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Abstract

The chemical reduction of U(VI) by Fe(II) is a potentially important pathway for immobilization of uranium in subsurface
environments. Although the presence of surfaces has been shown to catalyze the reaction between Fe(II) and U(VI) aqueous
species, the mechanism(s) responsible for the enhanced reactivity remain ambiguous. To gain further insight into the U-Fe
redox process at a complexing, non-conducting surface that is relevant to common organic phases in the environment, we
studied suspensions containing combinations of 0.1 mM U(VI), 1.0 mM Fe(II), and 4.2 g/L carboxyl-functionalized polysty-
rene microspheres. Acid-base titrations were used to monitor protolytic reactions, and Fe K-edge and U L-edge X-ray absorp-
tion fine structure spectroscopy was used to determine the valence and atomic environment of the adsorbed Fe and U species.
In the Fe + surface carboxyl system, a transition from monomeric to oligomeric Fe(II) surface species was observed between
pH 7.5 and pH 8.4. In the U + surface carboxyl system, the U(VI) cation was adsorbed as a mononuclear uranyl-carboxyl
complex at both pH 7.5 and 8.4. In the ternary U + Fe + surface carboxyl system, U(VI) was not reduced by the solvated or
adsorbed Fe(II) at pH 7.5 over a 4-month period, whereas complete and rapid reduction to U(IV) nanoparticles occurred at
pH 8.4. The U(IV) product reoxidized rapidly upon exposure to air, but it was stable over a 4-month period under anoxic
conditions. Fe atoms were found in the local environment of the reduced U(IV) atoms at a distance of 3.56 A. The
U(IV)-Fe coordination is consistent with an inner-sphere electron transfer mechanism between the redox centers and involve-
ment of Fe(Il) atoms in both steps of the reduction from U(VI) to U(IV). The inability of Fe(II) to reduce U(VI) in solution
and at pH 7.5 in the U + Fe + carboxyl system is explained by the formation of a transient, “dead-end” U(V)-Fe(IIl) com-
plex that blocks the U(V) disproportionation pathway after the first electron transfer. The increased reactivity at pH 8.4 rel-
ative to pH 7.5 is explained by the reaction of U(VI) with an Fe(II) oligomer, whereby the bonds between Fe atoms facilitate
the transfer of a second electron to the hypothetical U(V)-Fe(IlI) intermediate. We discuss how this mechanism may explain
the commonly observed higher efficiency of uranyl reduction by adsorbed or structural Fe(II) relative to aqueous Fe(II).
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION activities (Riley et al., 1992; Batson et al., 1996), as well

as from weathering of uranium minerals near mine tailings

Uranium has become an environmental concern as a (Landa and Gray, 1995). To predict contaminant fate and
contaminant from power generation and defense-related develop remediation strategies, the factors controlling ura-
nium speciation and reactivity must be identified and their
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controlled by adsorption and/or precipitation reactions,
which can be manipulated to contain a propagating con-
taminant plume. For aqueous uranium, in particular, a
promising immobilization strategy is reduction and mineral
formation (e.g., Langmuir, 1978). Oxidized uranium, U,
is relatively soluble and mobile, but when uranium is re-
duced to U, it forms sparingly soluble minerals, and mass
transport is, in general, retarded. Dissimilatory metal-re-
ducing bacteria (DMRB) can affect the redox conditions
present in the subsurface, either by enzymatically reducing
UY' to U"Y (Gorby and Lovley, 1992; Lovley and Phillips,
1992a.b; Fredrickson et al., 2000), or by producing signifi-
cant amounts of Fe! during dissimilatory Fe™ reduction
(DIR) (Bell et al., 1987; Lovley et al., 1987; Kostka and
Nealson, 1995; Fredrickson et al., 1998). The Fel! phases
resulting from DIR provide reducing capacity in natural
systems (Stumm and Sulzberger, 1992), and some of the
phases, such as adsorbed Fe'" and mixed-valence Fe''/Fe'™
minerals, are known reductants of U! (see below). The rel-
ative importance of the microbial (enzymatic) reduction vs.
the abiotic (chemical) reduction of UY" in natural environ-
ments is still in question, partly due to insufficient informa-
tion on the mechanisms of both processes. It is therefore
important to understand the controls on UY' reduction by
Fe'l.

Reduction of UY! by Fe' is thermodynamically favor-
able under a range of environmental conditions and has
been the subject of recent investigations. The homogeneous
reaction between hydrated UY! and Fe'! species is kinetical-
ly inhibited and fails to occur over at least 3 days at neutral
pH under anoxic conditions; however, the addition of par-
ticulate minerals under identical experimental conditions
causes complete uranium removal within hours, presum-
ably through heterogeneous reduction by adsorbed
Fe'"OH™ species (Liger et al., 1999; Fredrickson et al.,
2000; Jeon et al., 2005). Structural Fe!! (i.e., Fe'' in crystal-
line compounds) is also capable of reducing UY'. Mixed-va-
lence Fe™ oxides and hydroxides (magnetite and green
rusts), Fe'' sulfide (pyrite), and Fe'-bearing phylosilicates
(micas) have been shown to reduce aqueous UY' (Wersin
et al., 1994; O’Loughlin et al., 2003; Ilton et al., 2004; Scott
et al., 2005). The catalytic effect of surfaces is most often
attributed to decreased redox potential due to complexation
of the reduced species to an electron donor ligand (i.e., a li-
gand effect). This interpretation is based on a body of work
studying the reduction of Cr¥! and organic contaminants
by adsorbed/complexed Fe' (e.g., Stumm, 1992; Schwar-
zenbach et al., 1997; Buerge and Hug, 1999; Strathmann
and Stone, 2002; Sposito, 2004). However, recent findings
indicate that electrons from adsorbed Fe'' can migrate in-
side the adsorbing ferric oxide lattice (Williams and
Scherer, 2004) and that non-local redox interactions can
be mediated by semiconductor surfaces, such as those of
galena and pyrite (Becker et al., 2001). These results suggest
that what is thought to be adsorbed Fe' may actually be
structural Fe'', and that electron transfer may be occurring
between spatially separated redox centers through a lattice
conduction/hopping mechanism. Because the reduction of
UV to U'Y requires two electrons, whereas the oxidation
of Fe'" to Fe' provides only one, the higher U reduction

rate in the presence of a surface may also be due to the en-
hanced ability of two separate Fe'! atoms to transfer elec-
trons to an adsorbed UY! atom at the same binding site.
In summary, although it is well established that Fe'' atoms
are more efficient reducers of U¥! in the presence of miner-
als than as aqueous species, the mechanism of enhanced
reactivity and the reactive species in the presence of a sur-
face remain ambiguous. Ligand effects, atomic proximity
of reducing centers, and electron lattice conduction all re-
main possible reduction-enhancing mechanisms at a
surface.

In this work, we investigated the UY'-Fe" redox reactiv-
ity as a function of Fe'! speciation in the presence of a car-
boxyl-functionalized surface. Although the carboxyl
functionality was chosen for its relevance to cation sorp-
tion/complexation in biotic environments (Beveridge and
Murray, 1980; Fein et al., 1997; Boyanov et al., 2003),
our primary focus was to determine the controls and mech-
anisms of UY! reduction by Fe''. The use of a non-conduct-
ing polystyrene matrix avoided the issue of electron
tunneling in the substrate that may be present in crystal oxi-
des, and ensured the direct electron transfer between Fe and
U atoms. The complexing surface provided control over the
partitioning of Fe' between solvated, adsorbed, and oligo-
merized species. Our specific goals were to (i) identify con-
ditions under which U reduction occurs, (i) identify the
UY"and Fe'" species present under non-reactive conditions,
(iii) identify the U¥' and Fe'! species present in Fe-only and
U-only systems under reactive conditions, and (iv) analyze
the reaction products and infer details about the electron
transfer mechanism. We used titration experiments to pro-
vide information on H" release from the surface and on
OH™ consumption in precipitation reactions. X-ray absorp-
tion fine structure (XAFS) spectroscopy was used to deter-
mine the average valence and molecular environment of U
and Fe atoms in the hydrated solid phase. The combination
of these approaches allowed us to relate speciation to reac-
tivity in the studied system and to deduce a mechanism for
the electron transfer.

2. MATERIALS AND METHODS
2.1. Latex particles, suspensions, and reagents

Carboxyl-modified polystyrene microspheres were ob-
tained from Bangs Laboratories, Inc. The colloids are pro-
duced by co-polymerization of polystyrene and acrylic acid,
resulting in uniform spherical particles (diameter deviation
of several percent) with carboxyl functional groups on the
surface. The size and the carboxyl functionality were chosen
to emulate the cation-binding characteristics of bacterial
cells. Transmission electron microscopy (TEM) confirmed
the shape and narrow size distribution of the particles
(Fig. EA-1 in the electronic annex). Some properties pro-
vided by the manufacturer are summarized in Table 1.
The latex particles were washed 3 times in 0.5 M HCI and
2 times in distilled deionized water, then suspended in
0.03M NaClO4 or NaCl electrolyte to buffer the ionic
strength. Control experiments showed that the redox
properties of the system were not affected by the type of
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Table 1
Properties of the carboxyl-modified colloid (catalog number
PCO3N), as provided by Bangs Laboratories, Inc.

Property Value Units
Diameter 0.92 pum
Surface area 6.153 mz/g
Surface titration data 94.6 ueq/g
Surface density of COOH 10.8 AY/site
Density of polymer core 1.06 g/cm?

electrolyte used. The amounts of adsorbent in the suspen-
sions were monitored by following optical density at
600 nm, using the manufacturer’s suspensions as standards.
Samples for the experiments were produced from a stock
suspension and then separated into crimp-sealed glass bot-
tles. Dissolved O, and CO, were removed by bubbling N,
through the solutions and suspensions for 40 min. The
purge gas was purified by removing O, with an O, trap
(model 1000, from Chromatography Research Supplies,
Inc.), followed by consecutive passage through a 5% HCI
solution, a 5% NaOH solution, and the 0.03 M electrolyte
solution, to remove potential acid- or base-soluble impuri-
ties and introduce humidity. The mass of the purged sample
bottles, measured before and after purging, showed no
change. After sparging, the bottles were immediately placed
in an anoxic chamber. All further operations were carried
out under an O,-free atmosphere.

The 0.3 M stock Fe?" solution was prepared by using
FeCl,,4H,O obtained from Aldrich Chemical, Inc. To
maintain the dissolved Fe as Fe'', metallic Fe powder and
HCI was added, the bottle was crimp-sealed, and the solu-
tion was boiled for 1 h during purging with purified N, gas.
An aliquot for the experiment was filtered through a
0.22-um filter in the anoxic chamber and analyzed for Fe"
content (final pH 3.0, [Fe]= 0.3 M). Dissolved oxygen, to-
tal Fe, and possible Fe’" content in the solution were mon-
itored by using methods described below. These procedures
were used before each set of experiments to refresh the
stock solution, which was kept in the dark and used under
anoxic conditions within 2 days. Aqueous UY! was added
from an acidified uranyl chloride stock solution (pH 2.0,
[U]=0.01 M), prepared by dissolving UOj3 (obtained from
STREM Chemicals, Newburyport, MA) in HCI and dilut-
ing to known volume.

2.2. Oxygen and carbon dioxide exclusion

Great care was taken to ensure complete O, removal
from the samples. The atmosphere inside the anoxic cham-
ber (Coy Laboratories, Inc.) used in the study was main-
tained at a 96:4 mixture of N,:H, gases that was
continuously cycled through a Pd catalyst to remove traces
of oxygen. A Model 10 gas monitor (Coy Laboratories,
Inc.) indicated 0 &+ 1 ppm O, content in the chamber atmo-
sphere at all times. All vessels, bottles, pipette tips, flasks,
etc., were equilibrated for several days inside the anoxic
atmosphere before use. The dissolved O, content in the
samples and titrants was checked before and after all exper-
iments by using a CHEMets® colorimetric analysis kit R-

7540 (2.5 ppb sensitivity). Solutions were used only if they
tested negative for O,. Others have demonstrated decreased
Fe™ concentration with time in solutions left open in the
anoxic chamber (Jeon et al., 2004). Removal of Fe'' was
attributed to oxidation by residual O, in the chamber atmo-
sphere (i.e., O, not removed by the Pd scrubber), with an
estimated half-time of 10 days. In our study, the experi-
ments were completed within 2h after opening of the
purged bottles in the anoxic chamber and placement of
the suspensions in a closed reaction vessel.

Complexation of UY! by dissolved carbonate ligands sig-
nificantly affects U speciation. To exclude this competing
process from our experiments, dissolved CO, was removed
from the solutions by bubbling with purified N, gas. After
the sealed bottles were opened in the anoxic chamber, the
samples were quickly transferred to the reaction vessel.
The headspace was purged with gas from the anoxic cham-
ber that had been passed through an Ascarite® column to
remove CO,. Cyclic acid-base titrations of blank water
samples treated the same way as the samples showed no evi-
dence of dissolved carbonate for at least 4 h after the bottles
were opened.

2.3. Acid-base titration and metal uptake

Titrations were carried out inside the anoxic chamber,
using a computer-controlled TitralLab 90 titrator from
Radiometer-Copenhagen. More information on the ti-
trants, electrode, procedures, etc., can be found in the elec-
tronic annex. Samples for the XAFS experiments were
brought to the desired pH by slow titration, transferred
to 50-mL tubes (<1 mL headspace), and placed on an
end-over-end rotator inside the anoxic chamber. A reaction
time of 3 days was chosen on the basis of previous kinetic
studies (Liger et al., 1999; Fredrickson et al., 2000; Jeon
et al., 2005) and to allow time for possible mineral forma-
tion and particle ripening. Identical results were obtained
in control samples after 4-months of reaction time. The sol-
id and solution phases were separated in the anoxic atmo-
sphere by filtration through a 0.22-uym membrane. The
supernatants were acidified and brought out of the chamber
for total Fe and U analysis with a Perkin-Elmer inductively
coupled plasma-atomic emission spectrometer (ICP-AES)
calibrated with matrix-matched standards. The estimated
detection limits are 2 ppb for Fe and 15 ppb for U. To min-
imize experimental artifacts, 0.1 mM Y was added as an
internal standard to all samples and standards. Measure-
ments were made in triplicate, and the average and stan-
dard deviation were used. The Fe'' concentration was
measured by using the ferrozine method (Serensen, 1982).

2.4. X-ray absorption experiments/standards

The Fe K-edge and U Ljj-edge XAFS experiments were
carried out at the Materials Research Collaborative Access
Team (MRCAT) beamline, sector 10 at the Advanced Pho-
ton Source (Segre et al., 2000). The beamline undulator was
tapered, and the incident energy was scanned by using the
Si(111) reflection of the double-crystal monochromator in
quick-scanning mode (approximately 2 min per scan for
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the extended region and 30 s per scan for the near-edge re-
gion). More details on the XAFS data collection and anal-
ysis procedures can be found in the electronic annex.

The filtered wet paste samples were mounted in drilled
Plexiglas slides and sealed with Kapton film windows inside
the anoxic chamber. Separate tests showed that sealed slides
left in the air kept the sample inside anoxic for at least 8 h.
In our experiments, the sealed slides were exposed to air for
about 1 min while being transferred from an O,-free con-
tainer to the N,-purged detector housing. All samples were
handled identically.

Several solution and polycrystalline samples were used
as XAFS standards in the analysis. Acidic (pH 2-3) solu-
tions of ferrous and uranyl chloride were used as standards
for the structure of hydrated Fe™ and UY". The structure of
aqueous Me—acetate complexes (Me = Fe'l, UYT) were used
as analogues of the Me—carboxyl complex at the surface.
For an aqueous Fe'acetate (Fe""-Ac) complex, a solution
of composition [Fe'']=60 mM, [Na—Ac]=2M, pH 6.1
[speciation: 90% FeAc,, 8% FeAc, 2% Fe(aq)] was used.
For an aqueous UY'-Ac complex, a solution of composi-
tion [UY]=1mM, [Na—Ac]=100mM, pH 5.5 (specia-
tion: 100% UAcs;) was used. The EXAFS amplitudes and
phases calculated by FEFF were calibrated by using data
from fine-powder standards of known Fe and U crystal
structures, mounted on tape and measured in transmission
mode or diluted in SiO, and measured in fluorescence
mode. The powder uraninite (U™ O,) standard was pur-
chased from Alfa Aesar and diluted 1:100 in SiO,. X-ray
diffraction indicated ~95% purity (Kelly et al., 2002).

3. RESULTS
3.1. Acid-base titrations

Fig. 1 shows added [OH ] vs. pH obtained by titration
of the experimental systems with NaOH. Vertical differenc-
es between the unbuffered electrolyte curve (open up-trian-
gles) and all other curves are indicative of OH™
consumption in reactions such as hydrolysis or precipita-
tion of solvated metals, or in the formation of water with
the H' released from proton-active surface groups. The
behavior of the isolated components (colloid, Fe, U) will
be discussed first, followed by the binary (colloid + Fe, col-
loid + U), and ternary (colloid + Fe + U) systems.

For the carboxyl-modified colloid suspension, the re-
lease of adsorbed H* starts at about pH 5.0 and continues
throughout the pH range (solid triangles). The titration
curve is significantly different from that of a monofunction-
al carboxylic acid in solution. Deprotonation starts at high-
er pH values in the colloid and is completed over a broader
pH range. Such pH shift and broadening can be simulated
for carboxyl groups (pK, ~ 4) by surface electrostatic ef-
fects and by heterogeneity in the carboxyl ionization con-
stant, both resulting from the carboxyl groups being
confined to the surface. Indeed, titration curves showed a
dependence on the background electrolyte concentration
that indicates the presence of surface electrostatic effects.
Analysis of the extended data set through use of double-
layer models will be the subject of an upcoming report;
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Fig. 1. Titration of acidified samples with 0.02 M NaOH. Double
arrows (labeled A-D) point to differences in buffering capacity
between samples that are discussed in the text. Block arrows show
pH values at which filtered samples were prepared for XAFS
analysis. The vertical dashed lines indicate the pH values at which
XAFS spectra are compared. The table on the inset shows the
composition of the titrated systems.

for the purposes of this study, only titrations at 0.03 M ion-
ic strength will be considered. The H' sorption capacity of
the 4.2 g/L suspensions was calculated as 0.4 mM. For the
homogeneous 1 mM FeCl, solution (Fig. 1, diagonal cross),
the titration curve is consistent with that observed previous-
ly for Fe'! solutions (Arden, 1950; Doelsch et al., 2002). An
interval of little or no OH™ consumption up to about pH
8.6 is followed by a vertical section with no pH change until
the dissolved Fe" pool is consumed, presumably in
Fe(OH), precipitate formation. No significant Fe™ appears
to be present in the solution, in view of the absence of an
additional step in the titration curve in the pH 5-7 range
that would result from mixed Fe™-Fe™ mineral formation
(Arden, 1950). For 0.1 mM solutions of UYL, the titration
curve follows the electrolyte curve up to about pH 4.5, indi-
cating the presence of only UO,**(aq) species. Subsequent
steps were observed at higher pH, consistent with the for-
mation of the UY! hydrolysis complexes, such as UO,OH™,
UO,(0OH),’, (UO,);(OH)s", and (UO,),(OH),", and pre-
cipitates (Grenthe et al., 1992).

Titrations of the binary system colloid + Fe show in-
creased OH™ consumption with pH relative to the col-
loid-only system (arrow B in Fig. 1). The OH™
consumption ratio between the two systems decreases from
3 at pH 5.5 until it levels off to 1.5 at pH 8.0, above which it
increases again. Below a pH of approximately 7.5, the sol-
vated Fe'! does not hydrolyze to a significant extent, so the
additional buffering capacity observed in the binary col-
loid + Fe system is likely due to interactions between Fe'l
and the colloid surface, such as proton release from the sur-
face caused by Fe'! adsorption and/or hydroxylation of the
adsorbed Fe' (i.e., the formation of surface-FeH(OH),, spe-
cies). Both adsorption and hydroxylation are consistent
with specific (inner-sphere) binding of Fe' to the carboxyl.
Non-specific binding is unlikely to result in such a large
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increase in proton release, and hydroxylation of the other-
wise hydroxylation-inert Fe''(aq) at low pH is unlikely to
occur unless a bound ligand from adsorption facilitates
the loss of HY on the opposite side of the metal (a trans li-
gand effect). For the binary system colloid + U (down-tri-
angles in Fig. 1), increased OH™ consumption relative to
the colloid-only and UY-only systems begins in the pH
range 3.5-5.0 (arrow A). The enhanced OH™ consumption
suggests surface H' release caused by specific UY! sorption
onto the colloid surface. Because this pH range is mostly
below that of aqueous UY! hydrolysis, the sorbed species
are likely non-hydrolyzed PS— COO~ — UO,** - nH,0,
where PS is the polystyrene group to which the surface
COOH is attached. No hydrolysis steps are seen at higher
pH in the titration curve, in contrast to titrations of aque-
ous UYL, suggesting that the adsorbed UY! jons do not
hydrolyze or form oligomers as they do in the absence of
the surface.

The titration curve of the ternary system, col-
loid + Fe + U, displays features from both the colloid + U
and the colloid + Fe systems (open circles in Fig. 1). For
pH values between 3.5 and 5.3 the curve follows that of
the colloid + U system, indicating U sorption to the sur-
face. At higher pH the slope of the curve increases relative
to that of the colloid + U system, and for pH values be-
tween 6.2 and 7.5 the curve follows that of the colloid + Fe
system (arrow C). The additional OH™ consumption rela-
tive to the colloid + U system in this pH region can be
interpreted as resulting from proton release due to Fe''
sorption. The convergence of the colloid + Fe + U titration
curve first with the colloid + U curve and then with the col-
loid + Fe curve is consistent with competitive adsorption of
U, Fe, and H to a limited number of discrete sites, implying
specific binding rather than non-specific electrostatic
adsorption to a distributed surface charge. Between pH
7.5 and pH 8.4, the slope of the titration curve increases
dramatically relative to that of the colloid + Fe (arrow
D). The slope is much larger than that of the sum of the col-
loid + U and the colloid + Fe systems, and therefore the in-
creased OH™ consumption is the result of some interaction
between Fe and U at the surface. A likely cause for the
steep increase is the onset of a mineral-forming reaction,
in addition to the surface-proton release and hydrolysis
reactions that may be going on. Speculating at this point
that a UY'-Fe'" redox reaction is taking place, the forma-

Table 2

tion of U"Y and Fe' species will almost immediately exceed
the solubility limit of U"- and Fe"'-containing minerals at
this pH. We note that the reaction taking place above pH
7.5 occurs on the time scale of minutes, as the entire titra-
tion is completed within an hour.

3.2. XAFS spectroscopy

Suspensions of the binary (colloid+ Fe and col-
loid + U) and the ternary (colloid + Fe + U) systems were
prepared at pH values shown by block arrows in Fig. 1.
All colloid + U and colloid + Fe samples, as well as the col-
loid + Fe + U sample at pH 7.5, had the same white color
as did the acidified suspensions. Some flocculation of the
suspension was observed in the colloid + Fe sample at pH
8.4. In contrast, the colloid + Fe + U suspension at pH
8.4 settled quickly and had a distinct gray-brown color
(Fig. EA-2 in the electronic annex). The suspensions were
filtered, and the supernatants were analyzed for total Fe
and U content. The results are summarized in Table 2.
The 0.1 mM uranium was removed from solution in all
samples, whereas the 1.0 mM iron was partitioned between
the solid and solution phases. The amounts of both ad-
sorbed and solvated Fe'" were sufficient for stoichiometric
reduction of 0.1mM UY! in all 4.2 g/L samples (ie.,
>0.2 mM). Two control samples, colloid + Fe + U at pH
7.5 and pH 8.4, were sealed and filtered after 4 months in
the anoxic atmosphere.

The hydrated solid phases were analyzed by Fe K-edge
and U Lyj;-edge XAFS spectroscopy, which probed the va-
lence and atomic structure of the adsorbed species. Control
measurements showed that a 1 mM Fe'" solution produced
a negligible absorption signal relative to the one measured
in the wet pastes, so spectral contributions from Fe'l
remaining in the pore water of the pastes can be neglected.
The quality of the measured EXAFS data is illustrated in
Fig. EA-3 in the electronic annex.

3.2.1. Fe K-edge XANES and EXAFS analysis

XANES measurements on the colloid + Fe pastes con-
firmed that the adsorbed Fe atoms were in the +2 valence
state (Fig. EA-4 in the electronic annex). Fourier trans-
forms (FT) of the EXAFS data are compared to standards
in Fig. 2. Interpretation of the spectra is based on the coor-
dination environment of Fe' in crystal oxides/hydroxides

Total Fe and U concentrations in the supernatants of the samples filtered for the XAFS experiments, [Me];,;, determined by ICP-AES

Sample pH [colloid] (g/L) [Ulg (MM) [Ulgs (mM) [Fel (mM)  [Felgs (mM) U (A%/atom) Fe (A%/atom)
Colloid + Fe 7.5 4.2 — — 0.71 0.29 — 14.8

Colloid + Fe 8.4 4.2 — — 0.55 0.45 — 9.5

Colloid + U 7.5 4.2 0.00 0.10 — — 429 —

Colloid + U 8.4 4.2 0.00 0.10 — — 429 —
Colloid+Fe+U 7.5 4.2 0.00 0.10 0.72 0.28 42.9 15.3

Colloid +Fe+U 84 4.2 0.00 0.10 0.31 0.69 429 6.2
Colloid+Fe+U 7.5 20.0 0.00 0.10 0.19 0.81 204.3 25.2

Colloid +Fe+U 84 20.0 0.00 0.10 0.09 0.91 204.3 22.5

Metal uptake, [Mel,qs, and calculated area per adsorbed metal atom are determined from [Mels.;. The calculated H™ sorption capacity of
4.2 g/L colloid suspensions is 0.4 mM. Standard deviations in concentration values are less than the accuracy shown.
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Fig. 2. Fourier transform of Fe K-edge EXAFS data (k*weighed, Ak = 2.4-10.5 A" witha 1A~ Hanning window). (a) Comparison of
O-shell peak amplitude. The line convention is the same as in (b). Arrows indicate the peak heights of the samples listed to the left of the
arrows. (b) Comparison between colloid + Fe samples and standards. Spectra are offset vertically for clarity. (c) Bond geometry between Fe
atoms in Fe(OH),. (d) Bidentate binding mode of an acetate group to a metal atom. Both O atoms of the carboxyl group are involved in the
bond. (¢) Monodentate binding mode of an acetate group to a metal atom. Only one of the carboxyl O atoms participates in the bond.

and in solution. In crystalline Fe(OH),, Fe"-O¢ octahedra
(six O atoms at 2.15 A) share edges (Fig. 2c) and form lay-
ered sheets, resulting in sixfold Fe-Fe coordination at
326 A in each layer (Lutz et al., 1994; Doelsch et al.,
2002). The O shell is reflected in the single FT peak at
around 1.6 A, and the sixfold Fe-Fe goordination is reflect-
ed in the single FT peak around 2.8 A in the Fe(OH), stan-
dard spectrum. The three data sets for Fe'" sorbed to the
carboxyl colloid have the smallest amplitude of the 1.6 A
peak (Fig. 2a). Modeling of the Fe EXAFS data is given
in Fig. EA-5 in the electronic annex. It indicates a broader
distribution of Fe-O distances (larger Debye—Waller factor)
relative to that in the solution standards and is consistent
with replacement of hydration water molecule(s) by ligand
oxygen atom(s). Comparisons of the FT structure at
1.9-2.3 A between the colloid + Fe, the Fe“acetate stan-
dard, and the hydrated Fe" standard show no evidence of
a C atom signal in any of the spectra. A bidentate metal—
carboxyl complex (Fig. 2d) typically produces a feature in
that region due to coherent backscattering from the C
atom, as in the cases of Cd" and UY! (Kelly et al., 2002;
Boyanov et al., 2003). Conversely, no C atom feature is seen
in spectra from a monodentate (Fig. 2e) Cu'—acetate com-
plex (Boyanov, 2003), likely because of loss of C backscat-
tering coherence due to vibrations in this more flexible
complex type. In the case of the colloid + Fe system, the
lack of C signal, together with the indication of inner-
sphere complexation from both the titration and the first-
shell EXAFS data, strongly suggest a monodentate Fe''—
carboxyl complex as the adsorption mechanism. The FT
data at 2.8 A in the colloid + Fe spectra show no evidence
of Fe-Fe coordination at pH 7.5, whereas increasing Fe-Fe
coordination is seen at pH 8.0 and 8.4. The average Fe''-
Fe™! coordination of 34 1 atoms obtained by fitting the
pH 8.4 spectrum is lower than in bulk Fe(OH),; this can
be explained either if about 50% of the Fe atoms in the sam-
ple are in a bulk precipitate and the rest are adsorbed as
monomeric atoms, or by undercoordination of the surface

Fe atoms in nanometer-sized Fe(OH), particles that are at-
tached to the polystyrene microspheres. Fits of the EXAFS
data indicate strain in the Fe-O bonds, which suggests that
a bulk Fe(OH), precipitate is not formed (Fig. EA-5 in the
electronic annex shows contraction of the distances and
larger Debye—Waller factors in the pH 8.4 system relative
to the Fe(OH), standard). Regardless of the form of the
phase with Fe-Fe coordination, the EXAFS data establish
the presence of oligomeric edge-sharing Fe'' octahedra in
the solid phase at pH 8.4 (schematic bond structure shown
on Fig. 2c), whereas only monomeric species are present at
pH 7.5. “Oligomeric” here is used in the sense of “having
local Fe"_Fe!" coordination”, which can include Fe dimers,
polymers, or bulk precipitate.

3.2.2. U Lyredge XANES analysis

Fig. 3 compares U XANES data from the colloid + U
and colloid + Fe + U systems to standards. A higher ener-
gy position of the absorption edge and a shoulder at
17,190 eV are indicative of U in the +6 valence state and
the UO,>" (uranyl) coordination geometry (Hudson et al.,
1995; O’Loughlin et al., 2003). A lower energy position of
the edge, lack of the shoulder at 17,190 eV, and higher
amplitude of the peak immediately after the edge indicate
U in the +4 valence state. The XANES data verify the pre-
dominantly UY! state and uranyl geometry in the col-
loid + U system (within the experimental uncertainty). In
the ternary colloid + Fe + U system, U is present predom-
inantly as UY! at pH 7.5 and predominantly as U at pH
8.4. The same results were obtained for the pH 7.5 and
pH 8.4 samples that were left for 4 months in the anoxic
atmosphere. Typical accuracy of valence state determina-
tions from XANES data is about 10-15%.

3.2.3. U" EXAFS analysis

Fig. 4 compares EXAFS data from the three UY! sam-
ples to data from two aqueous standards: a hydrated and
an acetate bound UY'. The magnitude of the FT between
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Fig. 3. Normalized uranium Lj;-edge XANES spectra from the

colloid + U (+Fe) samples compared to a UY! and U" standard.

An edge position at higher energy and a shoulder at 17,190 eV

indicates UV, whereas an edge position at lower energy and lack of

the shoulder indicate U".

1.0and 22 A displays the splitting of the O near-neighbors
in an axial and an equatorial shell, characteristic Qf the ura-
nyl geometry. Two axial O atoms at about 1.75 A and 4-6
equatorial O atoms at larger distance, usually 2.3-2.5 A, are
seen in many UY! compounds (Morosin, 1978; Templeton
et al.,, 1985; Fischer, 2003; Kubatko and Burns, 2004).
The axial atoms are inert to chemical substitution, so com-
plexation occurs in the equatorial plane. A comparison be-
tween the hydrated and acetate-bound UV! standards shows
the effect of substituting equatorial water molecules with a
carboxyl ligand (vertical lines on Fig. 4). The feature of
interest is better seen in the real part of the FT (inset).

Real part FT [k2 y (k)]
420 24 28 32
e U0 @)
‘4 UO,?*-Acetate (gq}

Amplitude of FT [k2 (k)]

U+col, pH 7.5 and 8.41
SN e o U+Fe+col, pH 7.5 ]
T T T T T T i

3 4 5 6 7
R+AR (A)

Fig. 4. Fourier transform of U L-edge EXAFS data from UV
samples and standards (k*weighed, Ak =2.8-13.5 A~ with a
1A Hanning window). Vertical lines indicate the positions of
features resulting from the C shell contribution in the EXAFS data.
Inset: Real part of the FT in a smaller R-range. The line convention
is the same as for the magnitude of FT.

The acetate-bound U standard (triangles) shows an oscil-
lation centered at around 2.4 A relative to the hydrated UV
(circles). Modeling shows that this feature is due to C
atom(s) in a bidentate geometry (Fig. EA-6 in the electronic
annex), consistent with previous work (Kelly et al., 2002).
Therefore, UY! is adsorbed to the carboxyl colloid as a
bidentate carboxyl complex. The C signal amplitude in
the adsorbed U spectra is smaller than that in the U -ace-
tate standard (speciation 100% [UO,Acs]), suggesting a 1:1
or 1:2 UYlacetate stoichiometry. Exact stoichiometry
assignment is problematic, given the dependence of EXAFS
amplitudes on both coordination number and Debye-Wal-
ler factor (related to the bond strength), and the unknown,
likely inverse relation between bond strength and bond
number. No evidence of a U near-neighbor is observed in
any of the three spectra, indicating lack of significant U
oligomerization between the adsorbed UY' atoms. There
is also no evidence of an Fe backscatterer in the col-
loid + Fe + U spectrum at pH 7.5, indicating lack of bonds
between the adsorbed Fe’ and UY! atoms in the ternary
system. The colloid + U samples at both pH 7.5 and pH
8.4 have nearly identical spectra, indicating that no change
in adsorbed UV! speciation occurs over this pH range.

3.2.4. UV EXAFS analysis

Fig. 5 compares data for the colloid + Fe + U system at
pH 8.4 to data for a U" standard, a UO, (uraninite) min-
eral. The features of the FT magnitude are similar to those
of the uraninite standard, but the amplitudes of the peaks in
the colloid + Fe + U spectrum are significantly smaller.
The peak at 1.8 A is due to the cubical O shell in UO,,
whereas the double peak between 2.9 and 4.5 A is mostly
due to the 12-member U shell at R=3.87 A in UO,, the
splitting coming from the characteristic backscattering
amplitude of U. Modeling of the data shows that the

1.0 — T T T T T T T . T 1
!' i U0, (uraninite)
[l —pH 8.4 c1+Fe+U, NaClO,
0.8 [ ] -=-=-=- pH 8.4 c2+Fe+U, NaCl
>y Il ’
S":'—' 0.6 ; I, C"\ (o)} S u
t . 1Tk [\ U ’
5 | | SN
% | [ N ) )
g 1 R 1
E | L] ] n |
< ! ‘\ ‘ Y
7 '
0.2 v (™ : .
) 1
Y 1
0.0 L S S B e S e
0 1 2 3 4 5 6 7 8
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Fig. 5. Fourier transform of U L-edge EXAFS data for UY
samples and standards (k*-weighed, Ak =2.2-10.4 A~ with a
1A Hanning window). The dashed line shows the repeatability
of the spectrum with a different electrolyte and a different batch of
adsorbent, measured during a different beamline experiment. The
crystal structure of uraninite, UO,, is illustrated in the inset.
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smaller amplitude of the 1.8 A peak is due to a larger De-
bye—Waller factor (Table 3A and B), indicating a broader
U-O bond length distribution in the colloid + Fe + U sam-
ple than in the UO, standard. When modeled with a single
U shell, the smaller doublet amplitude in the colloid +
Fe + U data at pH 8.4 can be attributed to smaller average
U-U coordination and larger disorder in that shell relative
to the standard (Table 3A and B). The drop in average
coordination number from 12 in crystalline UO, to
6.9 + 2.7 in the colloid + Fe+ U pH 8.4 system can be
attributed to either partitioning of the U'Y between a
monomeric phase and a precipitate, or formation of nano-
meter-sized uraninite particles. In the latter, more likely
case, we estimate the average particle size to be less than
3.5nm in diameter (Fig. EA-7 in the electronic annex).

The presence of U in nanoparticulate form may also be
the reason why the structure between 3 and 4.5 A (Fig. 5)
appears simpler in the pH 8.4 sample than in the uraninite
standard. Disorder caused by strain in a small particle is
likely to reduce the spectral contribution of multiple-scat-
tering and outer-shell paths significantly more than that
of single-scattering paths, resulting in mostly single-scatter-
ing content in the pH 8.4 spectrum.

Further analysis of the doublet between 3 and 4 A in
Fig. 5 reveals that the peak amplitudes are in about 1:2 ra-
tio for the UO, standard, whereas that ratio is about 1:1 in
the pH 8.4 sample. Equal ratios are expected in the two
spectra if the amplitude difference between the sample
and standard is due to the difference in U-U coordination
only. The reason for this different amplitude ratio was

Table 3

Results from modeling of the U'Y EXAFS data®

Shell N R(A) o (1073 A% AEy(eV) Fit quality®

(A) UO, standard
00— 8.0 2.37+0.01 6.7+2.1 —2.1+0.8 208
MS— 8.0 4.73 £0.02 13.4+42 —-2.1+0.8 0.037
02— 24.0 4.54 +0.04 16.6 + 8.6 —-2.1+0.8 9
U- 12.0 3.88 +0.01 44412 -2.1+0.8

(B) U + Fe + colloid, pH 8.4, full R-range
00— 7.9+0.6 2.36 +0.01 109 + 1.7 —0.7+0.6 241
MS— 7.9+0.6 4.73 £0.02 21.8+34 —0.7+0.6 0.016
02 - 24.0 4.43 +0.09 489 +16.6 —-0.7+£0.6 8
U- 6.9+2.7 3.84 +0.02 9.1+33 —-0.7+0.6

(C) U + Fe + colloid, pH 8.4, limited R-range
00— 7.9 2.36 10.9 -0.7 190
MS— 7.9 4.73 21.8 —0.7 0.047
02— 24.0 4.42 +0.07 S1+13 -0.7 5
U— 6.5+23 3.854+0.02 8.7+3.0 —0.7

(D) U + Fe + colloid, pH 8.4, limited R-range, unconstrained Fe
00— 7.9 2.36 10.9 —-0.7 60
MS— 7.9 4.73 21.8 —0.7 0.006
02— 24.0 4.47 4+ 0.04 39.8 +10.0 —0.7 2
U- 8.5+2.1 3.85+0.01 10.7+1.9 —0.7
Fe— 42445 3.56 +0.03 214+ 133 -0.7

(E) U + Fe + colloid, pH 8.4, limited R-range, constrained Fe
O0— 7.9 2.36 10.9 —0.7 61
MS— 7.9 4.73 21.8 —-0.7 0.009
02— 24.0 4.46 + 0.04 455+7.2 —0.7 3
U— 81+1.8 3.854+0.01 11.1+£2.0 —0.7
Fe— 1.5+04 3.56 +0.02 10.0 —0.7

(A) Fit of the uraninite (UO,) standard data in the range R + AR = 1.41-4.35 A.

(B) Fit of the U + Fe + colloid data in the range R + AR = 1.41-4.35 A using the uraninite model.

(C) Fit of the U + Fe + colloid data in the range R + AR =2.82-4.35 A using the uraninite model with fixed first-shell parameters.

(D) Fit of the U + Fe + colloid data in the range R + AR =2.82-4.35 A using the uraninite model with an added Fe shell.

(E) Fit of the U + Fe + colloid data in the range R + AR = 2.82-4.35 A using the UO, + Fe shell model with constrained Debye—Waller

factor.

4 Parameters for which uncertainties are not given are held constant during the fit. Uncertainties are estimated by the FEFFIT program. A
single AE, parameter was refined for all shells. Multiple-scattering (MS) parameters for the O shell were constrained to those for the single-
scattering paths, assuming uncorrelated thermal motion in the O shell (Nys = No, Rms = 2Ro, and Ji’ls = Zaé).

® Disorder parameter (EXAFS Debye—Waller factor).

¢ Given from top to bottom for each fit are 32 (goodness-of-fit indicator taking into account the number of data points and variables used),
R-factor (the fractional misfit: difference between data and model relative to the absolute value of the data), and degrees of freedom in the fit
(number of independent points minus number of variables). More information on these parameters is given in the FEFFIT documentation

(see Section 2.2).
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determined by simultaneously fitting the k', k% and k°
weighted EXAFS spectra with the same set of parameters
(Kelly et al., 2002; Haskel et al., 2004). The detailed analyt-
ical procedure is given in the electronic annex. Modeling of
the uraninite standard data at k', k%, and &° weights is
shown at the top of Fig. 6a. The uraninite model reproduc-
es well the features of the data simultaneously at all k"
weights with parameters given in Table 3A. The same mod-
el, when applied to the reduced uranium data from the col-
loid + Fe + U system at pH 8.4, is unable to reproduce the
amplitude ratio and features in the U doublet at all three
k"-weights (Fig. 6b and Table 3B). The addition of a third
or fourth cumulant disorder parameter to the U shell also
did not improve the fit. All of the above suggests the pres-
ence of a spectral contribution around 3.1 A in the pH 8.4
system that is not present in the uraninite standard.

The best fit of the data was obtained by adding an Fe
shell at 3.56 A to the model used for the uraninite standard.
Details on why this model was chosen and how it compen-
sates the misfit at all three k" FT weights are given in the

Scaled amplitude of FT [k" y(K)]

Fig. 6. FEFF8/FEFFIT modeling of data from U' samples.
Fourier-transformed k"y(k) data are scaled as follows: k*x 1,
k*x 5, k' x 23. Fit parameters are given in Table 3. Vertical dashed
lines indicate the peak positions of the U doublet. (a) UO, data
modeled with the O + U shell model, (b) colloid + Fe + U sample
at pH 8.4 modeled with the O+ U shell model, (c) col-
loid + Fe + U sample at pH 8.4 modeled with the O + U + Fe
shell model. The contribution from the Fe atoms is given by the
dashed peaks.

electronic annex. The quality of the fit is shown in
Fig. 6¢, and the parameters from an unconstrained Fe-shell
fit are given in Table 3D. The strong correlation between
the coordination number and Debye-Waller (¢?) of the
Fe shell was removed by assuming a ¢ of 0.010 A? for
the Fe shell (similar to that obtained for the O shell), and
a constrained fit produced the parameters in Table 3E.
Applying a range of reasonable constraints for the De-
bye-Waller factor (0.005-0.015 AZ) yielded a coordination
number between 1 and 2 Fe atoms around each U™ atom.

An edge-sharing U"Y—Fe complex geometry is compared
to the uraninite U™Y—U" coordination geometry in Fig. 7.
Assuming that the U-O bond geometry is not affected by
the Fe atom, we calculated an Fe-O distance of 2.12 A
and an O-Fe-O angle of 80 deg from the observed U-Fe
distance. Some adjustment of the bond angles can be
expected in a U-Fe complex, leading to slightly shorter or
longer Fe—O distances. The geometrically derived Fe—O dis-
tance and O-Fe-O angle are consistent with Fe octahedra
found in Fe!! compounds [2.151& in FeO, Fe(OH),, and
FeCO5], Fe" oxides/hydroxides [1.95-2.09 A in hematite,
goethite, lepidocrocite], and magnetite [2.06 A for octahe-
dral Fe' or Fem] (Wyckoff, 1960; Blake et al., 1966; For-
syth et al., 1968; Christensen et al., 1982; Wechsler et al.,
1984; Lutz et al., 1994).

The spectrum of the colloid + Fe + U pH 8.4 sample,
showing smaller U™V-U"Y coordination and Fe in the local
U environment, could be the result of two possible sce-
narios. If all U is in a single phase, the observed average
local environment can be achieved in the structure shown in
Fig. EA-8 in the electronic annex. This structure can be de-
scribed as an Fe-coated uraninite plate, in which an inter-
face between oligomeric U™ and Fe species produces the
U-Fe and U-U coordination observed by EXAFS. Alter-
natively, U™ may be partitioned between two phases: U
in uraninite particles and monomeric U™ adsorbed in an
edge-sharing geometry to the Fe™ oxide/hydroxide pro-
duced from Fe'" oxidation. This scenario seems less likely,
because the amount of uranium in each of the latter phases
needs to be comparable to produce the observed spectrum.

3.2.5. Fe XAFS analysis of the Colloid + Fe + U system
The colloid + Fe + U pH 8.4 sample was also analyzed
by Fe XAFS to correlate UY" reduction with Fe'" oxidation

Fig. 7. Geometry of the U-U bond in uraninite (left), compared to
the U-Fe coordination obtained in the colloid + Fe + U sample at
pH 8.4 (right). The Fe-O bond distance and the O-Fe-O bond
angle of 80 deg were calculated from the U-Fe bond distance.
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and to characterize the resulting Fe phase. Interpretation of
the data is problematic, because less than 30% of the Fe
atoms present in the sample are expected to be oxidized.
Table 2 shows that the 0.1 mM U was completely removed
from solution and that total Fe in the solid phase was about
0.7 mM. Assuming that the oxidized Fe'™ produced by stoi-
chiometric reduction of UY! was all present in the solid
phase, the Fe'''/Fe'! ratio should be less than 30% (0.2/
0.7). Fig. 8a compares the XANES data to Fe standards
of valence state between +2 and +3. The edge position
and shape of the pH 8.4 spectrum are consistent with an
Fe™/Fe" ratio of 30% or less, and they show a higher
Fe'"'/Fe'! ratio at pH 8.4 than at pH 7.5. The higher Fe™
content, concurrent with UY! reduction in the pH 8.4 sam-
ple, is evidence of the electron transfer from Fe' to UY!
atoms.

Fig. 8b shows the Fe EXAFS data. Spectra from the col-
loid + Fe + U samples at pH 7.5 are identical, indicating
the same monomeric Fe'l species regardless of the presence

T T T T
Fe'(aq)
-------- Green rust
——= Magnetite
—— Goethite
—a—col+Fe+tU pH 7.5
—O— col+Fe+U pH 8.4

Normalized absorption

T v T T T v T T
7140 7150 7160 7170 718

Photon energy (eV)

T T T
7110 7120 7130

T T T T T T T 3

Amplitude of FT [k® x(Kk)]

~ Col+Fe+U, pH 8.4 1

Col+FexU, pH7.5 ]
T T T
4 5 6 7

R+AR (A)

Fig. 8. Fe K-edge data from colloid + Fe + U samples compared
to standards. (a) XANES, (b) FT of EXAFS. The similar FT
magnitudes of spectra from samples with and without U at pH 7.5
are shown at the bottom. Vertical lines indicate the similarity of
EXAFS features between the Fe + U + col sample at pH 8.4 and
magnetite.

of adsorbed UYL In contrast, the spectrum of the col-
loid + Fe + U pH 8.4 sample shows peaks between 2.3
and 3.5 A that are likely due to adjacent Fe atoms in an
iron mineral structure or structures. As already discussed,
interpretation of data from this sample is complicated by
the presence of mixed Fe'/Fe™ species. Comparison to
the spectra of standards that are representative of the pos-
sible end phases (Fe", Fe", and mixed-valence minerals,
e.g., Fe(OH),, green rust, magnetite, goethite, hematite,
etc.) shows that the second-shell structure is most similar
to that of magnetite. Magnetite is a common product of
Fe™ oxidation in bacterial and abiotic systems at circum-
neutral pH (Cornell and Schwertman, 1996; Chaudhuri
et al., 2001) and can therefore be anticipated in the pH
8.4 system as well. The reduced O and Fe peak amplitudes
relative to the standard are consistent with partitioning of
the Fe between magnetite and adsorbed Fe'’.

3.2.6. Effect of surface area and Fe" concentration on U’
reduction

Increasing the suspension concentration in the col-
loid + Fe + U system from 4.2 to 20 g/L while keeping
the concentrations of U and Fe constant resulted in the
removal of more Fe from the solution at both pH 7.5 and
8.4 (Table 2). The U XANES spectra of the samples at both
pH 7.5 and 8.4 were identical to those of the colloid + U
only system at 4.2 g/L loading (Fig. 3), indicating that
UV reduction was not occurring in any of the 20-g/L sam-
ples after 3 days. The spectra of 4.2-g/L colloid + Fe + U
samples at pH 8.4 in which the Fe' concentration was re-
duced from 1.0 to 0.4 mM were also identical to those of
the colloid + U system, indicating no significant U¥! reduc-
tion after 3 days. Fe K-edge EXAFS on the samples de-
scribed above (increased surface area and decreased Fe
concentration) showed no Fe-Fe coordination peaks in
the spectra, indicating no Fe'' oligomerization under these
conditions.

3.2.7. Reoxidation of the reduced U particles in air

Following a U XANES measurement of an anoxic col-
loid + Fe + U sample at pH 8.4 (~100% U"), the surface
of the wet sample was exposed to air. No significant oxida-
tion was seen within 15 min. After that, the UYY/U ratio
increased at approximately 10% h~' for the first 7 h. The
next XANES measurement after 21 h of exposure to air
showed 100% reoxidation to UY'. These measurements
show that the reduced U" product in the pH 8.4 col-
loid + Fe + U system is unstable to oxidation in air and
provide an estimate of the rate of oxidation. They also serve
as control experiments, showing that the anoxically sealed
samples are not susceptible to possible oxidation during
the measurement in a way that can be noticed in the XAFS
spectra or analysis.

4. DISCUSSION

The combination of pH titrations, uptake measure-
ments, and XAFS spectroscopy allows us to look for corre-
lations between the reactivity and the speciation of the same
system. Such correlations provide important insight and
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constrain our mechanistic interpretation of both adsorption
and redox processes. When molecular information about
speciation at a surface is unavailable, the tendency is to
extrapolate bulk speciation to the surface. This may not
be accurate if the electrostatic and steric contributions to
the surface binding energy are significant, and may result
in inaccurate interpretation of observed reactivity. The fol-
lowing results in our work underscore this point.

In studying the adsorption of Fe™" to the carboxyl sur-
face, we observed additional OH™ consumption in the col-
loid + Fe system relative to the colloid by itself (Fig. 1,
arrow B). Without knowledge of the molecular structure
of the adsorbate, the OH™ balance can be explained by
(1) carboxyl deprotonation due to changes in surface elec-
trostatics caused by outer-sphere Fe'' adsorption, (2)
deprotonation (H" displacement) caused by inner-sphere
Fe'! adsorption, or (3) hydrolysis of the adsorbed Fe! spe-
cies. However, the relatively disordered O shell of the ad-
sorbed Fe'l atoms observed by EXAFS, together with the
significant OH™ consumption in titration experiments, sug-
gests an inner-sphere complexation mechanism. This result
is unexpected in view of the small binding affinity of Fe' to
carboxyl ligands [LogK =0.54, (Martell et al., 2001)].
Unfortunately, EXAFS cannot determine unequivocally
whether the adsorbed Fe'! species are hydrolyzed. We spec-
ulate that the adsorbed Fe'! species are probably not hydro-
lyzed, because substitution of hydration molecule(s) for
OH™ ligand(s), with the resulting charge neutralization of
the adsorbed cation, is likely to lead to changes in the O
shell larger than those observed by EXAFS. The reactivity
implication of inner-sphere-adsorbed Fe' is higher redox
reactivity than a fully hydrated adsorbed species.

Another example of unexpected speciation is the ob-
served Fe'' oligomerization in the colloid + Fe system at
pH 8.0 and pH 8.4. The titration curve shows no significant
change in slope between pH 7.5 and pH 8.4 (Fig. 1) and
precipitation of the aqueous Fe'' phase in the system pre-
sumably occurs around pH 8.8 (vertical section). Fel up-
take also does not conclusively establish precipitation,
because uptake at pH 8.4 is about the same as the total sur-
face site concentration (Table 2). Because of the large
spread of Fe(OH),(s) solubility constants in the literature
(Log K, range from —13.1 to —15.3, Leussing and Kolt-
hoff, 1953), we could not determine whether the Fe_Fell
coordination is predicted from supersaturation of the solu-
tion phase at pH 8.4 or is the result of oligomerization of
surface species at undersaturated conditions. The EXAFS
results however provide unequivocal evidence of Fe''-Fe'
coordination (i.e., Fe'' oligomerization) in the solid phase.
Oligomerization implies the presence of hydrolyzed Fe!
species that combine to form oligomers. The reactivity
implication from the presence of hydrolized/oligomerized
Fe! species is higher redox reactivity above pH 8.0.

Similarly for UYT adsorbed to the carboxyl surface, the
speciation observed in the colloid + U system appears dif-
ferent from that expected in bulk solution. A calculation
for a solution containing no carbonate, 0.1 mM uranium,
and 0.6 mM acetate, considering only hydrolysis and ace-
tate-complexation reactions, showed that UY! hydrolysis
polymers should dominate the speciation at circumneutral

pH and that UYcarboxyl complexes should exist only as
a minor component between pH 4 and 5 (Fig. EA-9 in
the electronic annex) (Grenthe et al., 1992; Martell et al.,
2001). However, no hydrolysis steps were seen in pH titra-
tions of the colloid + U system. The EXAFS data show
that U hydrolysis oligomers are not present in the samples
and that surface carboxyl complexation is responsible for
the U uptake. The observations above suggest that surface
complexation is responsible for the uptake throughout the
pH range and that UYcarboxyl stability constants in the
presence of a surface are significantly higher than those
determined in bulk solution under the same conditions.

Our redox reactivity results show that monomeric
adsorption of UY' and Fe! to the carboxyl surface (pH
7.5) does not lead to U reduction over at least 4 months,
despite sufficient surface and aqueous Fe'' concentrations
for a stoichiometric reaction. These results suggest that
both aqueous and carboxyl-adsorbed monomeric Fe'" spe-
cies are not redox reactive toward UY" under these condi-
tions. Conversely, under conditions where Fe'' oligomers
form in the colloid + Fe system (pH 8.4), complete and ra-
pid reduction of UY! occurs in the colloid + Fe + U system.
EXAFS shows that speciation of the inner-sphere-adsorbed
U atoms does not change from pH 7.5 to pH 8.4 in the
colloid + U system. Therefore, the increased reactivity at
pH 8.4 relative to pH 7.5 is attributed to the difference in
Fe! speciation.

One possible mechanism for the increased Fe'! reactivity
is a ligand effect. Binding to electron donor ligands (e.g.,
OH™ or CH5COO™) generally lowers the redox potential
of reductant metals, presumably by increasing the electron
density at the metal and facilitating the loss of electrons on
the opposite side of the metal (Stumm, 1992; Sposito, 2004).
Higher stability (i.e., lower energy) of an oxidized Fe''-li-
gand complex relative to the reduced Fe''-ligand complex
may also provide a driving force for the electron transfer.
Evidence for such effects are found in previous work: addi-
tion of carboxyl ligands increased the rate of Cr'' and
oxamyl reduction by Fe'" (Buerge and Hug, 1998; Strath-
mann and Stone, 2002); hydroxyl ligands were found to in-
crease Fe'' reactivity towards O, Cr'’, and organic
pollutants (Sposito, 2004) (p.100 and references within).
In the colloid + Fe 4+ U system at pH 7.5, UY! reduction
is not enhanced by Fe'' complexation to the surface carbox-
yl, implying that a ligand effect is not sufficient to overcome
the barrier to UY! reduction. This implication does not pre-
clude a ligand effect from hydroxylation, as the hydroxyl li-
gand might be a better electron donor than the carboxyl, or
it might bridge between the Fe and U atoms. In kinetic
measurements, the increased rate of UY! removal in the
presence of Fe'" and hematite was correlated to the amount
of hydroxylated surface-adsorbed Fe'' species, >FeO-
Fe"OH? (Liger et al., 1999). The surface hydroxylation
hypothesis is also frequently used to explain increased reac-
tivity of Fe!l in suspensions of metal oxides (e.g., Wehrli
et al., 1989; Buerge and Hug, 1999; Strathmann and Stone,
2003; Elsner et al., 2004). However, the inherent uncertain-
ty associated with surface speciation from titration data
and the possibility of electron transfer through the oxide
interface (Williams and Scherer, 2004) leaves other possibil-
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ities open. Our results from the increased-surface-area sys-
tem at pH 8.4 (see Section 3.2.6) do not support surface
species hydroxylation as the reason for enhanced reactivity
in our system. The increase in the amount of adsorbed Fe'l
at pH 8.4 with surface area (Table 2) should increase the
amount of hydroxylated surface species present. The fact
that we see complete UY! reduction at low surface area
and no reduction at high surface area suggests that (1)
hydroxylated surface Fe™ species are not the species respon-
sible for enhanced UV! reduction, and (2) the actual reactive
species are formed from the dissolved Fe' species pool,
which is decreased when the surface area is increased.
Exclusion of aqueous, carboxyl-adsorbed, and hydrox-
ylated-adsorbed Fe'' species as the reactive species at pH
8.4 leaves aqueous FeOH" and oligomerized Fe(OH),-like
species as possibilities (see Fig. 2¢ for the structure of the
Fe-Fe bond in Fe(OH),). The Fe-Fe coordination ob-
served at pH 8.4 in the low-surface-area system confirms
the presence of the latter, but the former cannot be exclud-
ed. Although reactivity enhancement by OH™ ligands in
FeOH™" and Fe(OH),-like species appears to be a well-es-
tablished mechanism (Sposito, 2004), the observed Fe-Fe
coordination and the UY' reduction occurring under the
same conditions suggest another possible mechanism for in-
creased Fe'! reactivity specifically toward UV': facilitation
of the two-electron transfer by Fe'! oligomerization. Mono-
meric Fe'" can reduce oxidants that go through one-electron
reduction steps (e.g., Cr'"), so no obstacle for electron
transfer from Fe!! to UY! is apparent. Uranium is peculiar
in that aqueous U" rapidly disproportionates to UT and
U (Ekstrom, 1974). Thus, if aqueous UV is the result of
the one-electron transfer, then the reduction to U™ should
be completed through disproportionation. In the systems
where reduction to U'Y does not occur, a bound UV species
must be formed. If the bound UY species are stable, they
will accumulate over time and be observable. We detected
no UY atoms by XAFS in the systems where reduction
did not occur (colloid + Fe + U system at pH 7.5 or with
increased surface area at pH 8.4), either by the edge posi-
tion or by elongation of the axial U-O bond (Docrat
et al., 1999). This result suggests that the hypothesized
UV—Fe intermediate is short-lived and experiences a quick
electron back transfer to return to the original Fe and UY!
species. Such a non-productive pathway is known as a
dead-end intermediate pathway (Haim, 1983). To complete
the reduction to U, a second electron needs to be trans-
ferred during the lifetime of the UV intermediate. In aque-
ous solution with monomeric species, a three-body
correlation between a UY" and two Fe'" atoms is essentially
required. The probability for this is exceedingly small; it
likely provides the kinetic limitation to the UY'-Fe"" reac-
tion in solution. Conversely, if the Fe!! oligomer is already
formed, a net two-electron transfer can occur more effi-
ciently through the bonds between Fe' atoms during the
lifetime of the intermediate. Facilitation of a second elec-
tron transfer to a bound UY species may also be the reason
for the commonly observed high efficiency of UY! reduction
by Fe' in the presence of oxide surfaces (Wersin et al.,
1994; Liger et al., 1999; O’Loughlin et al., 2003; Ilton
et al., 2004; Jeon et al., 2005). Adsorbed UV species have

been observed on dried mica surfaces by X-ray photoelec-
tron spectroscopy (Ilton et al., 2005). Moderate stabiliza-
tion of the UY moiety by the surface is likely to provide
greater opportunity for complete reduction to U™. Com-
bined with possible electron transfer through the oxide
(Williams and Scherer, 2004), the overall catalytic role of
oxides may be to provide a second electron non-locally
from adsorbed or structural Fe'' atoms to a stabilized UY
intermediate.

The proposed two-electron (non-disproportionation)
mechanism for abiotic reduction of U¥! by Fe'' is in con-
trast to recent studies of enzymatic UY' reduction by Geob-
acter sulfurreducens (Renshaw et al., 2005). The authors
conclude that disproportionation of UY is responsible for
the second electron transfer step and that reduction goes
through a stable (i.e., measurable by EXAFS) U" interme-
diate. It is possible that the complexation and redox prop-
erties of enzymes are different than those of Fe'" and cause a
different mechanism to occur in biological systems, one in
which the transition from UY to U' is the rate-limiting
step. Conversely, because of the possibility for a quick
two-electron transfer when Fe'' atoms are connected
through bonds or a crystal, the rate-limiting step in these
systems may be the initial complexation between the redox
centers or the U¥! to UV reduction. Observation of UY spe-
cies in this case will require a technique with better time res-
olution than XAFS.

As discussed in Section 3.2.4, we observed U"™-Fe coor-
dination in the colloid + Fe + U system at pH 8.4. This re-
sult provides support for the involvement of Fe' in both
reduction steps (as opposed to a disproportionation step
from UY to UY): if aqueous UV disproportionation was
responsible for the second reduction step, the resulting
“free” U atoms would likely bind to other U'Y atoms (be-
cause of the extremely low solubility of U" minerals), and
the U™V—Fe coordination would not be observed. The U™
Fe coordination suggests that the U and Fe atoms remain
together in an inner-sphere complex after the first or both
electron transfer steps.

The arguments presented above may provide insight
into controls on the efficacy of abiotic UV reduction by sur-
face-associated Fe'" in natural soil and sediment materials.
Previous studies with a variety of synthetic and natural
Fe_oxide-bearing solids have shown that Fe™ associated
with mineralogically complex natural solids is much less
efficient in catalyzing U reduction than are pure-phase
Fe'™ oxides or natural materials rich in Fe™ oxide (Fred-
rickson et al., 2000; Finneran et al., 2002; Jeon et al.,
2005). Jeon et al. (2005) suggested that heterogeneity in Fe'l
binding sites, leading to lower average Fe'! sorption densi-
ties (e.g., in terms of the number of Fe' atoms per square
nanometer of solid surface) than in pure-phase oxide sys-
tems, was responsible for the observed inefficient abiotic
reduction of UY" in Fe-rich, mineralogically complex nat-
ural materials. The authors speculated that significantly
lower Fe' sorption density on natural materials could limit
the ability of Fe'l and U! to achieve the surface coordina-
tion and subsequent orbital overlap required for efficient
electron transfer. Lower Fe'' sorption densities are also
consistent with lack of Fe'' oligomerization that, in view
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of the results of the present study, could explain the lower
UVYLFe! redox reactivity in natural materials. Alternative-
ly, if conductivity through the oxide lattice between spatial-
ly separated U and Fe adsorbates controls the redox
process, then direct Fe''-Fe'" contact is not necessary for
a two-electron transfer, and reactivity enhancement in
pure-phase oxide systems comes by virtue of Fe and U
atoms being adsorbed to the same crystallite. In the case
of natural systems containing several phases, UY" may be
sorbed predominantly to one phase, whereas Fe!l may pre-
dominantly sorb to another, precluding lattice electron
transfer between the redox centers. More detailed under-
standing of the relative importance of differences in electron
conductivity vs. Fe'! surface coordination/speciation will be
required to precisely define the controls on abiotic Fe-cat-
alyzed U! reduction in soils and sediments.

5. CONCLUSIONS

Using a combination of pH titrations, uptake mea-
surements, and XAFS spectroscopy, we were able to re-
late the Fe"-UY! redox reactivity in a carboxyl-surface
environment to the molecular structure of the Fe and U
species present in the system. Results show that aqueous
and carboxyl-adsorbed Fe' do not reduce carboxyl-ad-
sorbed UY! over at least 4 months. In contrast, complete,
rapid reduction of UY' to U™ occurs under slightly higher
pH conditions that favor Fe'' oligomerization. Because
hydroxylation of the surface-adsorbed Fe'' species was
excluded by the large-surface-area experiments as the rea-
son for increased reactivity at higher pH, the latter was
attributed to a facilitated two-electron transfer through
the bonds of the Fe!! oligomer. Based on these results,
we propose an Fe'-UY! redox mechanism that can ex-
plain the kinetic limitation of the homogeneous reaction,
as well as the commonly observed high reactivity when an
Fe'! oxide surface or structural Fe'! is present. The kinet-
ic limitation in the case of monomeric Fe'' is attributed to
formation of an unstable UV-Fe' intermediate complex
that is not efficiently reduced by other Fe'! atoms in solu-
tion before it returns to the original Fe'' and UY! species.
The enhanced reactivity of oxide-adsorbed or structural
Fe" toward UY! reduction is attributed to the ability of
non-local Fe'" atoms to efficiently provide a second elec-
tron to an adsorbed UY intermediate at the oxide surface
through the bonds of the crystal. The ability of UY! to ob-
tain two electrons during a single complexation reaction
may be an important, yet largely unconsidered, control
on UY! reduction.

Characterization of the Fe and U species in the system
led to several unexpected results. UY" appears to adsorb
to the carboxyl surface at lower pH than the pH range
where significant deprotonation of the surface occurs. At
circumneutral pH, UY" remains completely adsorbed to
the carboxyl surface, whereas bulk stability constants pre-
dict predominance of hydrolysis oligomers in the system.
These results suggest a significant electrostatic or steric
component in the U-surface carboxyl binding energy and
underscore the general need for careful characterization
of the surface species. The observed inner-sphere

adsorption of Fe™! to the carboxyl surface should cause
increased reactivity of Fe'', which was not observed with
U as the oxidant. Without the knowledge of Fe'! oligo-
merization at pH 8.4, the increased Fe™UY! redox reacti-
vity relative to pH 7.5 might normally be attributed to
hydroxylation of the surface Fe'' species. However, the
absence of UY! reduction in the pH 8.4 high-surface-area
system shows that hydroxylation of monomeric surface Fe'!
species is not responsible for UY! reduction in the pH 8.4
low-surface-area system.

Our study discerns some of the controls on UY! reduc-
tion by Fe'' in a defined laboratory system. Although this
system includes only a subset of all components present in
natural environments, the factors considered in our study
are expected to be significant in influencing the environ-
mental fate of U. The presence of Fe'l in anoxic
subsurface systems and its influence on contaminant
transformations is well established. The carboxyl ligands,
present as a surface in our system, are also present in nat-
ure in the form of humic acids, extracellular polymeric
substances, and bacterial surfaces. Uranium in the envi-
ronment will likely interact with Fe'' and carboxyl ligands
in the subsurface, directly affecting U transport. The two-
electron UY! reduction mechanism inferred in our study is
likely to be relevant to all forms of Fe'! present in envi-
ronmental systems, such as Fe!! adsorbed to clays, Mn/
Fe oxides, and bacteria, or structural Fe'l in clays, green
rusts, and magnetite.
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