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Abstract

Reductive immobilization of uranium by the stimulation of dissimilatory metal-reducing bacteria (DMRB) has been inves-
tigated as a remediation strategy for subsurface U(VI) contamination. In those environments, DMRB may utilize a variety of
electron acceptors, such as ferric iron which can lead to the formation of reactive biogenic Fe(II) phases. These biogenic
phases could potentially mediate abiotic U(VI) reduction. In this work, the DMRB Shewanella putrefaciens strain CN32
was used to synthesize two biogenic Fe(Il)-bearing minerals: magnetite (a mixed Fe(II)-Fe(III) oxide) and vivianite (an
Fe(II)-phosphate). Analysis of abiotic redox interactions between these biogenic minerals and U(VI) showed that both
biogenic minerals reduced U(VI) completely. XAS analysis indicates significant differences in speciation of the reduced ura-
nium after reaction with the two biogenic Fe(II)-bearing minerals. While biogenic magnetite favored the formation of struc-
turally ordered, crystalline UO,, biogenic vivianite led to the formation of a monomeric U(IV) species lacking U-U
associations in the corresponding EXAFS spectrum. To investigate the role of phosphate in the formation of monomeric
U(IV) such as sorbed U(IV) species complexed by mineral surfaces, versus a U(IV) mineral, uranium was reduced by biogenic
magnetite that was pre-sorbed with phosphate. XAS analysis of this sample also revealed the formation of monomeric U(IV)
species suggesting that the presence of phosphate hinders formation of UO,. This work shows that U(VI) reduction products
formed during in situ biostimulation can be influenced by the mineralogical and geochemical composition of the surrounding
environment, as well as by the interfacial solute-solid chemistry of the solid-phase reductant.
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Uranium mining and processing for nuclear weapons
production has led to extensive uranium contamination of
soil and groundwater at US Department of Energy
(DOE) sites. Among options for remediating uranium-
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contaminated sites, in situ reductive bioremediation has
received appreciable attention due to its perceived cost-
effectiveness when compared to pump-and-treat methods,
and because it obviates the need for off-site handling of haz-
ardous materials (Palmisano and Hazen, 2003). Hexavalent
uranium [U(VI)], the valence state of contaminant uranium
at most sites, is stable in oxic environments and typically
occurs as aqueous carbonate complexes in oxic groundwa-
ter at circumneutral pH. In contrast, tetravalent uranium
[U(IV)], produced by biological or abiotic processes, is
stable in anoxic environments and often occurs as the
sparingly soluble mineral, uraninite (UO,) (Langmuir,
1978).
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Subsurface uranium can be reduced by a number of abi-
otic (Behrends and Van Cappellen, 2005) and microbially-
mediated processes (Abdelouas et al., 1998; Elias et al.,
2003) including reductive immobilization of uranium by
dissimilatory metal-reducing bacteria (DMRB) (Lovley,
1993). These bacteria catalyze U(VI) reduction using organ-
ic acids, alcohols or H, as electron donors and utilize
Fe(III) as growth-supporting electron acceptors.

Fe-oxides and iron-bearing clay minerals, which are
widely distributed in soils and sediments, represent a large
reserve of Fe(III) for DMRB (Kostka et al., 2002; Zachara
et al., 2002; Kappler and Straub, 2005). This includes con-
taminated US-DOE sites where cleanup efforts are under-
way to immobilize uranium as uraninite (N’Guessan
et al., 2008). Evidence from both field and laboratory stud-
ies also suggest a nexus between iron redox cycling and ura-
nium redox processes (Galloway, 1978; Posey-Dowty et al.,
1987). The biostimulation of DMRB will likely lead to bio-
logical Fe(Ill) reduction (Wielinga et al., 2000; Finneran
et al., 2002; Anderson et al., 2003; Elias et al., 2004;) and
production of sorbed Fe(II) or Fe(Il)-bearing minerals as
metabolic products. The Fe(Il)-bearing phases found in-
clude magnetite, siderite, vivianite, ferruginous smectite,
and green rust (Bell et al., 1987; Roden and Zachara,
1996; Fredrickson et al., 1998; Zachara et al., 1998; Dong
et al.,, 2000; Roh et al., 2003; O’Loughlin et al., 2007,
Komlos et al., 2008; O’Loughlin et al., 2010). Sorbed Fe(II)
and the Fe(II)-bearing biogenic phases can provide a reser-
voir of reducing capacity where reduction of U(VI) may
occur due to abiotic interactions (O’Loughlin et al.,
2010). This process may compete with direct enzymatic
microbial reduction of U(VI) (Fredrickson et al., 2000).

Although reduction of U(VI) by aqueous Fe(Il) is ther-
modynamically favorable, it can be kinetically limited, often
necessitating an appropriate adsorbent to react with aque-
ous Fe(II) and catalyze the reaction. Research thus far has
demonstrated U(VI) reduction by Fe(II) sorbed onto a vari-
ety of iron oxides/oxyhydroxides (Charlet et al., 1998; Liger
et al., 1999; Fredrickson et al., 2000; Jeon et al., 2004),
Fe(II)-containing natural sediments (Behrends and Van
Cappellen, 2005; Jeon et al., 2005), Fe(Il)-containing
carboxyl-functionalized microspheres (Boyanov et al.,
2007), Fe(Il) sorbed on corundum (Regenspurg et al.,
2009) and Fe(II) sorbed on montmorillonite (Chakraborty
et al., 2010). These studies primarily consider surface
catalyzed processes that involved either concomitant or
sequential adsorption of aqueous Fe(II) and U(VI) species
onto a solid phase adsorbent or mineral to mediate abiotic
U(VI) reduction.

Likewise, U(VI) can adsorb directly onto Fe(II)-bearing
minerals and undergo reduction by structurally bound
Fe(II). For instance, chemogenic green rust and silicates
including various micas as well as ferrous-bearing sulfide
minerals such as galena and pyrite have been shown to ad-
sorb and reduce U(VI) (Wersin et al., 1994; O’Loughlin
et al., 2003; Ilton et al., 2004; Ilton et al., 2005; Ilton
et al., 2006; Bruggeman and Maes, 2010).

Biogenic Fe(II)-bearing minerals are of interest in the
context of uranium redox cycling and bioremediation
because they are formed under Fe-reducing conditions

(Behrends and Van Cappellen, 2005). Previous studies that
focused on chemogenic analogs may not have accounted
for important properties characteristic of biogenic minerals
such as their nano-size and associated enhanced reactivity
(O’Loughlin et al., 2003; Regenspurg et al., 2009). Two
such minerals are biogenic magnetite and vivianite both
of which have shown to be produced as an end product
of microbial Fe(IIl) reduction and environmentally perti-
nent under Fe(IIl) reducing conditions (Fredrickson
et al., 1998; Kostka et al., 2002).

Interactions between U(VI) and magnetite have received
appreciable attention because magnetite is a ubiquitous,
environmentally relevant ferrous-bearing oxide, a meta-
bolic byproduct of bacterial respiration, and a corrosion
product of steel with ramifications for nuclear waste repos-
itories (Ishikawa et al., 1998; Dodge et al., 2002; Ilton et al.,
2010). Microbial reduction of amorphous ferric oxyhydrox-
ide (Fe(OH);) has been reported to induce the formation of
magnetite (Bell et al., 1987; Lovley et al., 1987; Moskowitz
et al., 1989; Zhang et al., 1997; Konhauser, 1998). Similarly,
magnetite formation from the reduction of aqueous Fe(III)
precursors catalyzed by sulfate-reducing microorganisms
such as Desulfovibrio spp. has been reported (Sakaguchi
et al., 1993; Sakaguchi et al., 2002). Magnetite formation
has also been reported during biooxidation of Fe(II) cou-
pled to denitrification (Chaudhuri et al., 2001). A number
of studies have investigated the role of magnetite in ura-
nium reduction and the findings varied greatly ranging
from no observable reduction (Dodge et al., 2002) to clear
evidence of reduction (Scott et al., 2005; Aamrani et al.,
2007, O’Loughlin et al., 2010) to the formation of a
mixed-valence U(IV)-U(VI) phase (Missana et al., 2003;
Aamrani et al., 2007; Regenspurg et al., 2009) or the forma-
tion of U(V) (Ilton et al., 2010). The variation in findings is
presumably linked to variability in morphology, specific
surface area and phase stoichiometry (Gorski and Scherer,
2009, Gorski et al., 2010) of the magnetite used as well as
differences in experimental conditions.

In phosphate-rich reducing environments, vivianite
(Fe3(POy4),-8H,0) is an important sink for dissolved Fe(II)
and is considered a stable mineral due to its low solubility
at neutral pH (Nriagu and Dell, 1974; Buffle et al., 1989;
Manning et al., 1991; Al-Borno and Tomson, 1994; Viollier
et al., 1997; Sapota et al., 2006). Under anoxic conditions,
vivianite is very stable (K, = 107°%; (Nriagu, 1972)) and
can exert significant control over the geochemical cycles
of Fe and P. Vivianite has also been reported as an end
product of bacterial Fe(IlI) reduction (Fredrickson et al.,
1998; Zachara et al., 1998; Roh et al., 2007; Peretyazhko
et al., 2010). To our knowledge, the role of biogenic vivia-
nite in abiotic uranium reduction and subsequent immobi-
lization has not been investigated.

Redox processes linking biogenic magnetite or vivianite
and uranium were systematically investigated and the fac-
tors controlling the product of U(VI) reduction probed in
the present study. Biogenic magnetite and vivianite were
produced by Shewanella putrefaciens CN32 and character-
ized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray powder diffraction
(XRD) and Mgssbauer spectroscopy. Their propensity to
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reduce aqueous uranyl species was investigated by a combi-
nation of wet chemistry analyses and X-ray absorption
spectroscopy (XAS). Understanding differences in uranium
speciation in the presence of various environmentally rele-
vant biogenic Fe(II)-bearing minerals is critical due to its
potential implication for long-term U(IV) reactivity.

2. MATERIALS AND METHODS
2.1. Cultures, media and solutions

2.1.1. Culture and media

Microbial culturing was carried out according to stan-
dard microbiological procedures under aseptic conditions.
A frozen stock culture (50% glycerol) of S. putrefaciens
CN32 was streaked on sterile Petri dishes containing Luria
Bertani (LB) agar (AppliChem GmbH, Germany). Follow-
ing a 24 h incubation at 30 °C, a single colony was picked,
transferred to 10 ml of sterile LB broth and incubated over-
night (ca. 12 h) at 30 °C. An aliquot of the broth was inoc-
ulated (1%) into 100 ml of LB broth in a baffled flask, which
was incubated at 30 °C in a shaker (Excella E32, New
Brunswick Scientific, New Jersey, USA) for 6-8 h to obtain
cells at the mid-logarithmic phase that was used for exper-
iments. Iron reduction experiments were carried out in a
minimal medium M4 (all media ingredients purchased from
Acron Organics), the composition of which is tabulated in
Table SC-1 of the supplementary content (SC). A liter of
the medium was transferred to each of four 2-1 anoxic bot-
tles and the headspace was purged with sterile nitrogen,
sealed under slight positive pressure and autoclaved. Geob-
acter sulfurreducens (DSM 12127) was purchased from
DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH) as a live culture and cultured accord-
ing to their recommendations.

2.1.2. Solutions

Unless indicated otherwise, sample preparation, experi-
mental setup and procedures were conducted under strict
anoxic conditions — either in serum bottles equipped with
a butyl rubber septum and an aluminum crimp or inside
an anoxic chamber with an atmosphere of 2.2% H, and
97.8% N,. All chemicals used were of ultrapure analytical
grade. Stock solutions were boiled and purged for several
hours with N, before use. Glassware was soaked in 10%
HCI overnight (ca. 14 h) and washed five times with deion-
ized water and MilliQ water, respectively prior to use.

2.1.3. Hydrous ferric oxide (HFO) synthesis

A 1 liter solution of 0.5 M ferric chloride (Sigma-Aldrich
GmbH, Germany) was placed on a magnetic stirrer and ti-
trated drop-wise with 1 M NaOH until a pH of 6.5 was
reached. The resulting precipitate was allowed to settle,
resuspended in MilliQ water and centrifuged (Beckman
Coulter Avanti J-26XP) at 10,000g. Water washing and
centrifugation were repeated several times to remove resid-
ual chloride. The resulting pellet was re-suspended in
100 ml of pure MilliQ water and sonicated (Branson Soni-
fier 150, Alys Technologies, Lausanne) briefly to break up
large aggregates. An aliquot of HFO analyzed by X-ray

diffraction (XRD) did not show significant diffraction
peaks. The HFO suspension was stored at 4 °C and used
within 4 days to prevent phase transformation. The HFO
suspension was not sterilized due to the risk of crystalliza-
tion and/or phase transformation at elevated temperature
and pressure.

2.1.4. Ferric citrate stock solution

About 0.5M ferric citrate (Sigma—-Aldrich) was dis-
solved in boiling water on a magnetic stirrer, cooled to
room temperature, adjusted to pH 7 with NaOH, and
autoclaved.

2.1.5. Uranyl acetate solution

Uranyl acetate powder was dissolved in MilliQ water
resulting in a 20 mM stock solution that was filter-sterilized
(0.2 um polyethersulfone (PES)), and stored in an amber
colored bottle within the anoxic chamber atmosphere.

2.2. Biological Fe(III) reduction

M4 medium (1 L) in a duplicate set of 2 L anoxic bottles
was amended either with HFO or Fe(III)-citrate to a con-
centration of approximately 50 £ 5 mM Fe(III). Sodium
dihydrogen phosphate (NaH,PO,) to a concentration of
5SmM was added to medium containing Fe(I1I)-citrate to
favor the formation of vivianite. A 1% inoculum of LB-
grown mid-logarithmic phase culture of S. putrefaciens
CN32 or G. sulfurreducens was added to each Fe(IlI) con-
taining anoxic bottle mentioned above. The cultures were
incubated on a rotary shaker (140 rpm) at 30 °C (InforsHT
Multitron Standard). At timed intervals, 0.5 ml of sample
from anoxic bottles above was withdrawn using a sterile
syringe and needle (pre-purged with sterile N,) and acidified
using 0.5 ml of 1 M HCI (incubated for 1 week). Fe(Il) was
measured using the ferrozine colorimetric assay as de-
scribed by Stookey (1970) on a UV-vis spectrophometer
(Shimadzu UV-2501PC).

2.3. Characterization of Fe(Il) phases

After no further observable Fe(Ill) reduction, the bio-
genic magnetite and vivianite settled to the bottom of each
anoxic bottle leaving bacterial cells mostly in suspension.
Inside an anoxic chamber (COY Laboratory Products,
Inc., Grass Lake, MI) the supernatant from each bottle
was decanted and the remaining solid phase was resus-
pended in 100 ml of anoxic MilliQ water that was loaded
into gas-tight centrifuge bottles equipped with an O-ring.
The bottles were centrifuged at 10,000g for 10 min. This
washing procedure was repeated five times.

2.3.1. X-ray powder diffraction (XRD)

Inside the anoxic chamber, washed samples were applied
to silicon “zero background” sample holders (PANalytical),
which were sealed in gas-tight jars for transport to the XRD
facility. Diffraction measurements were carried out using
Cu Ko radiation (X‘Pert Pro MD - PANalytical) in
Bragg-Brentano geometry with a start and end angle of
5°/20 and 90°/20, respectively. A step size of 0.016, a time
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per step of 3 s and a scan speed of 0.083°/s were used. Qual-
itative analysis was done by using the X’Pert HighScore
Plus software that enabled automatic background subtrac-
tion of the spectra.

2.3.2. BET

Inside an anoxic chamber 2 ml of each washed mineral
suspension was centrifuged (Eppendorf Mini-spin) in
microfuge tubes and the resulting pellets were dried at
30 °C using a heating block. The dried minerals were trans-
ferred into specific sample cells that were sealed with rubber
caps to maintain anoxic conditions during transportation
and instrument manipulation. The surface areas of the min-
erals were analyzed by a multi-point BET analyzer
(Micromeritics Gemini 2360) using nitrogen as the probe
gas. The estimated error in the measurement according to
the manufacturer was ca. 5% (relative).

2.3.3. Electron microscopy (EM)

Samples for scanning electron microscopy (SEM) were
prepared inside the anoxic chamber by loading dried,
crushed and homogenized samples on a carbon film that
was mounted on a standard aluminum stub and loaded into
the scanning electron microscope (FEI XLF-30-FEG). The
energy was set to 10-20 keV and all images were captured
in scanning mode. The specimens for transmission electron
microscopy (TEM) examination were prepared on carbon-
coated copper grids (Quantifoil Micro Tools, GmbH Jena)
and allowed to dry. The composition, structure and mor-
phology of particles were examined by high-resolution
transmission electron microscopy (HRTEM), scanning
transmission electron microscopy (STEM) imaging and
X-ray energy dispersive spectrometry (EDS) chemical
microanalysis (INCA, Oxford) in a FEI CM300UT FEG
transmission electron microscope (300 kV field emission
gun, 0.65 mm spherical aberration, and 0.17-nm resolution
at Scherzer defocus). The images were recorded on a Gatan
797 slow scan CCD camera with a 1024 x 1024 pixels/14
bit detector and processed with the Gatan S5 Digital
Micrograph 3.11.0 software including Fourier filtering.
Low dose illumination conditions were used to record the
images in order to prevent sintering of particles under the
electron beam. The phase composition was determined by
analyzing selected area electron diffraction (SAED) pat-
terns and fast Fourier transforms of HRTEM images on
the micrometer and nanometer scale, respectively. The
interpretation of HRTEM images, SAED patterns and dif-
fractograms were performed according to the method de-
scribed by Veeramani et al. (2009) using the known
electron-optical parameters and crystallographic data for
several phases containing iron or uranium (ICSD 2003).
Briefly, the interpretation of electron diffraction patterns
was based on the spacing of the diffraction rings. Electron
diffraction patterns were indexed by the standard ratio
method, in which sample patterns were compared to pat-
terns for specific crystal structure using the JEMS (EMS
Java version) software package (Stadelmann, 1987). The
usual accuracy of the calibration was ca. 1-2%.

The size of the biogenic Fe(Il) phase particles was
estimated using Fourier filtered HRTEM images of

agglomerated and non-agglomerated particles observed
with various masks for better viewing the edges of particles.

2.3.4. Mossbauer spectroscopy

Samples were prepared inside an anoxic chamber by fil-
tering the mineral suspensions through 0.45 um pore-size
filters (MF-Millipore Membrane, mixed cellulose esters,
Hydrophilic, 13 mm). Filters containing the retained solids
were sealed using Kapton tape and transported under an-
oxic conditions to the spectrometer (Wissenschaftliche
Elektronik GmbH, Germany). Samples were mounted in
a closed-cycle helium cryostat (Janis Research Company,
Inc., USA) that allowed cooling of the sample to 5.5 K.
Mossbauer spectra were collected in transmission mode
using a >’Co source embedded within a Rhodium matrix.
The source was operated at room temperature using a con-
stant acceleration drive system set to a velocity range of
+12 mm/s with movement error of <1%. The absorption
was recorded using a proportional counter and a 1024-
multichannel analyzer. The spectra were calibrated against
a room temperature spectrum of alpha-Fe metal foil.
Folding and fitting of the spectra was performed using
Recoil software suite (University of Ottawa, Canada). All
models except vivianite (5.5 K) were modeled using Voigt
based spectral lines.

2.4. Abiotic uranium reduction

The molar Fe:U ratio was varied systematically by mod-
ifying the volume of magnetite suspension of known con-
centration transferred to tubes containing 40 ml of anoxic
MilliQ water. This ratio was varied to determine its effect
on uranium reduction and speciation. The nomenclature
of samples in these experiments is indicated as BioMagX
or BioVivX, where X is the concentration ratio of iron to
uranium. For example, BioMag50 refers to an experiment
involving 50 mM biogenic magnetite that was incubated
with 1000 uM U(VI). The ratio of Fe:U in case of biogenic
vivianite was set to 50:1 due to limitations in producing
substantial quantities of the mineral. All the resulting sus-
pensions were amended with 20 mM (final concentration)
anoxic PIPES buffer set to pH 7 (AppliChem GmbH,
Germany). Parallel control mixtures with pasteurized min-
erals (80 °C for 20 min) were carried out in the presence
and absence of bicarbonate (1 mM) in a similarly buffered
matrix. Uranium reduction was initiated by amending the
suspensions with 1 mM U(VI) from a sterile stock solution
of 20 mM wuranyl acetate (Sigma-Aldrich GmbH). To
investigate the effects of inorganic phosphate on uranium
reduction and speciation, 463 mg of biogenic magnetite
(50 mM total Fe) was equilibrated in 40 ml of 100 mM
dihydrogen sodium phosphate overnight. The concentra-
tion of phosphate in the supernatant was analyzed by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) before and after equilibration. Following a sin-
gle anoxic MilliQ water wash of a pellet of magnetite onto
which phosphate was adsorbed, uranium reduction was
performed as mentioned above. All experiments were car-
ried out in duplicates at 25+ 1 °C under strictly anoxic
conditions in the dark except for short-term exposure to
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light during sampling. Two samples (0.5 ml each) were
withdrawn at every time point from each anoxic bottle.
One sample set was filtered through a syringe filter
(0.2 pm PES), amended with oxic 1% HNO; and analyzed
for aqueous U(VI) using a Kinetic phosphorescence ana-
lyzer (KPA) (Chemchek Instruments, Inc.). This measure-
ment targeted the disappearance of hexavalent uranium
from solution. The second sample set was treated with an
anoxic solution of 0.5 M bicarbonate (final concentration),
stored at 25°C overnight, filtered anoxically through a
0.2 um pore size filter and analyzed using the KPA as
above. This sample treatment procedure enabled preferen-
tial de-sorption of U(VI) from the mineral surface (due to
formation of uranyl carbonate complexes) and the analysis
of the bicarbonate extract revealed the amount of adsorbed
uranyl species. The amount of U(VI) reduced could be cal-
culated by subtracting the amount of U(VI) recovered from
the total amount of U associated with the solid phase.

2.5. Biological U(VI) reduction

Batch enzymatic U(VI) reduction was carried out by
S. putrefaciens CN32 and G. sulfurreducens under non-
growth conditions. These experiments were performed in
a simple chemical matrix according to the method described
by Sharp et al. (2009).

2.6. X-ray absorption spectroscopy (XAS)

Samples were prepared and shipped via express over-
night courier service to SSRL (Stanford Synchrotron Radi-
ation Light-source) for XAS analysis in septum bottles to
maintain a hermetic seal. Prior to shipping, septum-bottles
containing the samples were placed inside of a gas-tight
stainless steel anoxic jar (Schutt biotech GmbH, Gé6ttingen,
Germany) inside the anoxic chamber. XAS analysis in-
cluded X-ray absorption near edge structure (XANES)
and extended X-ray absorption near edge structure (EX-
AFS). All sample manipulation at SSRL was performed
under an anoxic atmosphere (2-5% hydrogen, balance
nitrogen). Centrifuged wet samples were loaded in Al sam-
ple holders with Kapton windows. Anoxic samples were
stored wet until analysis. U Li-edge transmission spectra
at liquid nitrogen temperature (77K) were collected at
SSRL beamlines 4-1, using a Si (220) double-crystal
monochromators. Beam line resolution was controlled by
vertical beam dimensions to insure that the energy resolu-
tion was smaller than the intrinsic U Lyj;-edge line width.
EXAFS spectra were background subtracted, splined and
analyzed using the Athena program (Ravel and Newville,
2005). Backscattering phase and amplitude functions re-
quired for fitting of spectra were obtained from FEFF8
(Rehr et al., 1992).

3. RESULTS
3.1. Fe(III) reduction

Iron reduction was observed in S. putrefaciens cultures
amended with hydrous ferric oxide (HFO) and Fe(III)
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Fig. 1. (O) HFO reduction by S. putrefaciens, (O) Fe(I11)-citrate
reduction by S. putrefaciens, (A) Fe(I1ll)-citrate reduction by G.
sulfurreducens.

citrate and G. sulfurreducens cultures amended with Fe(III)
citrate. However, the rates of Fe(III) reduction differed
(Fig. 1). While the reduction of Fe(Ill)-citrate by S. putre-
faciens reached a plateau in 24 h, HFO reduction by the
same bacterium occurred over the course of 9 days. G. sul-
Sfurreducens reduced Fe(Ill) citrate in about 50 h. Fe(III)
reduction by all cultures was assumed to be complete when
steady-state Fe(Il) concentration as measured by the ferro-
zine assay was reached. HFO reduction by S. putrefaciens
CN32 resulted in a black precipitate while reduction of
Fe(III)-citrate by both cultures in the presence of phosphate
produced a grayish white precipitate.

3.2. Characterization of biogenic Fe(Il) phases

3.2.1. BET

Surface area analysis indicated that the specific surface
area (SSA) of biogenic magnetite (53.63 =+ 2.68 m*/g) was
approximately eight times greater than that of biogenic
vivianite (7.66 + 0.38 m?/g) (both originating from S. putre-
faciens). The SSA of biogenic vivianite produced by G. sul-
furreducens was not determined due to difficulties in
producing a sufficient amount of the mineral for analysis.

3.2.2. XRD

Qualitative  background-subtracted XRD analysis
(Fig. 2) confirmed the resultant crystalline biogenic
Fe(II)-bearing phases (originating from S. putrefaciens) to
be magnetite and vivianite. Similarly the resultant Fe(II)
phase produced by G. sulfurreducens was confirmed to be
vivianite. XRD analyses did not show indications of sec-
ondary phases.

3.2.3. Chemical characterization

An aliquot of HFO was digested with concentrated ni-
tric acid prior to reduction and analyzed for total iron.
Comparing the amount of total iron to the steady-state
Fe(I) concentration following HFO reduction yielded an
Fe(Il):Feroa ratio of 0.3 +0.02 for magnetite, consistent
with the findings of Ilton et al. (2010).
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Fig. 2. XRD - Biogenic Magnetite and Vivianite. The difference in
background between two vivianite samples could be due to the
extreme reactivity of the Shewanella produced vivianite. All
samples were analyzed under identical conditions.

3.2.4. Electron microscopy

Electron microscopy revealed that biogenic magnetite
was agglomerated into micron and submicron-sized
clumps comprised of individual particles of about 10 nm
in diameter (Fig. 3). Selected area electron diffraction
(SAED) of biogenic magnetite was found to be consistent
with the structure of magnetite. Electron diffraction pat-
terns taken from agglomerates showed traces of goethite.
Electron microscopy of biogenic vivianite from S. putrefac-
iens CN32 (Fig. 3) revealed an average particle size in the
sub-micron to micron range. The Fe/P ratio was close to
1.5 in all EDS spectra suggesting a stoichiometric formula
of Fe;(POy),. Although rings in the electron diffraction
pattern were broad, the diffuse ring close to the center is
consistent with vivianite. The biogenic vivianite was shown
to possess two different morphologies suggestive of phos-
phoferrite co-existing with vivianite. Phosphoferrite
[Fe""3(P0O,4),-3(H,0)] is chemically similar to vivianite
[Fe""3(PO,),-8(H,0)] but with a different hydration state.
Both, biogenic vivianite and phosphoferrite exhibit similar
symmetry and diffraction patterns. This was consistent
with X-ray powder diffraction data (Fig. 2) that indicated
peaks corresponding to vivianite without secondary
phases. The biogenic vivianite was extremely reactive and

oxidized quickly upon brief exposure to air. In addition,
electron microscopy did not reveal the presence of bacteria
in the biogenic magnetite and biogenic vivianite samples,
suggesting efficient separation of bacteria from the bio-
genic minerals during the washing procedure.

3.2.5. Mdssbauer spectroscopy

Maossbauer analysis of biogenic magnetite at 245, 77 and
5K confirmed that the most abundant iron phase in the
sample was magnetite (about 48% of the total iron)
(Fig. 4). However, the peaks of the spectra were broadened
compared to highly crystalline synthetic magnetite. The
peak broadening indicates small particle sizes in the sub-
micron range. The Fe(Il):Fery, ratio of the magnetite
phase was determined as 0.28 (£1.5%) consistent with the
wet chemistry analysis as described in Section 3.2.3 above
(Table SC-2).

Besides magnetite, a poorly crystalline, unidentified iron
phase exhibiting a strongly broadened magnetic sextet with
a very low hyperfine field (H) of 34.8 T was detected at
245 K. For this phase, it was not possible to resolve the
two sub models for iron at tetrahedral and octahedral lat-
tice sites typical for magnetite. Similar results have been re-
ported by Goya et al. (2003) and Corr et al. (2004) for
synthetic, nanoparticulate (<10 nm) magnetite. However,
the small H is not unique to nano-magnetite and could also
correspond to other small particle sizes and/or phases with
low crystallinity, consistent with nano-goethite phases as re-
ported by Van der Zee et al. (2003) and Thompson et al.
(2006) and. Siderite was detected as the third mineral phase
in the sample (ca. 10%).

Measurements at 77 K also indicated an unidentified
nanoparticulate iron species that could not be resolved.
The hyperfine field corresponding to the iron phase in-
creases to 39.T, again consistent with nanoparticulate
phases. The magnetite phase could be confirmed at 77 K.
The iron(IT) phase in the 77 K spectrum could be inter-
preted as siderite, consistent with the analysis at 245 K.
The spectra at 77 K spectra also showed broader peaks
compared to those of highly crystalline samples, typical
for small particle sizes that have previously been referred
to as ‘collapsed sextet’ (Van der Zee et al., 2003; Thompson
et al., 2006).

At 5K, the H field of the nanoparticulate Fe(III) phase
increases to values in the range of magnetite (36-52 T) and
cannot be resolved due to overlapping features. All peaks
are broad, which is typical for small particles. Since siderite
splits into eight peaks at 5 K, the peak intensity became too
small to be modeled.

We conclude that the biogenic magnetite phase is a rel-
atively complex mixture dominated by magnetite (~50%)
but including significant contributions from other nano
crystalline iron phases (such as goethite as indicated by
electron microscopy) and some contribution (~10%) from
siderite.

Maossbauer analyses of biogenic vivianite (Fig. 4) at 245,
and 77 and 5K spectra were found to match well with
Fe(II)-phosphate references. Measurements carried out at
245 and 77 K indicated a single phase featuring two Fe(II)
lattice sites, suggesting homogeneity in the sample.
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Fig. 3. (A-D) S. putrefaciens-derived biogenic magnetite: secondary electron SEM, dark-field STEM, HRTEM and SAED, respectively;
(E-H) S. putrefaciens-derived biogenic vivianite: secondary electron SEM, dark-field STEM, darkfield STEM and SAED, respectively; (I-L)
G. sulfurreducens-derived biogenic vivianite: secondary electron SEM, darkfield STEM, dark-field STEM and SAED, respectively.
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Fig. 4. Mossbauer spectra at various temperatures showing biogenic magnetite and vivianite, both derived from S. putrefaciens. (Data
represented by open circles and model represented by grey solid lines).

Maossbauer analysis of the biogenic vivianite sample sug- The spectra do not show the typical asymmetry of vivianite
gested the material to be at least partially dehydrated. spectra (Forsyth et al., 1970; Mattievich and Danon, 1977;
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McCammon and Burns, 1980). The isomer shift (CS) and
quadrupole splitting values provided satisfactory fits for
phosphoferrite, [Fe;(PO4),-3H,0] (Mattievich and Danon,
1977). The large quadrupole splitting of >3 mm/s of one
of the doublets, however, is inferred to be a strong indica-
tion of vivianite (Table SC-3).

The peaks in the 5 K spectrum matched vivianite refer-
ences well in general, although peak intensities were
variable and the entire spectrum included a strong back-
ground (Fig. 4). This is suggestive of the presence of a single
nanoparticulate phase. Due to the incomplete splitting,
the spectrum obtained at 5 K could not be modeled
quantitatively.

3.3. Uranium reduction

U(VI) amended to suspensions of biogenic magnetite or
vivianite disappeared from solution rapidly (1-4 h), suggest-
ing a rapid sorption process but not necessarily reduction
(Fig. SC-1). To probe the extent of mineral-associated U
reduction, samples from the suspension were treated with
bicarbonate which recovered U(VI) but not U(IV) from
the surface. This was confirmed by kinetic phosphorescence
analysis (KPA) that is specific for hexavalent uranium. The
rate of uranium reduction increased with increasing Fe:U
ratio in the magnetite system (Table 1, Fig. SC-2). In addi-
tion, reduction was observed in both pasteurized and unpas-
teurized suspensions (Figs. 5 and 6), suggesting an abiotic
process. Graphs evidencing U(VI) reduction were plotted
as micromoles of sorbed U(VI) per m? of surface area (Figs.

Table 1
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Fig. 5. Surface area normalized reduction of U(VI) by (@)
BioMagl00 + 1 mM bicarbonate, (%) BioMagl00 without bicar-
bonate, (H) BioMag50 + 1 mM bicarbonate, (®) BioMag50 with-
out bicarbonate (A) Pasteurized BioMag50 + 1 mM bicarbonate,
(W) Pasteurized BioMag50 without bicarbonate, (») BioMag20
without bicarbonate () BioMaglO+ 1 mM bicarbonate, (<)
Pasteurized BioMagl0 + 1 mM bicarbonate.

5 and 6). Adsorbed U(VI) decreased over time as the reduc-
tion of sorbed U(VI) to surface-associated U(IV) proceeded.
The rate of reduction followed a first-order reaction model
(Figs. SC-2 and SC-3), which was used to determine rate
constants and half-lives of the reaction (Table 1). For mag-
netite at low Fe:U ratios (10:1 and 20:1), reduction rates

Summary of experimental conditions, sample descriptions and rates of abiotic uranium reduction by biogenic magnetite and vivianite.
BioMag100, BioMag50, BioMag20, BioMagl0 and BioMag?2 refer to biogenic magnetite incubated with U(VI) at a Fe:U ratio of 100:1, 50:1,
20:1, 10:1 and 2:1, respectively. BioViv50 refers to biogenic vivianite incubated with U(VI) at a Fe:U ratio of 50:1. Sample marked with an
asterisk indicate the presence of ImM bicarbonate. + Extracted with 100 mM bicarbonate. ND - Not determined. pH was verified before and
after the experiment (12 h) and was found to drift insignificantly (£0.02).

Sample Solids Molar ratio Bicarbonate Effective surface Kops Half life P
(mg) (Fe:U) conc (M) area (m?) (h7™h (h)

Biogenic magnetite

Unpasteurizgd

BioMag100 926 100:1 0.001 49.29 2.52 0.27 0.99

BioMaglOQ 926 100:1 49.29 3.28 0.21 0.99

BioMag50 463 50:1 0.001 24.64 0.98 0.70 0.99

BioMag50 463 50:1 24.64 0.87 0.79 1.00

BioMag20 185.23 20:1 9.85 0.69 0.99 0.98

BioMang 92.61 10:1 4.92 0.33 2.05 0.91

BioMag2 18.52 2:1 0.001 0.98 0.14 4.95 0.96

Pasteurized

BioMagSO* 463 50:1 24.64 0.58 1.17 0.99

BioMagSO* 463 50:1 0.001 24.64 0.77 0.89 0.99

BioMagl0 . 92.61 10:1 0.001 4.92 0.81 0.85 0.96

BioMag50+P 436 50:1 0.001 24.64 0.38f 1.81 0.98

Biogenic vivianite

BioViv50 (Shewanella Pasteurized) 250 50:1 0.001 1.90 0.19f 3.64 0.98

BioViv50 (Shewanella) 250 50:1 0.001 1.90 0.11f 6.30 0.95

BioViv50 (Geobacter) 250 50:1 0.001 ND ND ND ND

Chemogenic Fe(II)

Phosphate

ChemoViv50 250 50:1 0.001 ND 2.02 0.34 0.99
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Fig. 6. Surface area normalized reduction of U(VI) by (@)
Pasteurized BioViv50 (S. putrefaciens), (®) BioViv50 (S. putrefac-

iens) and (A) BioMag50 + phosphate. All reductions performed in
the presence of ImM bicarbonate.

were considerably lower than for higher Fe:U ratios (Table
1), and reduction was initiated after a 3-day lag (Figure
ure5). In experiments containing a 2:1 molar ratio of
Fe:U, reduction did not take place (data not shown), sug-
gesting insufficient reducing capacity to mediate the
reduction.

Similarly, uranium adsorption onto vivianite (originat-
ing from S. putrefaciens or G. sulfurreducens) was very rapid
(Fig. SC-1). The complete reduction of sorbed U(VI) oc-
curred over a course of § days as evidenced by the decrease
in sorbed U(VI) via conversion to U(IV) over time (Fig. 6
and SC-3). Uranium sorption and subsequent reduction
was observed in both pasteurized and unpasteurized vivia-
nite suspensions, suggesting a dominant abiotic redox pro-
cess. Unlike biogenic magnetite, treatment of biogenic
vivianite with 0.5 M bicarbonate led to extraction of total
uranium (data not shown). Hence all biogenic vivianite
samples were treated with 0.1 M bicarbonate which selec-
tively removed U(VI) (confirmed by kinetic phosphores-
cence analysis).

Table 2

Finally, magnetite to which phosphate was pre-sorbed at
a surface coverage of ~9 ymol/m?, also reduced U(VI)
(Fig. 6) but the rate of reduction was intermediate between
that of untreated magnetite and that of vivianite (Table 1).
Similar to biogenic vivianite, extractions were carried out
using 0.1 M bicarbonate because treatment with 0.5 M
bicarbonate lead to extraction of total uranium (data not
shown).

Consistent with our prior work (Sharp et al., 2009) iron-
free batch cell suspensions of S. putrefaciens and G. sulfur-
reducens completely reduced U(VI) to UO, in a matter of
hours (Figs. SC-4).

3.4. X-ray absorption spectroscopy (XAS)

XANES analyses and linear combination fitting using
U(VI) and U(IV) standards indicated the oxidation state
of uranium to be tetravalent in magnetite samples with a
Feora:U ratio > 10:1 (Fig. SC-5). The pasteurized sample
Magl0-Pas + Bicarb (Fey,:U ratio 10:1) displayed a lag
prior to uranium reduction, but eventually underwent near
complete uranium reduction. This is consistent with lower
Fe:U ratios having lower reduction capacities and leading
to incomplete (10:1) or minimal (2:1) U(VI) reduction. Ura-
nium L-edge EXAFS was used to characterize the short-
range (<4 A) and intermediate-range (4—10 A) structure of
the reduced uranium precipitates (Fig. 7). All spectra show
general salient features expected for uraninite, most notably
an U-O shell at ~2.34 A (Table 2) and a U-U shell at
~3.83A (corresponding to the Fourier Transform (FT)
peaks at 1.8 and 3.8 A, R+ SR). In addition to these fea-
tures, FT peaks are present in the sample data for
R>4A (terminating at about A), indicating the presence
of significant intermediate-range structural order (Schofield
et al., 2008). A reduction in the expected coordination num-
ber (CN) for the U-U shell at 3.8 A was observed
(CN = 5.7-6.4 atoms) as compared to the bulk value of
12. A typical structurally ordered stoichiometric uraninite
crystal structure has a U-U coordination number (CN) of
12 at approximately 3.8 A. For small uraninite particles,

Shell-by-shell EXAFS fits of all biogenic magnetite samples containing UO, and biogenic UO, produced by S. putrefaciens and G.
sulfurreducens. Values within parenthesis indicate uncertainty. Values in parentheses are fit derived 1 sigma uncertainties in the last reported
digit. All the samples above also included two additional U-U shells at distances fit to 6.66(3) and 7.84(6) A; coordination numbers fixed at 24
and 12 and the Debye-Waller factor fixed at 0.008 and 0.004, respectively. These fixed values were derived from a model developed by
Schofield et al. (2008) and allow the estimation of the ordered particle core diameter at about 1.5 nm.

U-O U-u U-u

Samples N R (A) o? A? N R (A) a2 A? N R (A) a2 A?
Unpasteurized

Mag100 + bicarb 8 (1) 2342 (9) 0.010 (2) 5(1) 3.832 (7) 0.004 (1) 6 572 (3) 0.006
Mag100 7(1) 234 (1) 0.009 (2) 6 (1) 3.835 (7) 0.004 (1) 6 5.75 (3) 0.006
Mag50 + bicarb 6.4 (9) 2.335 (8) 0.007 (1) 6 (1) 3.830 (7) 0.005 (1) 6 5.38 (3) 0.006
Mag20 + bicarb 8 (1) 2.343 (8) 0.010 (2) 5.1(9) 3.831 (6) 0.0033 (8) 6 5.73 (3) 0.006
BioUO, 8 (1) 2339 (8) 0.011 (1) 4(1) 3.833 (7) 0.005 (1) 6 5.46 (2) 0.006
Pasteurized

Mag10-Pas+bicarb (1) 2.337 (9) 0.009 (1) 6 (1) 3.829 (6) 0.0041 (9) 6 572 (3) 0.006
Mag50-Pas + bicarb 7(1) 2.338 (8) 0.009 (2) 5(1) 3.831 (6) 0.0033 (9) 6 5.72 (3) 0.006
Mag50-Pas 7 (1) 2339 (8) 0.009 (1) 52(9) 3.831 (6) 0.0034 (9) 6 572 (3) 0.006
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the number of U atoms bound at the surface of the particle
becomes comparable to the number of U atoms within the
interior of the particle, resulting in a decrease in the average
U-U CN (4.1-6.1), which is consistent with EXAFS in the
present study. This under-coordination is consistent with
the nanoparticulate size and consequential high proportion
of surface-exposed atoms (O’Loughlin et al., 2003; Schofield
et al., 2008; Veeramani et al.; 2009; Sharp et al., 2009).

The same EXAFS results were observed for both unpas-
teurized and pasteurized magnetite samples, confirming
that an abiotic process leads to uraninite formation. EX-
AFS analysis of the magnetite-containing samples in
Fig. 7 —with the exception of the low Fey,:U (2:1) sample—
indicate the reduced uranium to be dominantly uraninite
with intermediate range structure at >4 A. Similarly, sys-
tematic variation of the Fe:U ratio did not affect the prod-
uct as characterized by EXAFS (Fig. 7). Electron
microscopy of the magnetite after uranium reduction also
revealed the formation of uraninite as confirmed by selected
area electron diffraction (SAED) (Fig. SC-6).

In contrast to the magnetite experiments, the product of
U(VI) reduction by vivianite was a non-uraninite, mono-
meric uranium species. While XANES analysis confirmed
complete reduction of uranium (Fig. SC-7), EXAFS did
not display the U-U Fourier transform peak at 3.86 A typ-
ical of uraninite (Fig. 8). Had a U-U pair correlation been
present in this sample, this peak would have appeared in the
FT despite the shorter data range as compared to the mag-
netite samples. The absence of a U-U peak indicates the
formation of a monomeric form of U(IV), which is likely
to be a molecular species complexed by surface ligands.
The formation of a precipitate is highly unlikely based on
(1) the EXAFS spectra not showing the U-U Fourier trans-
form peak at 3.86 A typical of uraninite and the EXAFS

2521

detection limit being around 10% UO, (2) complete desorp-
tion of U(IV) by a high concentration solution of bicarbon-
ate (data not shown) and (3) no evidence of a precipitate by
electron microscopy. We can thus conclude that the mono-
meric U(IV) mostly likely occurs as surface complexed spe-
cies on vivianite surfaces.

Phosphate is a structural component of vivianite and
shell-by-shell fits indicate the coordination of tetravalent
uranium with two phosphorus shells at about ~3.1 A and
another P shell appears to be present at ~3.8 A (Table 3).
Attempts at fitting the data using Fe atoms (at 2.98 and
3.16 /OX) did not converge (or converged on negative coordi-
nation numbers). Thus, U(IV) appears to be coordinated to
phosphate rather than to Fe(Il). A U(IV)-carbonate coordi-
nation was ruled out due to the absence of the characteristic
multiple scattering feature of the distal oxygen atom
(Hennig et al., 2010). Attempts at carrying out high-resolu-
tion electron microscopy and SAED on biogenic vivianite
containing reduced uranium were unsuccessful since the
uranium species was destroyed quickly when exposed to
the electron beam (Fig. SC-6).

To investigate the role of phosphate in the formation of
monomeric U(IV) species, uranium reduction was per-
formed with biogenic magnetite that was pre-sorbed with
phosphate. The rate of U(VI) reduction was slower for
phosphate-treated magnetite when compared to untreated
magnetite, presumably due to surface-associated phosphate
blocking transfer of electrons from Fe(II) to U(VI). The
phosphate-treated magnetite also produced monomeric
U(IV) as evidenced by XAS analysis (Fig. 8). The product
was almost identical to that obtained in the biogenic vivia-
nite experiments: it lacked the typical spectral signature of
uraninite and was best fit with one or two U-P shells at
~3.1 A and ~3.8 A, respectively (Table 3).
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Fig. 7. (A) U Ly;; Edge EXAFS spectra for UO, produced by pasteurized and unpasteurized magnetite samples, S. putrefaciens (S-BioUO,)
and G. sulfurreducens (G-BioUQ,) in absence of Fe B) Corresponding Fourier transforms. Data are indicated by solid lines and fits (shown ip
Table 2) by dashed lines. Samples marked with an asterisk indicate the presence of ImM bicarbonate. The small FT peak at R~1.5 A

(R + dR) is known to result from the presence of a multi-electron excitation at k =

10. 2 A~ in all spectra.
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Fig. 8. (A) U Ly Edge EXAFS spectra for molecular U(IV) produced by pasteurized and unpasteurized bio-vivianite samples (derived from
S. putrefaciens and G. sulfurreducens), phosphate treated bio-magnetite, UO, produced by S. putrefaciens and G. sulfurreducens in absence of
iron B) corresponding Fourier transforms. Data are indicated by solid lines and fits (shown in Table 3) by dashed lines. Fits for the bottom

two spectra are available in Sharp et al. (2009).

Table 3

Shell-by-shell EXAFS fits of all biogenic vivianite samples and phosphate treated biogenic magnetite sample containing molecular U(IV).
Values in parentheses are fit derived 1 sigma uncertainties in the last reported digit unless. Note the high coordination numbers for the U-O
shell. An explanation of this occurrence is included in Supplementary Figs. SC-9.

Molecular U(IV) produced by biogenic vivianite and phosphate treated biogenic magnetite

U-0 U-P1 U-P2

Samples N R (A) ?x 1073 R (A) @ x 1073 N R(A) @ x 1073

(A%) (A?) (A%
BioViv50 (S. putrefaciens) 11 (1) 2.351(6) 0.015 24(2) 3.170(8) 0.01 22(7)  3.775(9) 0.01
Pasteurized BioViv50 (S. 13(2)  2.396(9) 0.018(1) 2.6 (4) 3.139(6) 0.01 2.1(4) 3.896(1) 0.01
putrefaciens)
BioViv50 (G. sulfurreducens) 7(1) 2.370(2) 0.010(2) 2.0(5 3.052(8) 0.01
BioMag50 + phosphate 8(2) 23302) 0.0142) 20(5) 3.117)  0.01

Transmission electron microscopy (dark-field STEM) of
a biogenic magnetite sample with sorbed phosphate de-
tected the presence of vivianite by SAED (Fig. SC-8). How-
ever, there was no evidence of a vivianite coating on the
magnetite particles (Fig. SC-8). It appears as though sepa-
rate vivianite particles were formed upon addition of phos-
phate to magnetite. A detailed analysis of the elemental
distribution in this sample (Fig. 9) revealed a relatively uni-
form distribution of P, suggesting the sorption of phos-
phate on the surface of magnetite in addition to the
formation of distinct vivianite particles. The elemental dis-
tribution of U only partially overlaps with that of P point-
ing to the formation of species that include U and P as well
as that of phosphate-free uranium clusters. The imperfect
overlap of U and P may be attributed to the relatively

low P and U concentrations and to the coarseness of the
pixel size used for the images. Attempts to perform selected
area electron diffraction (SAED) on the uranium phase
were unsuccessful due to beam damage.

4. DISCUSSION

Magnetite and vivianite formation by S. putrefaciens
CN32 has been reported by several researchers (Bell et al.,
1987; Kostka and Luther, 1995; Roden and Zachara, 1996;
Fredrickson et al., 1998; Dong et al., 2000; O’Loughlin
et al., 2007).

Mossbauer analysis of biogenic magnetite at 245 K —
particularly the small hyperfine field - suggests the presence
of fine-grained or nanoparticulate magnetite (Goya et al.,
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Fig. 9. EDS mapping of sample of phosphate-reacted magnetite
incubated with U(VI).

2003; Corr et al., 2004) and/or phases with low crystallinity.
Similar results have been reported by Van der Zee et al.
(2003) and Thompson et al. (2006) and for soil and sedi-
ment samples, and have been attributed to nano-goethite
phases. This could also include some transition state be-
tween HFO and magnetite. However, ‘pure’ 2-line ferrihy-
drite can be excluded as it does not display any hyperfine
field at 245 K. While the possibility of the broadened signal
containing more than one overlapping spectrum cannot be
excluded, the data are consistent with the presence of
nanoparticulate goethite and magnetite. Electron micros-
copy confirmed traces of goethite coexisting with magnetite.
A possible explanation for the presence of goethite is the
slow crystallization of HFO to goethite during the 12-day
course of the experiment (Cornell et al., 1989). We thus sug-
gest that goethite was present in small quantities and was
perhaps less bioavailable for reduction to magnetite.

Maossbauer analysis also pointed to the presence of sid-
erite as a minor species (ca. 10%). The presence of bicar-
bonate (30 mM) during microbial HFO reduction could
have led to formation of siderite. Alternatively, traces of
goethite may have been reduced to siderite as previously re-
ported by Liu et al. (2001). However, neither electron
microscopy nor X-ray power diffraction indicated the pres-
ence of siderite.

The complexity of the biogenic minerals produced by
S. putrefaciens is reminiscent of the findings of Perez-
Gonzalez et al. (2010) for biogenic magnetite produced by
S. oneidensis. They attribute this complexity to the incorpo-
ration of organics within the magnetite structure, which
makes spectroscopic analysis challenging. While organics
could remain associated with the biogenic magnetite, it is
reasonable to postulate that they play little or no role in
U(VI) reduction since other biogenic mineral phases that
we produced did not catalyze any reduction (data not
shown). The association of siderite and goethite with bio-
genic magnetite results in a relatively complex counterpart
to chemically synthesized magnetite.

Mossbauer analysis of biogenic vivianite samples at 245
and 77 K indicated the presence of vivianite and traces of
phosphoferrite. This is consistent with the electron micros-
copy results that also indicate co-existence of the two

phases. The incomplete splitting of the doublet at 5 K sug-
gests nano-particulate vivianite, but electron microscopy
indicated vivianite particles in the sub-micron to micron
range. The presence of trace phosphoferrite could be due
to the transformation of vivianite to phosphoferrite upon
drying (Mattievich and Danon, 1977).

Uranium reduction by magnetite has been extensively
studied. However, the rate of uranium reduction and the
end speciation of uranium are often variable. In this work,
we report complete U(VI) reduction over 4-9 days, depend-
ing on the Fe:U ratio. Uranium reduction is first-order with
respect to the uranium (Fig. SC-2) and the rates of reduc-
tion by biogenic magnetite vary from that reported previ-
ously for chemogenic or synthetic magnetite. This
observed difference in U(VI) reduction rates between bio-
genic and synthetic magnetites is likely due to higher spe-
cific surface area and corresponding increased reactivity
of biogenic magnetite (ca. 54 m>/g) than those reported
for synthetic magnetite in the literature. For instance, Mis-
sana et al. (2003), Regenspurg et al. (2009) and Ilton et al.
(2010) reported SSA for synthetic magnetite of 19.7, 8.5
and 13.5 m?/g, respectively and corresponding reduction
time of 27, 90 and 35 days for complete to near-complete
reduction, respectively. Similarly, Aamrani et al. (2007),
Rovira et al. (2007) and Duro et al. (2008) and reported a
SSA for commercial magnetite of about 1.6 m?/g and corre-
sponding reduction time of 25, 85 and 60 days for complete
to near-complete reduction, respectively. The stoichiometry
of magnetite is also likely to play in role in modulating the
rates of U(VI) reduction. This has been demonstrated for
aromatic NO, reduction, for instance (Gorski et al., 2010).

The composition of the aqueous matrix used in our ura-
nium reduction experiments differs considerably from those
reported in other studies. For example, Regenspurg et al.
(2009) reported enhanced uranium reduction in the pres-
ence of 1 mM bicarbonate. In our work, the presence or ab-
sence of bicarbonate (1 mM) does not greatly affect the
rates of uranium reduction. Finally, rates of uranium reduc-
tion (and a short lag time) increase linearly with increasing
magnetite concentrations or Fe:U ratios (10:1-50:1), which
is indicative of a first-order reaction with respect to iron
(Table 1).

The reduction of U(VI)-U(IV) occurred in all biogenic
magnetite systems, with increasing lag times and amounts
of U(VI) remaining in systems containing smaller amounts
of biogenic magnetite (low Fe:U ratio). The slower rates
and lag time are likely due to differences in the sorption
density of U(VI) on the Fe(Il) minerals. A higher U(VI)
sorption density may lower the reducing capacity. Similar
results have been reported by Boyanov et al. (2009).

Reduction of uranium by biogenic vivianite was also
first-order with respect to uranium (Fig. SC-3). Reduction
was shown to occur in pasteurized and unpasteurized sus-
pensions indicating that pasteurization does not affect the
properties of the biogenic mineral and that reduction is
an abiotic process. To our knowledge, this is the first report
demonstrating uranium reduction by biogenic vivianite. At-
tempts to perform uranium reduction with chemogenic
vivianite revealed instantaneous adsorption of uranium
but no reduction (data not shown). Electron microscopy
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revealed chemogenic vivianite to be larger than biogenic
vivianite (data not shown). No impurities in the chemogenic
vivianite were detected using electron microscopy. This is
suggestive of differences in specific surface area between
biogenic and chemogenic vivianite which in turn could af-
fect their ability to reduce uranium.

XAS revealed that, in the absence of added phosphate,
uranium reduced by biogenic magnetite forms crystalline
UO,. Coupled with XANES analyses that suggest domi-
nance of U(IV), an absence of distortion in the U-O shell
is also suggestive of stoichiometric UO, oy, unlike non-
stoichiometric UO,x which exhibits a split U-O shell
(Conradson et al., 2004; Bargar et al., 2008; Schofield
et al., 2008). We thus conclude that uranium reduction in
the biogenic magnetite system leads to the formation of
structurally ordered crystalline uraninite with a composi-
tion close to UO, .

Similarly, biogenic UO, was produced via the enzymatic
reduction of U(VI) by S. putrefaciens and G. sulfurreducens
in the absence of Fe(I1I) and shows the same salient features
as that of nanoparticulate UO, produced by biogenic mag-
netite in this study and reported elsewhere (Schofield et al.,
2008; Bargar et al., 2008; Sharp et al., 2009; Veeramani
et al., 2009).

In contrast to biogenic magnetite, U(VI) reduction by
biogenic vivianite (from S. putrefaciens) leads to the forma-
tion of a sorbed monomeric U(IV) species as indicated by
EXAFS analysis.

The experiments involving biogenic vivianite were car-
ried out also in the presence of ImM bicarbonate. Hennig
et al. (2010) recently illustrated the importance of U(IV)
carbonate complexes that exhibit a carbonate coordination
resulting in a characteristic multiple scattering feature of
the distal oxygen atom. The absence of this feature in the
present study seems to indicate a minor importance of car-
bonate coordination.

Vivianite has been shown to reductively immobilize
other heavy metals such as cobalt and strontium in the envi-
ronment (Zachara et al., 2001; Roden et al., 2002). The
present work clearly indicates its role in uranium reduction.
To confirm this finding, uranium was reduced by biogenic
vivianite that was produced by a phylogenetically different
bacterium, G. sulfurreducens. XAS analysis of that sample
gave results that were remarkably similar to that of the bio-
genic vivianite produced by S. putrefaciens CN32, demon-
strating the ability of biogenic vivianite originating from
varied microbial phylogeny to reduce U(VI) and favor the
formation of monomeric U(IV) species. Interestingly, in
the absence of iron phases, enzymatic uranium reduction
by cultures of S. putrefaciens and G. sulfurreducens lead
to the formation of crystalline uraninite (Sharp et al.,
2009). This strongly suggests an impediment to uraninite
formation where abiotic uranium reduction is driven by a
phosphate-bearing Fe(II) phase.

The role of phosphate in the speciation of hexavalent
uranium is well studied (Markich, 2002). However its role
in the speciation of reduced uranium in environmentally
relevant systems is less well known. In this work, we indi-
cate that the presence of orthophosphate clearly affects
the speciation of reduced uranium. While magnetite was

shown to produce uraninite, magnetite from the same
batch, when pre-treated with phosphate, was shown to re-
duce uranium to monomeric U(IV). The EXAFS results
were strikingly similar to that for the biogenic vivianites
tested, suggesting a common mechanism of inhibition of
uraninite formation by structural and sorbed phosphate.
XAS fit results point toward coordination of U(IV) with
phosphorus, which is consistent with the role of phosphate
in binding U(IV) and preventing uraninite nucleation.

The apparent sorption of phosphate at circumneutral
pH on biogenic magnetite was considerably higher than
that reported by Daou et al. (2007), which is consistent with
the formation of a separate phase, vivianite. Detailed elec-
tron microscopy analysis of the phosphate-reacted magne-
tite sample incubated with U(VI) led to the conclusion
that U-P species was formed. However, it is notable that
in the presence of phosphate (see P, U and Fe maps in
Fig. 9), UO, does not dominate the sample (see Fig. 8) con-
trary to the product found in the phosphate-free magnetite
samples. This finding highlights the potential role of
phosphate in modulating the formation of uraninite in the
subsurface independently from the presence of uraninite-
producing Fe(II)-bearing phases such as magnetite.

The formation of monomeric U(IV) as a product of bio-
genic-Fe(II) mediated abiotic U(VI) reduction contributes
to a growing body of evidence for the formation of non-
uraninite forms of reduced uranium during in situ immobi-
lization. Kelly et al. (2008) reported reduction of uranium
in microcosm experiments in which uranium was reduced
to U(IV) that remained adsorbed to Fe/Mn minerals. Re-
cent findings by Boyanov et al. (2009) suggest yet another
form of monomeric U(IV), which the authors dub mono-
meric U(IV)-Og hexahedra that was found to be associated
with Fe(III)/Fe(Il) minerals. Another recent study by Kelly
et al. (2010) investigating uranium reduction in microcosm
experiments reported the end product of uranium reduction
to be a mixture of uraninite and monomeric U(IV) associ-
ated with Fe surfaces. Finally, batch uranium reduction
experiments with Gram positive, spore-forming bacteria
Desulfotomaculum reducens MI-1 and Clostridium acetobu-
tylicum as well as the Gram negative bacterium S. oneiden-
sis MR-1 carrying the reduction in a similar medium as the
Gram positive bacteria resulted in the formation of mono-
meric U(IV) (Bernier-Latmani et al., 2010). Likewise,
Fletcher et al. (2010) reported formation of mononuclear
U(IV) by Desulfitobacterium spp.

5. CONCLUSIONS AND ENVIRONMENTAL
IMPLICATIONS

Under reducing conditions in the environment, uranium
reduction will often occur in the presence of biologically re-
duced iron-bearing minerals. Although bacteria can enzy-
matically reduce uranium, abiotic processes leading to
uranium reduction in the environment are also likely
to be important. While studies have considered uraninite
to be the primary product of uranium reduction (Langmuir
1978), evidence from this and other (Fletcher et al., 2010;
Bernier-Latmani et al., 2010) work strongly suggests the
formation of non-uraninite species of reduced uranium
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including monomeric U(IV) species. Importantly, the pres-
ence of structural or sorbed phosphate inhibits uraninite
formation. While the precise mechanism of this inhibition
is unknown, it appears that monomeric U(IV) is associated
with the phosphate groups that are either adsorbed and/or
structurally bound to Fe(II)-bearing minerals.

While the reactivity of biogenic uraninite has been stud-
ied and documented (Ulrich et al., 2008; Ulrich et al., 2009),
the reactivity and stability of monomeric U(IV) in the envi-
ronment is unknown. The results presented in this paper
suggest that there is a wealth of U(IV) chemistry not fully
understood in these systems, and that there may be complex
mixtures of U(IV) products in the field. For accurate pre-
dictions of the stability of reduced U in the subsurface, it
will be critical to consider the stability of these species in fu-
ture hydrogeochemical models. A thorough understanding
of the structure, composition, occurrence, and stability of
these species is crucial to assess the feasibility of in situ
reductive bioremediation.
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