant). After the selected equil-
ibration period, each crystal was carefully withdrawn from solution
under a jet of N2 to remove bulk water and inserted into a Teflon cell
with a Kapton lid attached to the Stanford Synchrotron Radiation
Laboratory (SSRL) grazing incidence apparatus. The atmosphere
within the Teflon cell was continuously purged with humidified N2.
The [Se] of the solutions was measured before and after equilibration
with the biofilm-coated alumina samples using inductively coupled
plasma–atomic emission spectrometry. Due to the excess of solution,
the uptake of Se had a negligible effect on the solution [Se].

2.2. Data Collection

XSW measurements were conducted on beamline 11-2 at the Stan-
ford Synchrotron Radiation Laboratory using the SSRL grazing inci-
dence apparatus and a 30-element Ge array detector (Canberra) coupled
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to digital X-ray processor (DXP) electronics (X-ray Instrumentation
Associates). The incident, unfocused X-rays were monochromatized
using a N2-cooled Si(220) double crystal monochromator. Horizontal
and vertical slits before Io were set at 5 mm and 0.05 mm, respectively.
XSW data were collected with 13.5 keV incident X-rays by scanning
the incidence angle in step sizes of 5 mdeg from 0 to 400 mdeg. The
reflectivity data (Log I1/Io) were collected using ionization chambers
filled with 10% Ar in He carrier-gas. The Se K� fluorescent yield (FY)
data were collected with a Ge detector aligned 90° to the incident beam
and positioned so that all 30 elements view the entire illuminated area
on the sample through the scan range. The Se FY profiles were
generated by integrating the Se K� fluorescence peak in the emission
spectrum, collected at each incidence angle, followed by background
subtraction and normalization relative to Io. Scatter contributions in the
fluorescence windows were removed by fitting the fluorescent lines
using a gaussian function and either a linear or Voigt function back-
ground to fit the tail of the scatter peak (Trainor et al., 2002b).

XANES spectra were collected using a fixed incident angle and
scanning the X-ray energy through the Se K-edge in 0.2-eV steps. The
effective energy resolution calculated from the vertical divergence of
the beam was approximately 1 eV. Data were collected at two angles
to differentiate between the speciation of Se in the biofilm layer vs. Se
sorbed to the alumina surface (discussed below). At each angle, four
replicate scans of the Se K-edge absorption spectra were collected from
12,400 eV to 12,800 eV and averaged together. The spectra were
background subtracted and normalized to the high-energy end of a
spline fit through the data. Energy calibration was maintained by
collecting a spectrum of a hexagonal elemental Se foil, with the first
inflection point taken to be 12,658 eV, before collecting each set of
XANES spectra for the biofilm/alumina samples at 50 and 150 mdeg.
Spectra of Se references (aqueous selenate and selenite, as well as
selenomethionine, selenocysteine, and red elemental selenium) were
also collected for comparison to the sample spectra. No evidence of
X-ray beam induced reduction of Se was found in any of the model
compounds.

Se extended X-ray absorption fine-structure spectroscopy (EXAFS)
data were collected in addition to Se K-edge XANES for two samples
by scanning in energy above the Se K-edge to approximately 13,650
eV, in 0.5 Å�1 steps at 2–10 s per step. Eight scans were averaged
together, background subtracted, and normalized using a spline func-
tion with 3 nodes. E0 was designated as 12,675 eV. Fourier transforms
of the k3-weighted EXAFS spectra were derived over the k-range �3
Å�1 to 12 Å�1 and were not corrected for phase-shift. Therefore, the
true radial distances are approximately 0.3 to 0.5 Å longer than shown
in the FT. Structural fitting of the EXAFS spectra was not conducted.

2.3. Data Analysis

The reflectivity (Log I1/I0) data were modeled for each sample to
obtain the density and roughness of the biofilm layer. Reflectivity was
calculated using the optical recursion formula (Parratt, 1954) with
refractive indices for the alumina and biofilm layers calculated using
the absorption code of Brennan and Cowan (1992). An empirical
damping factor, similar to a Debye-Waller-type term, was included in
the calculation of the reflection coefficients to account for interfacial
roughness. In the fits, the biofilm layer thickness was fixed at 10,000 Å
(monolayer biofilm approximately 1 �m thick), and extracted values
for the biofilm densities and biofilm-layer roughness for these ex situ
samples ranged from 0.2 to 0.85 g/cm3 and 50 to 200 Å, respectively.

The fluorescence yield data were subsequently modeled using Eqn.
1 (Abruna et al., 1990; Bedzyk et al., 1990; Bommarito et al., 1990),

Y(�) ��N(z) I(z,�)dz (1)

where N(z) is the distribution function of the fluorescing species (i.e.,
Se) and the intensity modulation of the XSW field above the crystal
surface is calculated from Eqn. 2.

Ixsw � �Ei (z,�) � Er (z,�)�2 (2)

In Eqn. 2 Ei(z,�) and Er(z,�) are the complex amplitudes of the incident
and reflected beams, respectively (Parratt, 1954; Krol et al., 1988; De
Boer, 1991) and result from modeling the reflectivity data as discussed
above (see Trainor, 2001). The standing wave period varies from
	1000 Å at low angles to Dc, where Dc is the standing wave period at
the critical angle of the substrate (Dc is �159 Å for �-Al2O3).

The vertical (z) Se distribution function used to calculate the fluo-
rescence yield in Eqn. 1 is a discontinuous, two-box model

N(z) � � Nalumina 0 � z � zmin

Nbiofilm zmin � z � 10,000Å (3)

where Nbiofilm is the bulk [Se] in the biofilm and Nalumina is the adsorbed
[Se] at the alumina surface. The thickness of the “alumina” layer (zmin)
was designated as 5 Å for all calculations.

For a layer of Se atoms at position z (N(z)), the Se fluorescence
intensity is proportional to the standing wave intensity (Ixsw) at position
z (De Boer, 1991). The calculations take into account attenuation of
Ixsw and escaping fluorescent X-rays within the biofilm as well as
changes in the illuminated area of the sample as the incident angle is

Fig. 1. SEM pictures of B. cepacia biofilm on �-Al2O3 (1-102). Panel A, where the bacteria are almost entirely encased
in an exopolysaccharide matrix, is typical of most regions on most crystals. Panel B shows a more sparsely populated region
on the crystal surface where the individual bacteria can be visualized.
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scanned from 0 mdeg to 400 mdeg. (Trainor, 2001). The final calcu-
lated yield profiles were convolved with a gaussian resolution function
with a full width at half-maximum of approximately 25 mdeg.

A least-squares routine was applied to fit the Se K� fluorescence
yield data between 0.04 and 0.4 deg. The total [Se] in the alumina
surface and the biofilm layer was varied to simulate the fluorescence
yield profiles (reported as a surface:biofilm ratio, S/B). The S/B ratios
have a precision of 
10% within the useful range of 20 to 0.05. The
most sensitive parameter in determining the relative FY intensities at
approximately 50 mdeg vs. 150 mdeg is the ratio of the surface-to-
biofilm bound Se (i.e., S/B ratio). In the profiles collected in this study,
there is insufficient fine structure in the total FY profile to differentiate
between a heterogeneous vs. homogeneous vertical distribution of Se,
so an average [Se] is used in the modeling.

The speciation of Se in the biofilm vs. the alumina surface can be
differentiated by scanning in energy at a fixed incidence angle of 50
mdeg to obtain Se-biofilm dominated XANES and then at 150 mdeg,
which is just below the critical angle for the �-Al2O3 substrate, to
obtain XANES spectra dominated by Se at the alumina surface. At 50
mdeg, 99% of the fluorescence signal is derived from Se atoms residing
at positions above the oxide surface (i.e., in the biofilm). At 150 mdeg,
the fraction of Se fluorescence derived from biofilm Se vs. alumina Se
must be determined from the S/B partitioning ratios obtained from the
XSW spectra. For example, at a S/B ratio of 2, �75% of Se fluores-
cence collected at 150 mdeg is derived from Se atoms bound to the
oxide surface. For a S/B ratio of 1, �65% of the Se fluorescence is
derived from Se atoms in the 5Å mineral surface layer, and for a S/B
ratio of 0.5, only �50% of the Se fluorescence at 150 mdeg is
associated with the alumina surface.

Se XANES spectra were curve-fit between 12,640 and 12,700 eV
using a linear-combination fitting procedure in DATFIT, which is part
of the EXAFSPAK suite of programs (George and Pickering, 1995).
The mole fraction of a given selenium species/model compound
present in the sample can be determined directly by its fractional
contribution of the fit of the unknown XANES spectrum (Pickering et
al., 1995; Pickering et al., 2000). The suite of selenium model com-
pounds used in the fitting procedure included selenomethionine, sel-
enocysteine, red elemental selenium, aqueous selenite, and aqueous
selenate, although the abundance of the organo-selenium compounds
(selenomethionine and selenocysteine) in the unknown spectra was
typically not above the detection limit (�5%). The quality of the fits
(determined by minimizing the residual of the fit; �2) for the XANES
spectra is very good at high [Se] and only slightly poorer at lower [Se]
(i.e., 10�5M or “ residual” samples), where the signal-to-noise ratio of
the data is diminished. A minimal energy offset for the model spectra
was allowed during the fitting procedure, and was always observed to
be less than 0.3 eV. The sum of all model spectra used to fit each
unknown XANES spectra was within 
0.05 U of unity.

3. RESULTS

3.1. Selenite and Selenate Sorption to X-ray Treated
(Inactive) B. cepacia/�-Al2O3

XSW FY profiles were collected for both selenite and
selenate sorbed to X-ray treated (inactive) B. cepacia biofilms
formed on the �-Al2O3 (1-102) surfaces to quantitatively de-
termine the partitioning of Se(IV) and Se(VI) species between
the biofilm and the underlying mineral surface. The data can be
used to track changes in the partitioning of SeO3

2� or SeO4
2�

over a large range in [Se], as well as to directly compare the
sorption behavior of Se(IV) vs. Se(VI) species, under condi-
tions where only passive sorption is expected to occur.

In Figure 2a, FY profiles for samples equilibrated with 10�6

M to 10�3 M Na2SeO3 solutions (pH 4.5) for 18 h are shown.
At 10�6 M SeO3

2�, the FY profile is sharply peaked towards the
critical angle (�155mdeg), which indicates that selenite is
preferentially bound to the alumina surface and little selenite
can be detected within the overlying biofilm. At increasing

SeO3
2� concentrations, there is a systematic increase in the

relative FY observed at low angles (i.e., 50 mdeg), indicating
enhanced selenite uptake by the biofilm at higher [SeO3

2�]. At
the highest SeO3

2� concentration tested (10�3 M), the relatively
flat-topped FY profile indicates that selenite is almost equally
partitioned between the alumina surface and the biofilm (Fig.
2a).

The FY profiles obtained for Se(VI) species sorbed to the B.
cepacia/�-Al2O3 samples differ significantly from the Se(IV)
profiles (Fig. 2b). At the lowest SeO4

2� concentration tested
(10�6 M), Se(VI) species are preferentially partitioned into the
biofilm vs. the alumina surface (S/B �0.25). As the SeO4

2�

concentration is increased by an order of magnitude, the in-
creasing maxima in the FY profiles at low angles (i.e., 50
mdeg) indicate that the biofilm forms the dominant sink for
SeO4

2�.
Modeling of the FY profiles using a two-box model (mineral

surface vs. biofilm layer) was performed to obtain a ratio of
surface-bound Se to biofilm-bound Se (reported as a S/B ratio)
at each [Se] examined. Fits of the FY profiles are overlain on
the data shown in Figures 2a and 2b, and a quantitative com-
parison of the Se(IV) and Se(VI) partitioning behavior for the
X-ray treated samples is shown in Figure 3A. For both Se(IV)
and Se(VI) species, the largest S/B ratios are obtained at the
lowest [Se] (10�6 M), which indicates preferential binding to
sites on the alumina surface. At higher [Se], there is a system-
atic decrease in the S/B ratios as the biofilm becomes a more
important sink for Se. At each [Se], the S/B ratios obtained for
Se(IV) are 1–2 orders of magnitude larger than Se(VI) species
under the same conditions, indicating a much greater affinity of
Se(IV) than Se(VI) for the alumina surface. Two lines of
evidence suggest that the difference in the partitioning behavior
cannot be attributed to preferential binding of Se(VI) to the
biofilm. First, the total FY measured at low angles (i.e., FY
derived from the biofilm) was approximately equivalent for

Fig. 2. Se fluorescence yield (FY) as a function of X-ray incidence
angle (�) for 10�6 M to 10�3 M SeO3

2� and SeO4
2� sorbed to X-ray

treated B. cepacia biofilms formed on �-Al2O3 (1-102) surfaces. Data
are shown as closed circles, fits for Figure 3A as dashed lines. FY at the
critical angle (�155 mdeg) is largely due to Se ions associated with the
alumina surface, whereas FY at lower angles (i.e., 50 mdeg) is indic-
ative of Se ions residing above the surface (i.e., in the biofilm).
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biofilms equilibrated with 10�3 M SeO4
2� or SeO3

2� (data not
shown). The magnitude of the FY provides a qualitative com-
parison of Se uptake, and should differ markedly if significantly
greater sorption of Se(VI) occurred. Second, cell suspensions
(B. cepacia and associated exopolysaccharides) incubated with
equimolar concentrations of SeO3

2� or SeO4
2� bound similar

amounts of Se (�95 �mol/g vs. 92 �mol/g, respectively at

10�4 M [Se]). Instead, the difference in S/B ratios can be
primarily attributed to the significantly higher reactivity of
SeO3

2� vs. SeO4
2� for the alumina surface.

3.2. Selenium Partitioning at Metabolically Active B.
cepacia/�-Al2O3 Interfaces

FY profiles were obtained for a series of experiments where
B. cepacia was directly transferred from the growth reactor to
SeO3

2� and SeO4
2� solutions (“active” ). The FY profiles were

also modeled to obtain S/B ratios (Fig. 3A). The S/B ratios can
be used to compare the Se partitioning behavior within bio-
films, where some fraction of the Se species may undergo
oxidation or reduction reactions, to the partitioning behavior
measured for the X-ray treated biofilms where only sorption
occurs (Fig. 3A). In Figure 3A, the S/B ratios for the metabol-
ically active Se(IV) samples are all shifted to lower values than
obtained for the X-ray treated experiments (see S/B curves
from 10�4 M to 10�3 M SeO3

2�). In contrast, the S/B ratios for
the metabolically active Se(VI) samples are all shifted to higher
values than obtained for the inactive experiments (see S/B
curves from 10�5 to 10�3 M SeO4

2�).
The underlying causes for the changes in the Se partitioning

between the X-ray treated cell vs. active cell experiments can
be explained using Se K-edge XANES spectra obtained after
collecting each Se FY profile. The energy position of the Se
K-absorption edge is particularly sensitive to variations in the
redox state of Se (e.g., Se(0), Se(IV), and Se(VI) species are
each separated by a few eV). Discriminating between Se(0) and
a variety of organic forms of Se, such as selenocysteine and
selenomethionine, relies upon differences in the fine-structure
above the K-edge, but again the spectra are distinct from each
other.

Visual inspection and quantitative fitting of the XANES
spectra for SeO3

2� and SeO4
2� sorbed to X-ray treated B.

cepacia/�-Al2O3 samples show that there is no change in
selenium oxidation state during sorption of Se to the inactive
biofilms or the alumina surface. Representative spectra are
shown in the top panels of Figures 3B and 3C. X-ray treated
samples incubated with SeO4

2� can be fully described using
only the selenate model spectra, and samples reacted with
SeO3

2� are well fit using only the selenite model spectra. No
evidence for Se reduction was observed for any of the X-ray
treated samples. However, there are dramatic changes in sele-
nium oxidation state for Se sorbed to metabolically active
biofilms. Quantitative fitting results for the changes in Se
speciation for active samples reacted with SeO3

2� and SeO4
2�,

derived from the linear-combination fitting of the XANES
spectra, are reported in Table 1. For the Se(IV) series, a minor
shoulder in the XANES spectra near 12,660 eV for 10�4 M
SeO3

2� becomes a pronounced shoulder at 10�3 M SeO3
2�. This

shoulder can be attributed to the reduction of Se(IV) and
accumulation of elemental Se(0). For the Se(VI) series, a
pronounced shoulder at 12,665 eV in the XANES spectra at
10�5 M SeO4

2� indicates the presence of a significant fraction
of Se(IV). No Se(IV) species were provided during the incu-
bations; therefore, Se(IV) must have been generated by Se(VI)
reduction. At higher SeO4

2� concentrations, a small feature at
12,660 eV also shows the accumulation of a small amount of
elemental Se(0).

Fig. 3. (A) Log partition ratios (alumina surface-bound Se/biofilm-
bound Se, reported as S/B ratio) vs. log [Se] obtained for selenite
(circles) and selenate (squares) sorbed to biofilm-coated �-Al2O3 (1-
102). S/B ratios for both metabolically active (open) and X-ray treated
(filled) B. cepacia biofilms incubated with 10�6 M to 10�3 M Se are
shown. The S/B ratios are derived from fitting FY profiles using a
two-box model, as shown in Figure 2. (B) Se K-edge XANES collected
at 50 mdeg (biofilm-sensitive) for selenite incubated with metabolically
active and X-ray treated (inactive) B. cepacia biofilms formed on
�-Al2O3 (1-102) surfaces. XANES spectra were collected with the Se
FY profiles used to obtain each S/B ratio presented in (A). Linear-
combination fits of each XANES spectra, which include varying frac-
tions of selenate, selenite, and (red) elemental Se, are shown (dashed
lines). Fractions of each model compound used in each XANES fit are
reported in Table 1. (C) Same construction as (B). Se K-edge XANES
collected at 150 mdeg (alumina sensitive) for selenate incubated with
metabolically active and X-ray treated (inactive) B. cepacia biofilms
formed on �-Al2O3 (1-102) surfaces.
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The differences in selenium speciation for X-ray treated vs.
active biofilms (Figs. 3B and 3C) can be used to explain the
differences in Se partitioning behavior shown in Figure 3A. For
the Se(IV) series, the production of elemental Se(0) by B.
cepacia lowers the S/B ratios measured at higher SeO3

2� con-
centration, since the majority of the Se(0) is accumulating
within the biofilm rather than at the alumina surface. The
vertical segregation of Se(0) and Se(IV) species can be con-
firmed by comparing XANES measurements collected at low
vs. high incident angle. Spectra obtained at 50 mdeg and 150
mdeg are sensitive to the biofilm Se vs. the Se bound to alumina
speciation, respectively (see Section 2.3 and the example in
Fig. 4). In Figure 3B, the XANES spectrum for 10�3 M SeO3

2�

shows a strong Se(0) shoulder at 12,660 eV. This feature is
much more pronounced at 50 mdeg than at 150 mdeg (data not
shown), which implies that the Se(0) resides at positions above
the alumina surface (i.e., within the biofilm).

In contrast to the Se(IV) data, the S/B ratios for the meta-
bolically active B. cepacia/�-Al2O3 samples incubated with
SeO4

2� are higher than the X-ray treated samples. This implies
that a greater fraction of the total Se is associated with the
alumina surface. The XANES data shown in Figure 3C indicate
that there is significant production of Se(IV), particularly when
the samples are amended with low Se(VI) concentrations. We
suggest that due to the much higher reactivity of Se(IV) vs.
Se(VI) species for the alumina surface, the Se(IV) generated
from Se(VI) reduction accumulates at the alumina surface and
shifts the S/B ratio to much larger values. This suggestion is
supported by comparing the Se speciation in the biofilm vs. that
on the alumina surface as shown in Figure 4 for the 10�5 M
SeO4

2� sample. XANES spectra collected at 150 mdeg (surface
sensitive) show a mixture of Se(IV) and Se(VI) species,
whereas XANES spectra collected at 50 mdeg (biofilm sensi-
tive) are dominated by Se(VI) and show a small Se(0) shoulder.
Therefore, Se(IV) primarily resides at the alumina surface
whereas Se(VI) and Se(0) preferentially accumulate in the
biofilm. At high SeO4

2� concentrations, the majority of the Se
is in the Se(VI) form for the untreated, active samples. There-
fore, there is only a small difference in the S/B ratio compared
to the X-ray treated sample at 10�3 M SeO4

2�.

3.3. Changes in Se(IV) and Se(VI) Speciation Over Time

A series of experiments were conducted with metabolically
active B. cepacia/�-Al2O3 samples which were incubated with
10�3 M SeO3

2� and 10�4 M SeO3
2� solutions as a function of

time immediately after extraction from the biofilm growth

Table 1. Fits for XANES spectra of SeO3
2� or SeO4

2� incubated with B. cepacia/�-Al2O3.

Selenium(initial) Treatment [Se] Se(VI) Se(IV) Se(0) Residual �2

SeO3
2� X-ray 10�6 — — — No data

SeO3
2� X-ray 10�5 0.0 1.01 0.0 0.3e�3

SeO3
2� X-ray 10�4 0.0 1.0 0.0 0.3e�3

SeO3
2� X-ray 10�3 0.0 1.01 0.0 0.2e�3

SeO3
2� active 10�4 0.0 0.80 0.20 0.1e�3

SeO3
2� active 10�3 0.0 0.51 0.49 0.5e�3

SeO4
2� X-ray 10�6 — — — No data

SeO4
2� X-ray 10�5 0.99 0 0 0.3e�3

SeO4
2� X-ray 10�4 — — — No data

SeO4
2� X-ray 10�3 1.0 0 0 0.2e�3

SeO4
2� active 10�5 0.63 0.32 0.05 0.4e�3

SeO4
2� active 10�4 0.73 0.21 0.06 0.5e�3

SeO4
2� active 10�3 0.87 0.065 0.065 0.8e�3

Se oxidation state (reported as the fraction of Se(VI), Se(IV), and Se(0)) measured for metabolically active and X-ray treated (inactive) B. cepacia
biofilms grown on �-Al2O3 (1-102) incubated with 10�6 M to 10�3 M Se. The fraction of Se(VI), Se(IV), and red elemental Se(0) were determined
using linear-combination fitting of XANES spectra (selenocysteine and selenomethionine were below detection limit for all fits). Spectra and fits are
shown in Figs. 3B and 3C.

Fig. 4. Example of the differentiation between Se oxidation state in
the biofilm vs. the alumina surface for a metabolically active B. cepacia
biofilm on �-Al2O3(1-102) incubated with 10�5 M SeO4

2�. The Se FY
profile is shown and XANES spectra were collected at 50 mdeg
(biofilm-dominated) and 150 mdeg (surface-sensitive). The 50 mdeg
spectra is 16% Se(0) and 84% Se(VI). In contrast, the 150 mdeg spectra
is 5% Se(0), 32% Se(IV), and 63% Se(VI), demonstrating that Se(IV)
preferentially accumulates at the alumina surface after reduction of
Se(VI).
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reactor. These respective [Se] were chosen based on the obser-
vation of significant changes in 10�3 M SeO3

2� and 10�4 M
SeO4

2� speciation at 18 h in the experiments presented in Figure
3. The fraction of Se species present in each sample was
determined using the linear-combination fitting procedure for
XANES spectra collected at each time-point. Control experi-
ments conducted in parallel for 18 and 48 h with X-ray treated
samples show that no reduction of Se(IV) or Se(VI) occurred.

For Se(IV), experiments with metabolically active B. cepa-
cia/alumina samples were conducted from 0.25 to 48 h. Al-
though the SeO3

2� concentration of the solution is unchanged
(due to large solution volume relative to sample size), increases
in the total Se FY measured over time qualitatively suggest that
the total amount of sorbed Se increased through the entire time
period. At 0.25 h, only Se(IV) was present in the samples. At
12 h, significant accumulation of Se(0) had occurred (54% of
the total Se). The fraction of Se(IV) vs. Se(0) did not change
significantly through the rest of the time period. Apparently,
selenite first sorbs to the cells (and/or is taken up intracellu-
larly), and the reduction does not begin within the first 15 min;
however, by 12 h, the majority of selenium reduction has
occurred (data not shown).

For Se(VI), the total Se uptake (qualitatively monitored from
the FY) increased throughout at least the first 48 h of the 1000 h
time period. Significant changes in Se speciation occurred at
each time-point, as shown in Figure 5. At 0.25 h, the majority
of Se is Se(VI), with the possible production of small amounts
of Se(0) (at the detection limit). Comparison of the selenium
oxidation state derived from XANES data at each time point
shows a systematic decrease in the fraction of Se(VI) within the
active B. cepacia/�-Al2O3 samples. At time points less than
48 h, there is more Se(0) than Se(IV) in the biofilms, but in
general we observe a systematic increase in the fraction of both

reduced species. At 1000 h, there is a pronounced accumulation
of both Se(0) and Se(IV). The XANES spectrum for 1000 h is
shown in the inset of Figure 5

3.4. Se(IV) and Se(VI) Remobilization

To examine the potential changes in Se partitioning that
would occur if Se-amended samples were “ remobilized” by
exposure to Se-free solutions, the 1000 h Se(VI) sample and
48 h Se(IV) sample were reequilibrated with 0.005 mol/L
NaNO3 solution for 12 h. This wash procedure resulted in a
large reduction of the total Se present in each sample as well as
in dramatic changes in the ratios of Se species in each sample.
The total FY for the Se(IV) and Se(VI) sample was reduced by
61% and 89%, respectively. For the Se(IV) sample, Se(IV) was
preferentially remobilized from the biofilm and retained at the
alumina surface. Only Se(0) remained in the biofilm, and
Se(IV) was localized to the alumina surface (see Fig. 6). For the
biofilm previously reacted with 10�4 M SeO4

2� for 1000 h, the
Se(VI) was preferentially remobilized, leaving equal propor-
tions of Se(0) and Se(IV). The XANES spectra for the residual
Se are shown in the inset to Figure 5. Comparison to the
original XANES spectra for the 1000 h sample shows the
removal of the Se(VI) peak at 12,668 eV. Interestingly, the
residual Se is not entirely in the Se(0) form. The production and
accumulation of Se(IV) species during selenate reduction have
resulted in significant sequestration of Se (as Se(IV)) at the
alumina surface as well as in the relatively immobile and
insoluble Se(0) form within the biofilm.

4. DISCUSSION

The XSW profiles obtained for SeO3
2� and SeO4

2� sorption
to X-ray treated B. cepacia/�-Al2O3 (1-102) samples show that

Fig. 5. Sorbed selenium oxidation state vs. time (hours) for selenate incubated with B. cepacia biofilms formed on
�-Al2O3 (1-102) surfaces. The fraction of selenate (squares), selenite (filled circles) and elemental selenium (empty circles)
was determined using a linear-combination fitting procedure for XANES spectra collected at 150 mdeg for each time point.
The incubation series was conducted from 0.25 to 1000 h. The 1000-h sample was then immersed in 10 mL of Se-free media
for 12 h, and XANES spectra were collected to determine the speciation of the residual bound selenium (point R). Inset:
XANES spectra for the 1000 h and R (residual after “washing” 1000 h) samples. At 1000 h, there is 44% Se(VI), 28%
Se(IV), and 28% Se(0) at 150 mdeg. After remobilization, the Se(VI) has been removed and the residual selenium is 50%
Se(IV) and 50% Se(0).
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selenite has a much higher affinity for the alumina surface than
selenate, even when a biofilm has formed on the alumina
surface. At low [Se], SeO3

2� will penetrate the biofilm and
preferentially bind to the mineral surface. SeO4

2� also binds to
the alumina surface at low [Se] (i.e., 10�6 M SeO4

2�), but the
total uptake at the alumina surface is not significantly greater
than within the biofilm. At higher [Se] the biofilm rapidly
becomes the major sink for SeO4

2�. The difference in partition-
ing behavior for Se(IV) vs. Se(VI) species agrees well with
previous (biofilm-free) studies of selenite and selenate sorption
onto Al- and Fe-(hydr)oxide surfaces, where selenite has been
shown to form stronger surface complexes with surface hy-
droxyl functional groups (Hayes et al., 1987; Foster, 1999).
Although we do not have EXAFS spectra for SeO4

2� sorbed to
�-Al2O3 (1-102), we would predict that the majority of sorbed
SeO4

2� would be outer-sphere complexes, as observed for sorp-
tion to clays surfaces (Foster, 1999), although some inner-
sphere SeO4

2� complexes may exist where defect sites or singly
coordinated surface oxygen atoms will be exposed at the
�-Al2O3 (1-102) surface (Trainor et al., 2002a). In our previous
work on Pb(II) sorption to B. cepacia coated metal–oxide
surfaces, the formation of the biofilm did not alter differences
in the intrinsic reactivity of several different metal–oxide sur-
faces towards aqueous Pb(II) (Templeton et al., 2001). There-
fore, we are not surprised that variations in the behavior of
selenite vs. selenate are also preserved on �-Al2O3 (1-102).

The significant uptake of selenite and selenate by both the
active and the X-ray treated biofilms, especially at high [Se], is
particularly intriguing. Although EXAFS spectroscopy was not
an integral part of this study, an EXAFS spectrum was col-
lected for the X-ray treated B. cepacia sample reacted with
10�3 M SeO4

2�, as a preliminary effort to probe the structure of
the selenate sorption complexes (Fig. 7). However, this ap-
proach was unsuccessful because the EXAFS spectra obtained
were so similar to the spectrum collected for aqueous selenate.
The spectral match with aqueous selenate suggests the forma-
tion of outer-sphere complexes, but may just reflect the weak
scattering power of potential backscatterers, such as carbon,
phosphorous, or nitrogen derived from bacterial surface func-
tional groups.

Se XSW partitioning data for metabolically active B. cepacia
biofilms vary significantly from the baseline obtained from the
X-ray treated samples. For selenite, the S/B ratios derived from
the XSW data are always lower (i.e., more biofilm dominated)
due to increased sequestration of selenium, in the form of
Se(0), in the biofilms. The XANES data in Figure 3B show that
the speciation of selenium in the biofilm differs markedly in the
active samples due to the reduction of Se(IV) to elemental
Se(0). This is important in terms of increasing total uptake
(which is confirmed by measuring an increase in the total FY),
as well as altering the speciation, and therefore the remobili-
zation potential, of the Se. In the X-ray treated samples incu-
bated with 10�3 M SeO3

2�, the washing procedure removed
80% of the selenium bound to the sample, whereas only 61%
was removed for the metabolically active sample. In the X-ray
treated sample, the biofilm selenium was preferentially re-
moved, because the biofilm essentially reequilibrated with a
solution with a lower [Se], and Se(IV) desorbs more readily
from the biofilm because it forms weaker complexes with the
bacterial surface functional groups than functional groups on
the alumina surface. In contrast, in the active sample the
retention of selenium in the biofilm is enhanced, because the
production of Se(0) has generated a recalcitrant, sparingly
soluble form of Se that remains while the Se(VI) species
reenter the solution phase.

The combined XSW partitioning and XANES data for
SeO4

2� show that the microbial reduction of selenate generates
a mixture of reduced species (Se(IV) and Se(0)) that are seg-
regated at the biofilm/alumina interface. Se(0) is dominantly
associated with the biofilm, where reduction must occur (the
�-Al2O3 surface cannot reduce Se(VI)). Some fraction of the
Se(IV), which should be a transient intermediate and cannot be
detected in the solution phase, preferentially accumulates at the
alumina surface, thereby increasing the S/B ratios. Although
Se(VI) is easily removed during exchange with the Se-free
solutions, there is a strong hysteresis in Se(IV) desorption and
quantitatively, the retention of Se(IV) at the alumina surface is
comparable to the retention of Se(0) within the biofilm (e.g.,
Fig. 5 inset). Similar hysteresis for selenite desorption has been
observed in abiotic studies of Se(IV)/Fe–oxide interactions
(Zhang and Sparks, 1990; Su and Suarez, 2000). Therefore,
there is not significant desorption of Se(IV) from the alumina

Fig. 6. XANES spectra collected at 50 mdeg and 150 mdeg for the
48 h 10�3 M SeO3

2� sample after remobilization by immersion in 10
mL of Se-free solution for 12 h. At 50 mdeg, the XANES spectra are
fit by 85% Se(0) and 15% selenomethionine. At 150 mdeg, the XANES
are fit by 64% Se(0) and 36% Se(IV). The combined data show that
Se(0) is retained within the biofilm, whereas Se(IV) is sequestered at
the alumina surface.

Fig. 7. Se EXAFS and corresponding Fourier transform (solid) for
X-ray treated B. cepacia/�-Al2O3 (1-102) equilibrated with10�3 M
SeO4

2�, pH 4.5. The EXAFS spectrum is strongly similar to the spec-
trum collected for an aqueous selenate solution (dashed).
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surface, and the bioavailability, or susceptibility to bioreduc-
tion, of the Se(IV) bound to alumina is unknown.

Indirect estimates of the Se sorption density (�mol Se/m2

crystal surface area) can be made by comparison of a variety of
forms of data collected in the course of our XSW experiments.
We have studied selenate sorption onto �-Al2O3 (1-102) in
biofilm-free systems using the in situ XSW technique and have
derived isotherms for selenate uptake (Trainor et al., 2002b).
From the isotherms, we can provide surface coverage estimates
of approximately 0.4 �mol/m2 Se(VI) on the surface at 10�4.22

M SeO4
2� and 2.4 �mol/m2 Se(VI) at 10�3.22 M SeO4

2�.
Assuming that the formation of the biofilm has not significantly
altered the selenate uptake at the mineral surface, these values
can be used to approximate a selenium concentration in the
X-ray treated biofilms from the S/B ratios. For example, at
10�4 M SeO4

2�, the sorbed [Se] at the alumina surface would
be 0.65 �mol/m2 (assuming a linear isotherm), and therefore
the Se(VI) in the X-ray treated biofilm would be approximately
12.9 �mol/m2 (crystal surface-area). A similar calculation can-
not be made for the active biofilms because there has been the
significant accumulation of Se(IV) species at the alumina sur-
face in addition to Se(VI), so we do not know the baseline Se
sorption density.

B. cepacia is tolerant to Se(IV) and Se(VI) oxoanions and
will grow in minimal media amended with either 10�4 M
SeO4

2� or SeO3
2�. In addition, there is no evidence for cell

death upon exposure to up to 10�3 M SeO4
2� or SeO3

2� from
epifluorescent microscopy observations using the Live/Dead
stain after the Se-incubations (	90% green [live] in the assay).
Reduction of Se oxoanions by B. cepacia has not previously
been reported, and therefore the production of Se(0) and Se(IV)
under aerobic conditions was a new finding in this study. The
accumulation of Se(IV) at the alumina surface during the
Se(VI) experiments was unexpected. Se(IV) reduction is often
observed to be more rapid and more extensive than Se(VI)
reduction (Ike et al., 2000). None of the time series data
indicates that Se(IV) forms from the reoxidation of Se(0), and
red Se(0) is a stable product in B. cepacia cell suspensions over
the course of months. However, transient accumulation of
Se(IV) has been observed during Se(VI) reduction when the
Se(VI) reduction rate is much greater than that for Se(IV)
(Doran, 1982; Maiers et al., 1988; Losi and Frankenberger,
1997; Kashiwa et al., 2000).

Selenite is often more toxic than the other forms of selenium,
and organisms typically tolerate higher concentrations of
selenate (Tomei et al., 1995; Kashiwa et al., 2000), although the
relative order of toxicity can be species-specific (Coffmann et
al., 1997). The transformation of selenite to reduced forms of
selenium, under both aerobic and anaerobic conditions, is often
thought to be a detoxification reaction (Oremland, 1994; Milne,
1998). In experiments where cell suspensions of B. cepacia
were incubated with Se(IV), the solutions rapidly turned red,
indicating the formation of the elemental Se(0). Therefore, it is
possible that Se(IV) buildup occurs in biofilms amended with
SeO4

2� due to Se(IV) toxicity (Switzer-Blum et al., 1998),
effectively shutting down further reduction of selenium oxoan-
ions to Se(0).

However, we suggest that there may be a minimum threshold
concentration for the efficient reduction of Se(IV). A greater
fraction of Se(IV) intermediates are retained at the alumina

surface in biofilm/alumina samples amended with low Se(VI)
concentrations (i.e., the fraction of total Se in the Se(IV) form
follows the sequence 10�5 	10�4 	10�3 M initial [SeO4

2�]
when the biofilms/alumina samples are incubated with SeO4

2�,
see Fig. 3C). These data suggest that when selenite is produced
from the reduction of low concentrations of selenate, the Se(IV)
concentrations are too low for significant conversion to Se(0).
In addition, we note that selenite reduction was much greater at
10�3 M SeO3

2� than at lower Se(IV) concentrations (Fig. 3B).
Van Fleet-Stalder et al. (2001) noted that selenium uptake and
transformation were much greater at 100 ppm than 1 ppm for
Rhodobacter sphaeroides, which may be similar to the scenario
presented here. Because we cannot detect the Se(IV) in the
solution phase, it is possible that the Se(IV) concentration is
often too low for the further reduction to Se(0), especially due
to likely rapid, preferential binding of Se(IV) to the underlying
alumina surface.

Visual observation that B. cepacia cell suspensions turn red
after incubation with Se(IV) suggests that some fraction of the
elemental Se is in the form of the red, amorphous allotrope. We
did not monitor whether or not the red Se(0) converted to
hexagonal, gray Se(0) over time. The distribution of the sele-
nium particles (i.e., intracellular vs. extracellular or location
within the biofilms) is unknown. Selenocysteine was not found
in the fitting of any of the XANES spectra, and selenomethi-
onine only comprised a significant fraction of the fit for the
“ residual” XANES spectrum for 10�3 M SeO4

2� (Fig. 6), where
the sample was comprised of only reduced forms of selenium
after equilibration with Se-free solutions. These findings are in
contrast to XANES spectra presented by de Souza et al. (2001),
where aerobic, Se(VI) treated bacterial isolates accumulated
Se(VI) and a selenomethionine-like species, but no selenite or
Se(0). However, many other studies have found Se(0) to be the
major product of selenium reduction (Oremland et al., 1989;
Lortie et al., 1992; Tomei et al., 1992; Buchanan et al., 1995;
Tomei et al., 1995; Garbisu et al., 1996; Losi and Franken-
berger, 1998; Van Fleet-Stalder et al., 2000; Roux et al., 2001),
similar to this study. The mechanism of selenium reduction
may be nonspecific, such as reduction by numerous intracellu-
lar reductants after Se uptake into the cells, or by the activity of
enzymes such as nitrate and nitrite reductases. Because all of
the incubations with selenium were conducted after the cells
were removed from growth solutions, the reduction capacity
will be limited, and any specific activity is likely due to
constitutive enzymes.

Optimal Se reduction conditions reported for many isolates
typically fall within the range of near-neutral to alkaline pH
(e.g., pH 6–9), whereas our experiments were conducted at pH
4.5. We did incubate B. cepacia cell suspensions with 10�4 M
SeO3

2� and SeO4
2� at both pH 4.5 and pH 7 and measured

comparable amounts of Se uptake for each experiment, al-
though the fraction reduced was greater at pH 7. Therefore, we
chose pH 4.5 as an appropriate pH to compare the role of
sorption processes (anion sorption should be near maximum at
the alumina surface) to bioreduction processes in the partition-
ing behavior of Se. Lower pH would not be physiologically
relevant for B. cepacia, and at alkaline pH, sorption is expected
to be significantly reduced.
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5. CONCLUSIONS

The XSW technique allowed us to characterize the spatial
distribution of selenium perpendicular to the interface between
microbial biofilms and the �-Al2O3 (1-102) surface. These data
can then be coupled with grazing incidence XANES spectra on
the same samples to determine the speciation of Se at the
alumina surface vs. in the biofilm. In particular, the spectro-
scopic data can be used to correlate changes in the Se parti-
tioning behavior over time with the microbial reduction of
selenium oxoanions.

The partitioning behavior of selenate, selenite, and elemental
selenium differs markedly in the B. cepacia biofilms formed on
�-Al2O3 (1-102) surfaces. Our data for Se(VI) partitioning
behavior show that although Se uptake may be significant,
Se(VI) is only weakly associated with the biofilm and the
alumina surface, and the Se(VI) sorption complexes are easily
remobilized, without requiring significant changes in ionic
strength or pH. In contrast, selenite is strongly partitioned to
reactive sites on the underlying alumina surfaces. When Se(IV)
is generated as an intermediate during Se(VI) reduction to
Se(0), some fraction of the Se(IV) is released from the biofilm
and binds to the alumina surface, leading to large changes in the
selenium partitioning behavior. The mechanism of Se(VI) and
Se(IV) reduction to Se(0) is unknown, although the X-ray
treated cells vs. active cells experiments demonstrate that re-
duction is biologically mediated, and ultimately the elemental
Se that is produced is immobilized within the biofilm. Because
aerobic conditions are maintained during the experiments (i.e.,
Se(VI) is the thermodynamically stable oxidation state), we
infer that the bioreduction of Se(VI) and Se(IV) is a detoxifi-
cation reaction that will eventually be limited by cell death or
the availability of intracellular reductants. The bioavailability
of the Se(IV) intermediates that sorb to the alumina surface is
also unknown.

Selenate immobilization in soils is often attributed to the
generation of elemental Se rather than sorption processes (Lu-
cas and Hollibaugh, 2001), but the potential accumulation of
Se(IV) intermediates at metal-(hydr)oxide surfaces may be
significantly underestimated. In soil studies, reduction of
selenate has been shown to be fast enough to produce selenite
in the effluent and to leave elemental Se in the soil profile (Guo
et al., 1999). The data from this study suggest that the selenite
intermediates may be partially immobilized by sorption onto
adjacent metal-(hydr)oxide surfaces, even when selenite cannot
be measured in the overlying solutions. Therefore, the produc-
tion of both Se(0) and Se(IV), which apparently can occur
under aerobic, microaerophilic, and anaerobic conditions, will
generate a large net sink for Se in environments with elevated
selenate concentrations.
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