
Author's personal copy

Microbial reduction of chlorite and uranium followed by air oxidation
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To evaluate the stability of biogenic nanoparticulate U(IV) in the presence of an Fe(II)-rich iron-bearing
phyllosilicate, we examined the reduction of structural Fe(III) in chlorite CCa-2 and uranium(VI) by
Shewanella oneidensis MR-1, and the reoxidation of these minerals (after pasteurization) via the introduction
of oxygen. Bioreduction experiments were conducted with combinations of chlorite, U(VI), and
anthraquinone-2,6-disulfonate (AQDS). Abiotic experiments were conducted to quantify the reduction of
U(VI) by chemically-reduced chlorite-associated Fe(II), the oxidation of nanoparticulate U(IV) by unaltered
structural Fe(III) in chlorite, and the sorption of U(VI) to chlorite, to elucidate interactions between U(VI)/
U(IV) and Fe(II)/Fe(III)-chlorite. Solids were characterized by X-ray diffraction, scanning electron
microscopy, and X-ray absorption spectroscopy to confirm Fe and U reduction and reoxidation. U(VI)
enhanced the reduction of structural Fe(III) in chlorite and nanoparticulate U(IV) was oxidized by
structural Fe(III) in chlorite, demonstrating that U served as an effective electron shuttle from S. oneidensis
MR-1 to chlorite-Fe(III). Abiotic reduction of U(VI) by chlorite-associated Fe(II) was very slow compared
to biological U(VI) reduction. The rate of nanoparticulate U(IV) oxidation by dissolved oxygen increased
in the presence of chlorite-associated Fe(II), but the extent of U(IV) oxidation decreased as compared to
no-chlorite controls. In identical experiments conducted with bioreduced suspensions of nanoparticulate
U(IV) and nontronite (another iron-bearing phyllosilicate), the rate of U(IV) oxidation by dissolved
oxygen increased in the presence of nontronite-associated Fe(II). In summary, we found that structural
Fe(III) in chlorite delayed the onset of U(VI) loss from solution, while chlorite-associated Fe(II) enhanced
the oxidation rate of U(IV) by dissolved oxygen, indicating that chlorite-associated Fe(II) could not
protect nanoparticulate U(IV) from oxygen intrusion but instead increased the oxidation rate of U(IV).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Uranium contamination of sediment and groundwater is a
problem at many U.S. Department of Energy (DOE) sites and uranium
ore-processing sites where soluble U(VI) has migrated into ground-
water. In aerobic groundwater, U(VI) carbonate complexes are often
the predominant uranium species. These anionic or neutral U species
tend to sorb weakly to solid phases and, therefore, can be relatively
mobile in the environment (Akcay, 1998; Arnold et al., 1998). Under
anoxic conditions U(VI) can be reduced to sparingly soluble U(IV)
minerals and precipitated from groundwater (Lovley and Phillips,
1992). Bacterially mediated reduction of U(VI) to uraninite may be

exploited for in situ remediation of uranium-contaminated sites
(Lovley et al., 1991; Fredrickson et al., 2000; Brooks et al., 2003).

The stimulation of indigenous dissimilatory metal-reducing
bacteria (DMRB) for uranium remediation is an area of active research
at several DOE field sites. Assessment of the efficacy of any one
strategy (e.g., ethanol addition) is typically based on changes in
aqueous geochemistry measured in monitoring wells. Interpretation
of these results is often challenging due to the complex suite of redox
reactions potentially operative in these subsurface environments. For
example, while the addition of an electron donor will promote
reducing conditions, the availability of multiple electron acceptors
(e.g., nitrate, Mn(III/IV) oxides, Fe(III) oxides, or sulfate) may enhance
or impede U(VI) reduction. In a related manner, the concentration
and flux of electron donor addition can also impact U(VI) reduction
and U(IV) reoxidation (Tokunaga et al., 2008).

While considerable research has been conducted on uranium
interactions with iron (oxyhydr)oxides (e.g., Jeon et al., 2005; Ginder-
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Vogel et al., 2006), much less research has focused on uranium
interactions with iron-bearing clayminerals (Stucki et al., 2007). Iron-
bearing clay minerals are widely distributed in soils and sediments
(Stucki et al., 2007) and often account for about half of the Fe mass in
soils and sediments (Favre et al., 2006). Specifically, at the Old Rifle
and Oak Ridge DOE field sites, the mass of iron associated with clay
minerals is higher than the mass of iron associated with oxide
minerals (Stucki et al., 2007; Komlos et al., 2008). In addition, chlorite
is a common clay mineral at the DOE Hanford site (Schmeide et al.,
2000; Baik et al., 2004; McKinley et al., 2007).

Compared to iron oxides which dissolve during reduction, the
majority of reduced Fe(II) in iron-bearing clays is retained in the clay
structure (Kostka et al., 1999; Dong et al., 2009). Fe(II) sorbed to
mineral surfaces may be a more facile reductant compared to
structural Fe(II) in clay minerals (Hofstetter et al., 2003, 2006),
however, structural Fe(II) will not be flushed from a biostimulated
reduction zone by advection. Thus, structural Fe(II) in clay minerals
may be an important long-term reactant in maintaining anoxic
conditions. The stability of U(IV) is, ultimately, the key criterion for
determining success of any reductive immobilization strategy. The
intrusion of oxidants such as oxygen or nitrate may be countered by a
large reservoir of solid-phase reductants such as Fe(II)-bearing clay
minerals.

In a recent, related study we measured the concomitant bioreduc-
tion of structural Fe(III) in the clay mineral nontronite and U(VI) by
Shewanella oneidensis MR-1 (Zhang et al., 2009). From those
experiments we found that uranium served as an effective electron
shuttle to enhance the reduction of structural Fe(III) in nontronite but
that delayed the onset of U(VI) loss from solution. In this current
study, we not only report on the bioreduction of structural Fe(III) in
the clay mineral chlorite CCa-2 and U(VI) but also measure the
stability of bioreduced U(IV) in the presence of chlorite-associated
Fe(II) and nontronite-associated Fe(II) upon oxygen intrusion. These
two iron-bearing phyllosilicates were selected because they represent
mineralogical end-members with respect to Fe(III) and Fe(II) content.
Nontronite NAu-2 contains 4.2 mmol Fe/g with the majority of the
structural iron as Fe(III) (Jaisi et al., 2007), while chlorite CCa-2 contains
3.4 mmol Fe/g with the majority of the structural iron as Fe(II). The
objectives of this researchwere to study the interactions betweenU(VI)
and the iron-rich ripidolite chlorite CCa-2 during their concomitant
biological reduction, and then to further investigate the stability of
bioreduced U(IV) and chlorite-associated Fe(II) in the presence of
dissolved oxygen.

2. Experimental

2.1. Cell cultivation

S. oneidensis MR-1 was cultured in a chemically defined minimal
medium as described previously (Burgos et al., 2008). Cells were
harvested by centrifugation (15 min and 20 °C at 3,500 g), washed
three times with anoxic 30 mM NaHCO3 (pH 6.8, prepared under an
80:20% N2:CO2 atm) and resuspended in the same buffer.

2.2. Mineral preparation

CCa-2, an iron-bearing ripidolite chlorite from Flagstaff Hill (El
Dorado County, CA, USA), was purchased in two separate batches
from the Source Clays Repository (West Lafayette, IN). One batch was
used for all the laboratory experiments and the second batchwas used
to produce a chlorite standard for Fe XANES. The chemical formula
of this chlorite has been reported as (Mg5.5Al2.48Fe2+3.02Fe3+0.94

Ti0.01Mn0.01)[(Si5.33Al2.66)O20](OH)16 as determined by electron mi-
croprobe analysis (Brandt et al., 2003). Clay fractions (0.5–2.0 μm)
were suspended in 1 MNaCl for oneweek, separated in distilled water
by centrifugation, washed repeatedly until no Cl− was detected by

silver nitrate, and then air-dried. The clay fractions were determined
by XRD and SEM to be pure chlorite without other iron minerals. The
iron content of CCa-2 has been reported to range from 17.6% (Brandt
et al., 2003) to 34.5% (Jaisi et al., 2007). As determined by complete
dissolution in HF/H2SO4, we measured an iron content of 18.8%
(3.35 mmol Fe g−1) for the chlorite used in all the experiments, and an
iron content of 30.4% (5.42 mmol Fe g−1) for the chlorite used for the
Fe XANES standard. The Fe(II) content of CCa-2 has been reported to
range from 46% (Fe(II)/total Fe) (Jaisi et al., 2007; Singer et al., 2009a,
2009b) to 76% (Brandt et al., 2003) to 86% (Keeling et al., 2000). As
determined by an HF/H2SO4-phenanthroline assay (described below),
we measured an Fe(II) content of 78% for the unaltered chlorite used
in all the experiments, and an Fe(II) content of 55% for the unaltered
chlorite used for the Fe XANES standard. CCa-2 is composed of a
tetrahedral–octahedral–tetrahedral (TOT) layer attached to a brucite-
like sheet (Brandt et al., 2003; Zazzi et al., 2006). According to a
proposed structural model for CCa-2 (Brandt et al., 2003), 66% of the
total Fe is located in the TOT layer and 34% of the total Fe is located
in the brucite sheet, and all of the Fe(III) is located in the TOT
layer (specifically in the octahedral sheet). The BET surface area of the
air-dried chlorite was determined to be 25.4 m2/g based on N2

adsorption.

2.3. Bacterial reduction experiments

MR-1 bioreduction experiments were conducted in the presence
or absence of U(VI), chlorite, or anthraquinone-2,6-disulfonate
(AQDS) in 30 mM NaHCO3 (pH 6.8) as described previously (Zhang
et al., 2009). Chlorite CCa-2 was prepared in anoxic 30 mM NaHCO3

buffer to produce a stock concentration of 100 g L−1, and was
sterilized by a 5-min exposure to microwave radiation (Keller et al.,
1988). Chlorite and uranyl acetate were pre-equilibrated for two
weeks before inoculation with MR-1. Experiments were conducted in
120 mL glass serum bottles where the chlorite concentration was
5.0 g L−1 (16.8 mM FeT, 22% Fe(III)), uranyl acetate concentrations
ranged from 0 to 1.5 mM, and AQDS concentrations were either 0 or
0.10 mM depending on the experiment. MR-1 was inoculated at
0.5*108 cells mL−1 (final concentration) with sodium lactate (5 mM)
provided as the electron donor. After cells were added, reactors were
periodically mixed and samples removed with sterile needle and
syringe and HF/H2SO4-extractable Fe(II), ferrozine-extractable Fe(II),
aqueous Fe(II), NaHCO3-extractable U(VI), and aqueous U(VI) con-
centrations were measured as described below. All sample manipula-
tions were performed inside an anoxic chamber (95:5% N2:H2 atm).

2.4. Experiments with U(VI) and chemically-reduced chlorite

Chlorite was reduced using the sodium citrate, bicarbonate, and
dithionite (CBD) method as described by Stucki et al. (1984), and
washed three times with anoxic distilled water (Hofstetter et al.,
2003). CBD-reduced chlorite was dispensed into anoxic 30 mM
NaHCO3 buffer (pH 6.8) in 120 mL glass serum bottles (2.5 g L−1

final concentration, 8.4 mM FeT, 98% Fe(II)), and equilibrated at least
3 d before uranium addition (0.20 mM). Reactors were periodically
mixed and samples removed to measure ferrozine-extractable Fe(II),
aqueous Fe(II), NaHCO3-extractable U(VI), and aqueous U(VI)
concentrations.

2.5. Experiments with biogenic nanoparticulate U(IV) and unaltered
chlorite

Biogenic nanoparticulate U(IV) precipitates were produced sepa-
rately by MR-1, pasteurized (70 °C for 30 min), concentrated by
centrifugation, and resuspended in anoxic 30 mM NaHCO3 buffer (pH
6.8). Unaltered chlorite was dispensed into anoxic 30 mM NaHCO3

buffer in 20 mL glass serum bottles (5.0 g L−1, 16.8 mM FeT, 22%
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Fe(III)) followed by the addition of 0.11 mM nanoparticulate U(IV).
Reactors were periodically mixed and samples removed to measure
ferrozine-extractable Fe(II), aqueous Fe(II), NaHCO3-extractable
U(VI), and aqueous U(VI) concentrations.

2.6. Experiments with bioreduced minerals and dissolved oxygen

Bioreduced suspensions containing combinations of U, chlorite,
and AQDS were collected after a 21 d incubation period, pasteurized,
concentrated by centrifugation, and then resuspended in anoxic
30 mM NaHCO3 buffer at pH 6.8 in 20 mL glass serum bottles with
0.75 g L−1 bioreduced chlorite (2.5 mM FeT, 93% Fe(II)) and 0.15 mM
U(IV). Oxygen was provided by flushing the headspace of anoxic
NaHCO3 buffer-containing serum bottles with filter-sterilized air as
described previously (Burgos et al., 2008). Identical experiments
were conducted with bioreduced suspensions of U, nontronite, and
AQDS, except with 0.5 g L−1 bioreduced nontronite (2.1 mM FeT, 34%
Fe(II)) and 0.15 mM U(IV). Reactors were periodically mixed and
samples removed to measure ferrozine-extractable Fe(II), 0.5 N HCl-
extractable Fe(II), aqueous Fe(II), NaHCO3-extractable U(VI), and
aqueous U(VI) concentrations.

2.7. Analytical techniques

Aqueous Fe(II) was measured after centrifugation for 10 min at
14,100 g and 20 °C, and analyzed using the ferrozine assay (Stookey,
1970). Ferrozine-extractable Fe(II) wasmeasured after 0.1 mL of well-
mixed suspensionwas added to 0.9 mL of anoxic ferrozine solution for
2 h, centrifuged, and analyzed using the ferrozine assay. HF/H2SO4-
extractable Fe(II) was measured after samples were completely
dissolved with 4.8% HF/2.16 N H2SO4 in a boiling water bath for
30 min, centrifuged, and analyzed using the 1,10-phenanthroline
assay (Komadel and Stucki, 1988; Amonette and Templeton, 1998).

Aqueous U(VI) was measured after centrifugation for 10 min at
14,100 g and 20 °C. NaHCO3-extractable U(VI) was measured in
samples of well-mixed suspensions that were placed in 1 M anoxic
NaHCO3 (pH 8.4) (all sample collection and manipulations performed
in anoxic glovebox) (Elias et al., 2003). After extraction for 1 h, solids
were removed by centrifugation and U(VI) was measured in the
supernatant. Measurements were done under ambient atmospheric
conditions, so they are presumed to represent total U in the
supernatant. U(VI) was measured by kinetic phosphorescence
analysis on a KPA-11 (ChemChek Instruments, Richland, WA) (Brina
and Miller, 1992). Adsorbed U(VI) was operationally defined as the
difference between NaHCO3-extractable and the initial aqueous U(VI)
concentrations, divided by the chlorite concentration.

2.8. Mineralogical characterizations

Samples were analyzed by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) using previously described procedures
(Zhang et al., 2007). Samples were analyzed by X-ray absorption
spectroscopy (XAS) as described previously (Boyanov et al., 2007;
Kemner and Kelly, 2007; Senko et al., 2007; Zhang et al., 2009). U LIII-
edge EXAFS, U LIII-edge XANES and Fe K-edge XANES measurements
were made at the Materials Research Collaborative Access Team
(MRCAT/EnviroCAT) sector 10-ID beam line of the Advanced Photon
Source at Argonne National Laboratory (ANL) (Segre et al., 2000). The
XAS spectra were collected in transmission and fluorescence mode
using quick-scanning of the monochromator. Energy calibration was
maintained at all times by simultaneous collection of data from
hydrogen uranyl phosphate (U edge) or metallic iron foil (Fe edge)
using X-rays transmitted through the sample. An aqueous U(VI)–
triscarbonato complex and a nanoparticulate U(IV)O2 solid were
used as U EXAFS standards. Linear combination (LC) analysis of the
U XANES spectra was performed using the following end-members:

1) U(VI) in a high carbonate solution at pH 11, speciation ~100%
UO2(CO3)3, and 2) a nanoparticulate U(IV)O2 standard produced from
U(VI) by reduction with green rust (O'Loughlin et al., 2003).
Similarly, the Fe XANES spectra were modeled by LC analysis using
the following operational end-members: 1) an unaltered chlorite
CCa-2 standard (55% Fe(II)), and 2) a fully reduced chlorite CCa-2
(98% Fe(II)). The fully reduced Fe(II)-CCa-2 standard was produced
by CBD reduction (Stucki et al., 1984), and the Fe(II) contents of the
standards were measured by the HF/H2SO4-phenanthroline assay
(Komadel and Stucki, 1988).

3. Results

The speciation of Fe in these experiments is difficult to assign
because of the multiple possible forms of Fe(II) in chlorite. In its
unaltered, initial form, all of the Fe(III) in chlorite is structural Fe(III)
located in the octahedral sheet of the TOT layer (Brandt et al., 2003). In
its unaltered, initial form, the Fe(II) in chlorite is distributed in both
the tetrahedral and octahedral sheets of the TOT layer and in the
brucite-like sheet attached to the TOT layer. After chemical or
biological reduction, additional Fe(II) should accumulate and be
retained in the octahedral sheet of the TOT layer (site of Fe(III)
reduction). However, depending on the extent of reduction and
possible dissolution, Fe(II) may also exist as surface-complexed Fe(II)
or interlayer-exchanged Fe(II). Operational extractions for Fe(II) from
reduced phyllosilicates cannot readily distinguish between all these
possible forms of Fe(II). In this study we have used centrifugation to
measure soluble Fe(II), a ferrozine extraction as an attempt to mea-
sure surface-complexed Fe(II) and/or interlayer-exchanged Fe(II),
and a HF/H2SO4-phenanthroline assay to measure total Fe(II). The
difference between HF/H2SO4-phenanthroline and ferrozine extract-
able concentrations could be used to operationally define structural
Fe(II) but, as discussed below, this becomes problematic due to
analytical precision and the specificity of these extractants. Therefore,
we have chosen the terms “structural Fe(III) in chlorite” to define a
single, solid Fe(III) species (all in the octahedral sheet of the TOT
layer) originally present in the unaltered material, and “chlorite-
associated Fe(II)” to includemultiple, solid-associated Fe(II) species—
structural Fe(II) originally present in the unaltered material, newly
formed structural Fe(II) in the octahedral sheet, surface-complexed
Fe(II), and interlayer-exchanged Fe(II).

The speciation of reduced U(IV) in these experiments is also
challenging to definitively assign because U(IV) may exist as
uraninite, amorphous nanoparticulate U(IV), mononuclear U(IV) or
some mixture of these phases (Bernier-Latmani et al., 2010; Fletcher
et al., 2010). Based on SEM-EDS and XRD (Supplemental Material) of
bioreduced suspensions, we found that amorphous uranium-rich
nanoparticles were produced and predominated in the presence or
absence of chlorite. The U LIII-edge EXAFS data from bioreduced U(IV)
also indicate that the phases formed under our experimental
conditions by Shewanella MR-1 were nearly identical in the presence
or absence of chlorite, and consisted predominantly of nanoparticu-
late uraninite (Fig. 1). The EXAFS and Na HCO3 extraction data on the
bioreduced suspensions also suggested a lack of significant mononu-
clear U(IV) (discussed below). Therefore, we have chosen the terms
“nanoparticulate U(IV)” or simply “U(IV)” to include all possible U(IV)
species.

3.1. Bioreduction of U(VI) and structural Fe(III) in chlorite

S. oneidensis MR-1 was able to reduce both U(VI) and structural
Fe(III) in chlorite when both of these terminal electron acceptors
(TEAs) were present (Fig. 2). AQDS alone did not significantly
enhance the reduction of structural Fe(III) in chlorite (Fig. 2a and c).
We speculate that, because of the relatively high content of structural
Fe(II) in chlorite, AH2QDS cannot reduce structural Fe(III) in chlorite
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due to a thermodynamic limitation. We do not believe that AH2QDS
was physically hindered from contacting structural Fe(III) in chlorite
because we have previously shown that AQDS can enhance the
bioreduction of structural Fe(III) in nontronite (Zhang et al., 2009).
Similarly, other studies have shown that AQDS can enhance the rate
and extent of reduction of iron oxides (Fredrickson et al., 2000;
Zachara et al., 2002), manganese oxides (Fredrickson et al., 2002),
smectite (Dong et al., 2003a), and illite (Dong et al., 2003b).

U(VI) alone and the addition of U(VI)+AQDS both enhanced the
reduction of structural Fe(III) in chlorite, as evidenced by increased
concentrations of aqueous Fe(II), ferrozine-extractable Fe(II), and HF/
H2SO4-extractable Fe(II) (after 21 d). Measurements of total biogenic
Fe(II) production are challenging in this system because of the high
concentration of structural Fe(II) in the unaltered chlorite, the
sorption of dissolved Fe(II) back onto the chlorite surface, and the
oftentimes non-specific nature of some of the operational extractions.
For example, we found that 0.5 N HCl did not efficiently extract all
chlorite-associated Fe(II) while the HF/H2SO4 extraction did com-
pletely dissolve chlorite. Stucki et al. (2007) also reported that 0.5 N
HCl was not reliable for the quantitative determination of Fe oxidation
states in silicate minerals. Because of the high structural Fe(II) content
in the unaltered chlorite, only relatively small changes in the large
concentrations of HF/H2SO4-extractable Fe(II) can be measured in
these experiments (Fig. 2d). In no-cell controls, no or very low con-
centrations of aqueous and ferrozine-extractable Fe(II) were pro-
duced and concentrations of HF/H2SO4-extractable Fe(II) remained
essentially constant.

With respect to U(VI) reduction kinetics, the addition of chlorite
increased the lag time before U(VI) was removed from solution and
decreased the extent of U(VI) reduction after a 21 d incubation
(Fig. 2b). The reduction of structural Fe(III) in chlorite appeared to
compete with U(VI) reduction, and this is consistent with several
other studies on the bioreduction of U(VI) in the presence of
ferrihydrite (Wielinga et al., 2000), manganese oxides (Fredrickson
et al., 2002), and nontronite (Zhang et al., 2009). In our recent
experiments with U(VI) and nontronite (Zhang et al., 2009), we found
that U served as an effective electron shuttle from S. oneidensis MR-1
to structural Fe(III) in nontronite, and that the lag phase for the onset

of U(VI) loss from solution increased with increasing nontronite
concentrations. The combined addition of chlorite+AQDS caused no
lag in U(VI) reduction (compared to U(VI) alone), perhaps because of
the stimulatory effect of AQDS on U(VI) reduction. U(VI) was not
reduced in no-cell controls.

The sorption of U(VI) onto unaltered chlorite CCa-2 at pH 6.8 in
anoxic 30 mM NaHCO3 buffer was measured to quantify the
distribution of U(VI) under the conditions used in the bioreduction
experiments (Supplemental Material). With an initial U(VI) concen-
tration of 0.10 to 1.5 mM, 17 to 4.0%, respectively, of the total U(VI)
was sorbed onto unaltered chlorite (5.0 g L−1) after 10 d (22 °C), with
a maximum surface coverage of 0.54 μmol m−2. These results are
consistent with Singer et al. (2009a) who reported a U(VI) sorption
extent to chlorite CCa-2 of 2.4 μmol m−2 at pH 6.5 with 0.1 mM
dissolved carbonate (7 d, 23 °C). The higher bicarbonate concentra-
tion used in the current study likely suppressed U(VI) sorption to
account for the lower value we report. U(VI) was not substantially
reduced (b3%) by structural Fe(II) in the unaltered chlorite during our
sorption experiments based on NaHCO3-extractable U(VI) concentra-
tions. This result is also consistent with Singer et al. (2009a) who
reported that N95% of the U remained as U(VI) after sorption to
chlorite. In U(VI)+chlorite no-cell controls prepared for our
bioreduction experiments and analyzed after a 21 d incubation
period, U(IV) contents of 3.0±1.1% and 11±10%were detected based
on NaHCO3 extraction and U XANES, respectively (Table 1, sample
CUC).

The U LIII-edge EXAFS spectrum of the U(VI)+chlorite no-cell
control (sample CUC) was similar to an aqueous U(VI)–triscarbonato
complex, suggesting outer-sphere complexation of a U(VI)-carbonate
anion to the chlorite surface (Supplemental Material). Based on this
sorption mechanism, the aqueous tris-carbonato U(VI) complex was
chosen as the U(VI) end-member for our XANES analysis. However,
U(VI) sorptionmay cause an edge shift to lower energies, resulting in a
XANES determination of 0% U(IV) (±10%) (Supplemental Material).
Further evidence for the lack of U(VI) reduction in sample CUC is
presented by the amplitude of the axial oxygen peak in the Fourier
transformed EXAFS data, which was identical to that of the fully
oxidized U(VI) standard (Supplemental Material). We conclude,

Fig. 1. U LIII-edge EXAFS data (left panel: k2χ(k), right panel: Fourier transform) from biogenic U(IV) produced in the presence and absence of chlorite CCa-2 (data for the biogenic
U(IV) in the absence of CCa-2 are from Burgos et al. (2008)). Data are compared to that from crystalline uraninite and biogenic mononuclear U(IV) (Fletcher et al. 2010). The inset in
the right panel shows the molecular structure of a uraninite nanoparticle and the first coordination shell of U(IV). The contribution in the Fourier transformed spectra from the
corresponding atoms are noted. The vertical arrow at ca. 3.5 Ǻ shows the decrease in the U peak amplitude in the different phases.
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therefore, that with the materials and conditions used in these
experiments, a very limited amount of U(VI) may be reduced by
structural Fe(II) in unaltered chlorite but that this will not likely be an
important process.

3.2. Abiotic reactions between U and chlorite

In addition to the biological reduction ofU(VI) and structural Fe(III)
in chlorite, abiotic reactions between U(VI) and structural Fe(II) in
chlorite, between U(VI) and chlorite-associated Fe(II), and between
U(IV) and structural Fe(III) in chlorite are all potentially operative.
Based on sorption results and no-cell controls discussed above, the
reduction of U(VI) by structural Fe(II) in the unaltered chlorite was
very limited. Furthermore, in abiotic experiments conducted with
chemically reduced chlorite, chlorite-associated Fe(II) displayed a
limited ability to reduce U(VI) (Fig. 3a). For example, a significant
loss of NaHCO3-extractable U(VI) did not occur until after 30 h
and decreased from 0.20 mM to 0.16 mM after 88 h of reaction with
2.5 g L−1 CBD-reduced chlorite (8.4 mM FeT, 98% Fe(II)). Because the
aqueous U(VI) concentration remained essentially constant while the
NaHCO3-extractable U(VI) concentration decreased, we believe U(VI)
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Fig. 2. Biological reduction of U(VI) and structural Fe(III) in chlorite CCa-2 by S. oneidensisMR-1 (0.5*108 cells mL−1) in the presence or absence of AQDS (0.1 mM). Experiments were
conducted with 1.0 mM U(VI), 5.0 g L−1 chlorite CCa-2 (16.8 mM FeT, 22% Fe(III)), and 5.0 mM lactate in 30 mM NaHCO3 buffer, pH 6.8. (a) Aqueous Fe(II), (b) NaHCO3-extractable
U(VI), (c) ferrozine-exractable Fe(II), and (d) HF/H2SO4-extractable Fe(II). Dashed line in (d) represents starting concentration of structural Fe(II) in unaltered chlorite CCa-2.
Symbols represent means of duplicate measurements.

Table 1
Average valence states of Fe and U within uranium–chlorite samples as determined by
wet chemical methods and linear combination analysis of the XANES spectra. Sample
names correspond to XANES spectra presented in Fig. 5.

Sample name/description % Fe(II) in Chlorite % U(IV) in
precipitates

HF/H2SO4

dissolution
Fe K-edge
XANES

NaHCO3

extraction
U LIII-edge
XANES

CUC 78.3±5.9 77±10 3.0±1.1 11±10
5 g L−1 Chlorite CCa-2 +
1 mM Uranyl(VI) acetate +
0 MR-1 (no-cell control)
incubated for 21 d

CUR 93.1±1.3 99±10 82.4±9.0 99±10
5 g L−1 chlorite CCa-2 +
1 mM Uranyl(VI) acetate+

0.5*108 cell mL−1 MR-1
incubated for 21 d

CUO 79.2±1.0 82±10 20.6±9.6 56±10
CUR sample reacted with
dissolved oxygen for 16 h
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was first rapidly sorbed and then slowly reduced on the chlorite
surface by chlorite-associated Fe(II). Aqueous Fe(II) remained con-
stant in these experiments (Fig. 3a). In previous experiments
conductedwith 0.25 mMU(VI) and 2.5 g L−1 CBD-reduced nontronite
(10.5 mM FeT, 27% Fe(II)) only a small fraction of U(VI) was reduced
over an 83 d period (Zhang et al., 2009). The greater reduction extent
of U(VI) by CBD-reduced chlorite as compared to CBD-reduced
nontronite was likely due to the lower reduction potential of the
fully reduced chlorite (i.e., higher Fe(II) content).

Abiotic experiments were also conducted to measure reaction
kinetics between bioreduced (and pasteurized) nanoparticulate U(IV)
and structural Fe(III) in unaltered chlorite. The U LIII-edge EXAFS data
indicate that the bioreduced U(IV) phase consisted predominantly of
nanoparticulate uraninite prior to pasteurization (Fig. 1). The
amplitude of the U–U peak in data from U(VI) reduced by Shewanella
MR-1 in the presence and absence of chlorite indicated a predomi-
nance of nanoparticulate uraninite in these systems. A linear
combination fit with data from crystalline uraninite and mononuclear
U(IV) did not reproduce our data well. The formation of non-uraninite
U(IV) in our systems was unlikely because NaHCO3 extraction of the
bioreduced solids did not result in additional release of labile U(IV)
phases (controls in Fig. 3b). Recent work has shown that biogenic
non-uraninite U(IV) is more easily extractable than biogenic nano-

particulate uraninite (Alessi et al., 2010). Extracted U(IV) could then
be oxidized to U(VI) prior to or during measurement by KPA. Previous
studies found little to no Ostwald ripening of biogenic uraninite when
incubated at 90 °C for 2 weeks (Singer et al., 2009b), suggesting that
the 30 min pasteurization step did not alter the nanoparticulate U(IV)
used in our reoxidation experiments.

Nanoparticulate U(IV) was effectively oxidized by structural Fe(III)
in chlorite when reacted in anoxic 30 mM NaHCO3 buffer (Fig. 2b).
The production of U(VI) appeared to be pseudo-first order with
respect to the remaining U(IV) concentration and all of the
nanoparticulate U(IV) was reoxidized after ca. 2 d. Structural Fe(III)
in chlorite oxidized nanoparticulate U(IV) at rates comparable to
uraninite oxidation by poorly crystalline Fe(III) oxides (Senko et al.,
2005; Ginder-Vogel et al., 2006) and by structural Fe(III) in unaltered
nontronite (Zhang et al., 2009). U(IV) reoxidation kinetics were very
rapid compared to U(VI) reduction by chlorite-associated Fe(II),
demonstrating that the regeneration of U(VI) should enhance chlorite
reduction through U valence cycling.

3.3. Reoxidation of nanoparticulate U(IV) and phyllosilicate-Fe(II) by
dissolved oxygen

Experiments were conducted in which air was introduced into the
headspace of bioreduced (and pasteurized) suspensions to initiate
the reoxidation of U(IV) and chlorite-associated Fe(II). NaHCO3-
extractable U(VI) concentrations in the air-free controls (prepared
with and without chlorite) were less than 7% of total U and never
increased over the 16 h incubation (Fig. 4). The rate of nanoparticulate
U(IV) oxidation (i.e., U(VI) production calculated over first 1–6 h)
appeared to be pseudo-first order with respect to the remaining U(IV)
concentration. Nanoparticulate U(IV) that was first produced in the
presence of chlorite was subsequently oxidized more rapidly (based
on first order rate constants) than nanoparticulate U(IV) first
produced with U(VI) alone (Fig. 4a, Table 2). Nanoparticulate U(IV)
that was first produced in the presence of chlorite was not
subsequently completely oxidized, while nanoparticulate U(IV) first
produced in the absence of chlorite was subsequently completely
oxidized after 16 h (difference between series with square and
triangle symbols in Fig. 4a). Only aqueous and ferrozine-extractable
Fe(II) concentrations were measured for chlorite-containing suspen-
sions in these experiments and revealed that chlorite-associated Fe(II)
was subsequently oxidized simultaneously with U(IV) (data not
shown).

When dissolved oxygen was introduced into this system, it could
be consumed via the oxidation of nanoparticulate U(IV) or the
oxidation of chlorite-associated Fe(II). If these processes were
competitive, the rate of U(IV) oxidation would be expected to
decrease in the presence of chlorite-associated Fe(II). If these
processes were non-competitive, e.g., because of an excess of oxygen,
then the rate of U(IV) oxidation would be expected to be unchanged
by the presence of chlorite-associated Fe(II). Instead we found that
the rate of U(IV) oxidation increased in the presence of chlorite-
associated Fe(II) especially within the first hour of the experiment.
Since structural Fe(III) in chlorite can rapidly oxidize nanoparticulate
U(IV) (Fig. 3b), the “indirect” oxidation of U(IV) via chlorite-Fe(II/III)
valence cycling could explain the observed increase in the rate of
U(IV) oxidation in the presence of chlorite (Fig. 4a). Alternatively,
prolonged solid–solid contact between chlorite and nanoparticulate
U(IV) could facilitate solid-state galvanic coupling (Holmes and
Crundwell, 1995; Klauber, 2008)which could also have the net effect
of increasing the rate of U(IV) oxidation. While the first order rate
constants for U(IV) oxidation increased in the presence of chlorite,
the 16 h final extent of U(IV) oxidation decreased in the presence of
chlorite. For example, 90–101% of the U(IV) produced in the absence
of chlorite was reoxidized compared to 76–79% of the U(IV)
produced in the presence of chlorite. The presence of chlorite-
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Fig. 3. Abiotic reactions between uranium and chlorite CCa-2. (a) Abiotic reduction of
0.20 mMU(VI) by chemically reduced chlorite CCa-2 (2.5 g L−1, 8.4 mM FeT, 98% Fe(II))
in 30 mM NaHCO3 buffer, pH 6.8. U(VI) was not added to the control. (b) Abiotic
oxidation of biogenic nanoparticulate U(IV) (0.11 mM) by structural Fe(III) in unaltered
chlorite CCa-2 (5.0 g L−1, 16.8 mM FeT, 22% Fe(III)) in 30 mmol/L NaHCO3, pH 6.8.
Symbols and error bars represent means and standard deviations of duplicate
measurements.
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associated Fe(II) may have protected U(IV) from complete
oxidization.

To further examine the interactions between Fe(II)-bearing
phyllosilicates, uraninite, and dissolved oxygen, we repeated these
experiments with bioreduced (and pasteurized) suspensions of
nontronite NAu-2 and U (Fig. 4b). With nontronite we were also

able to accurately measure the oxidation kinetics of nontronite-
associated Fe(II). Because of analytical precision issues associated
with the HF/H2SO4-phenanthroline assay, this was not feasible with
chlorite CCa-2 (e.g., Fig. 2d). As with chlorite, we found that
the presence of nontronite increased the first order rate constants
for U(IV) oxidation (differences between series with square and
triangle symbols in Fig. 4b). The rates of nontronite-associated Fe(II)
oxidation were comparable to the rates of U(IV) oxidation and were
not strongly influenced by the presence of U (Table 2). As with
chlorite, the extent of U(IV) oxidation decreased in the presence of
nontronite where 76–84% of the U(IV) was reoxidized.

3.4. Mineralogical characterizations

XRD patterns from chlorite samples showed changes in the
relative intensity of peaks (001, 002, 003 and 004) between unaltered
and bioreduced chlorite (Supplemental Material), suggesting that
bioreduction caused a slight change in the stacking structure (Kameda
et al., 2007). SEM images also showed physical alterations and
dissolution features in the bioreduced chlorites as compared to abiotic
controls (Supplemental Material). Based on XRD patterns and SEM
images, biogenic U(IV) was relatively amorphous and nanoparticulate
and accumulated extracellularly from MR-1. The U LIII-edge EXAFS
data from the bioreduced sample indicated that the U(IV) phase
consists predominantly of nanoparticulate uraninite (Fig. 1), nearly
identical to U(IV) solids produced by Shewanella MR-1 in the absence
of chlorite (Burgos et al., 2008). SEM-EDS analyses revealed increased
uranium content with bioreduced chlorite particles that was not
observed after the same samples had been reacted with dissolved
oxygen.

The average oxidation state of both U and Fe were determined by
XANES for select samples collected during these experiments. XANES
spectra were collected from no-cell controls (1.0 mM U(VI), 5.0 g L−1

unaltered chlorite, 78% Fe(II)) that had been incubated for 21 d
(referred to as CUC), from a bioreduced suspension containing
0.5*108 cell mL−1 MR-1 that had been incubated for 21 d (referred
to as CUR), and from the bioreduced suspension after exposure to
dissolved oxygen for 16 h (referred to as CUO). The U LIII-edge XANES
spectrum for the bioreduced sample closely matched that of a U(IV)
standard of nanoparticulate UO2 (Fig. 5a and b). The U(IV)/U(VI) ratio
was determined by LC analysis of the XANES spectra. For the CUR
sample, the U reduction extent calculated as ([U(IV)]/{[U(IV)]+
[U(VI)]}) was 99±10%, and in agreement with our estimate of
82±9% based on total U(VI) measured after 1 M NaHCO3 extraction
(Table 1). For the CUO sample, the U reduction extent was 56±10%
based onUXANES and 21±10% based onNaHCO3 extraction.We are
uncertain about what caused the discrepancy between these two
estimates but note that U reduction extentswere consistently higher
for U XANES as compared to NaHCO3 extraction.

The Fe K-edge XANES spectrum for the bioreduced sample (CUR)
was similar to the CBD-reduced chlorite standard (Fig. 5c and d). The
no-cell control (CUC) and the bioreduced-then-reoxidized sample
(CUO) were intermediate between the unaltered chlorite standard
(55% Fe(II)) and the CBD-reduced chlorite standard (98% Fe(II)).
For the CUR sample, the Fe reduction extent calculated as ([Fe(II)]/
{[Fe(II)]+[Fe(III)]})) was 99±10%, and in agreement with our
estimate of 93±1.3% based on total Fe(II) measured after HF/H2SO4

extraction. For the CUO sample, the Fe reduction extent was 82±10%
based on Fe XANES and 79.2±1.0% based on HF/H2SO4 extraction.

4. Discussion

In these experiments with multiple TEAs, i.e., structural Fe(III) in
chlorite, U(VI), and AQDS, the apparent utilization of TEAs is
complicated by valence cycling of the TEAs themselves. For example,
we have recently shown that U valence cycling increased the rate and

Table 2
Rates of reoxidation of nanoparticulate U(IV) and chlorite, and reoxidation of
nanoparticulate U(IV) and nontronite-associated Fe(II) by the introduction of dissolved
oxygen. Rates were modeled as pseudo-first-order with respect to the remaining
concentration of the reduced species (i.e., [U(IV)] or [nontronite-Fe(II)]), and are
reported as pseudo-first order rate constants. The 16 h extent of oxidation is reported as
[reduced species]/[total element]*100%. Chlorite CCa-2 and nontronite NAu-2 were
used.

Sample name/
description as shown
in Fig. 3

U(IV) Fe(II)

kU (h−1) Reoxidation
extent (%)

kFe (h−1) Reoxidation
extent (%)

U(VI) 0.26 101±5.0 n.a. n.a.
U(VI)+AQDS 0.80 90.1±5.1 n.a. n.a.
CCa-2+U(VI) 2.5 79.4±9.6 n.d. n.d.
CCa-2+U(VI)+AQDS 4.4 75.6±1.6 n.d. n.d.
NAu-2 n.a. n.a. 2.5 87.0±0.4
NAu-2+U(VI) 1.8 84.2±3.6 2.0 86.7±0.2
NAu-2+U(VI)+AQDS 4.0 75.7±3.1 3.1 88.6±0.2

n.a. — not applicable.
n.d. — not determined due to precision issues with HF/H2SO4-phenanthroline assay
with chlorite CCa-2.
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Fig. 4. Abiotic oxidation of biogenic nanoparticulate U(IV) and phyllosilicate-Fe(II)
by dissolved oxygen in 30 mmol/L, NaHCO3, pH 6.8. (a) Experiments initiated with
0.75 g L−1 bioreduced chlorite (2.5 mM FeT, 93% Fe(II)) and 0.15 mM U(IV).
(b) Experiments initiated with 0.5 g L−1 bioreduced nontronite NAu-2 (2.1 mM FeT,
34% Fe(II)) and 0.15 mM U(IV). Air was not added to the controls. Symbols represent
means of duplicate measurements. Dashed lines represent total U in suspensions.
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extent of bioreduction of structural Fe(III) in nontronite (Zhang et al.,
2009). In those experiments, substantial concentrations of biogenic
Fe(II) evolved before any U(VI) was removed from solution even
thoughU(VI) reduction (coupled toU(IV)O2(s) oxidation)was essentially
driving the reduction of structural Fe(III) in nontronite. Based on
thermodynamic calculations using a reported standard-state reduction
potential (E0) value for nontronite (Jaisi et al., 2007), we showed that
the apparent loss of U(VI) from solution would begin when sufficient
Fe(II) had accumulated in the system (Zhang et al., 2009). Increasing
Fe(II) concentrations decreased the redox potential of the structural
Fe(III) in nontronite such that U(IV)O2(s) could not be reoxidized, at
which point U valence cycling ceased. Because there are no reported
E0 values for chlorite, analogous thermodynamic calculations cannot
yet be performed with the chlorite–uranium system.

The long-term success of in situ reductive immobilization of
uranium hinges on the stability of U(IV) precipitates when eventually
exposed to oxic groundwater. The stability of U(IV) species could be
increased in highly reduced sediments if dissolved oxygen preferen-

tially reactedwith other reduced species (e.g., Fe(II) and S(–II)) before
reacting with U(IV). At several uranium-contaminated DOE sites,
iron-bearing phyllosilicates are more abundant than iron oxides and,
in their Fe(II) state, could provide a substantial redox buffer to
incoming oxidants. However, from these current experiments we
have found that structural Fe(III) in chlorite delays the onset of U(VI)
loss from solution, and chlorite-associated Fe(II) enhances the
oxidation of U(IV) by dissolved oxygen. Although these findings
may be a cause for concern, the inhibition of complete U(IV)
reoxidation in the presence of chlorite (Fig. 5a) may enhance
remediation efforts. Further studies are required to elucidate these
processes.
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