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Abstract

It is important to understand the mechanisms controlling the removal of uranyl from solution from an environmental
standpoint, particularly whether soluble Fe(ll) is capable of reducing soluble U(V1) to insoluble U(1V). Experiments were
performed to shed light into discrepancies of recent studies about precipitation of U-containing solids without changing
oxidation states versus precipitation/reduction reactions, especially with respect to the Kinetics of these reactions. To
understand the atomistic mechanisms, thermodynamics, and kinetics of these redox processes, ab initio electron transfer
(ET) calculations, using Marcus theory, were applied to study the reduction of U(V1)ag to U(V)aq by Fe(ll)aq (the first
rate-limiting ET-step). Outer-sphere (OS) and inner-sphere (IS) Fe—U complexes were modeled to represent simple species
within a homogeneous environment through which ET could occur.

Experiments on the chemical reduction were performed by reacting 1 mM Fe(l1)aq at pH 7.2 with high (i.e., 0.16 mM) and
lower (i.e., 0.02 mM) concentrations of U(V1)aq. At higher U concentration, a rapid decrease in U(V1)aq was observed within
the first hour of reaction. XRD and XPS analyses of the precipitates confirmed the presence of (meta)schoepite phases, where
up to 25% of the original U was reduced to U*" and/or US*-containing phases. In contrast, at 0.02 mM U, the U(V1)aq
concentration remained fairly constant for the first 3 h of reaction and only then began to decrease due to slower precipitation
kinetics. XPS spectra confirm the partial chemical reduction U associated with the precipitate (up to ~30%). Thermodynamic
calculations support that the reduction of U(V1)aq to U(IV)aq by Fe(ll)aq is energetically unfavorable. The batch experiments
in this study show U(VI) is removed from solution by precipitation and that transitioning to a heterogeneous system in turn
enables the solid U phase to be partially reduced.

Ab initio ET calculations revealed that OS ET is strongly kinetically inhibited in all cases modeled. OS ET as a concerted
proton-coupled ET reaction (ferrimagnetic spin configuration) is thermodynamically favorable 35 kJ/mol), but kinetically
inhibited by concurrent proton-transfer (10-1° s=1). OS ET as a sequential proton-coupled ET reaction is thermodynamically
unfavorable (+102 kJ/mol) as well as kinetically inhibited, where ET is the rate-limiting step (10-12s=1). In contrast, the
reduction of U(V1)a to U(V)aq by Fe(ll)ag as an IS ET reaction is both thermodynamically favorable 16 kJ/mol) and
kinetically rapid (108s—1); the IS ET rate is several orders of magnitude faster than the OS ET rate. Thus, reduction of
U(VDag to U(V)aq by Fe(ll)aq in @ homogenous system could occur if an IS Fe—U complex can be achieved. However, the
formation of IS Fe—U complexes in an homogeneous solutionis predicted to be low; considerable thermodynamic and kinetic
barriers exist to proceed from an OS ET reaction to an IS ET reaction, a process that needs to overcome dehydration of the
first solvation shell (+96 kJ/mol) and hydrolysis of Fe(Il)aq. The computational results complement and further substantiate
experimental results where the reduction of U(V1)aq by Fe(ll)aq does not occur.
© 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The radioactive element uranium is most soluble and
mobile in the hexavalent oxidation state as the uranyl ion
UO3%". Due to its solubility in oxidizing conditions, it is
of interest to understand mechanisms that are capable of
removing uranyl from solution. There are several mechan-
isms by which U can be immobilized in the subsurface.
Precipitation of solid uranyl phases such as schoepite
(UO3-2H20) can occur at higher concentrations (e.g., above
10~ M U(VI), log "Ksp = 5.39) at near-neutral pH (Jang
et al., 2006); schoepite can be found in contaminated sites,
such as soils and groundwaters at U.S. Department of
Energy sites, as well as in natural U ore deposits. The che-
mical reduction of U(VI) to U(1V) is another mechanism to
immobilize U, where the tetravalent oxidation state of U is
sparingly soluble and precipitates as uraninite UOz¢). An
extensive number of studies focus on this approach as it
is capable of removing uranyl from solution to below the
U.S. Environmental Protection Agency’s maximum con-
centration limits (1.3 x 10~7 M, 30 ppb) (EPA, 2000).

The abiotic reduction of soluble U(V1) by soluble Fe(ll)
as a homogeneous-reaction (i.e., the reduction of U(VI) by
Fe(Il) occurs where both of the reactant species are in the
aqueous phase) is a relevant process for retarding U trans-
port in the subsurface. However, experimental results in
this area remain inconclusive about the exact mechanism
of precipitation or combined reduction/precipitation. One
hypothesis is that the reduction of U(VI) in a homoge-
neous, Fe(ll)-containing solution does not occur because
the redox reaction is kinetically inhibited. One of the earlier
studies investigating the abiotic reduction of uranyl by fer-
rous iron found that the chemical reduction of U(VI) does
not occur in a homogeneous, Fe(ll)-containing solution (at
neutral pH in an anoxic system) for over three days, despite
being thermodynamically favorable. However, upon
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addition of hematite nanoparticles (a-Fe203) to the
solution, the chemical reduction of U(VI) by Fe(ll) occurs
rapidly, reaching equilibrium during the first hour of reac-
tion (Liger et al., 1999). This phenomenon has also been
observed in experiments at similar conditions (i.e., pH
~7.5,anoxicenvironment) using different U and Fe concen-
trations (i.e., 0.1 1IM-10 1M U, reductant to oxidant ratio
of about 500, growth solution supersaturated with respect
to schoepite) (Zeng and Giammar, 2011). Subsequent ana-
lyses of these results using surface-complexation models,
led to the hypothesis that the reduction of U(V1) in a homo-
geneous, Fe(ll)-containing solution is Kinetically inhibited
(Charlet et al., 1998, 2002; Liger et al., 1999; Zeng and
Giammar, 2011). These results imply that uranyl reduction
at these experimental conditions is not a mechanism by
which uranyl will be immobilized.

Conversely, the homogeneous reduction of U(VI) by $?-
and Fe?* at higher U(VI) concentrations (at neutral pH in
an anoxic system) has been reported (Hua et al., 2006; Du
et al., 2011). One of the hypotheses why uranyl reduction by
ferrous iron occurred is that the redox reaction is governed
by thermodynamics, where the reaction favorability is
dependent on experimental conditions such as pH.
Declining concentrations of Fe(ll)aq correlate with the loss
of U(VI)a. At the presumed equilibrium pH of 6.2, the
ratio of consumed Fe(ll) to the loss of U(VI) is~2:1; this
ratio would be consistent with a two-electron transfer
(ET) to U(VI) and reduction to U(IV). Additionally, ther-
modynamic calculations with different combinations of
pH, [Fe(Il)ag], and [U(V1)aq] predicted uranyl reduction to
be favorable for their experimental conditions at pH > 5,
as was the case for the experimental conditions of pH 7.5
used by Liger et al. (1999). Thus, unlike the experiments
where uranyl reduction was not observed, the reduction
of uranyl by Fe(ll) was found to be thermodynamically
and Kinetically feasible. These results in turn predict uranyl
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Fig. 1. Potential processes occurring in a homogenous system between uranyl and ferrous iron, including processes leading to the transition
towards a heterogeneous system. The red arrows denote processes where ET is occurring. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)



Table 1

Description of possible behaviors for U and Fe in homogeneous systems, relevant to this study, as shown in Fig. 1.

Behavior

General factors influencing proposed behavior

1 Aqueous U(VI) and Fe(ll)

Concentrations below solubility limits (Iog “Ksp,ucviy-nydroxides = [4.9, 7.71; 109 "Ksp req)-

nydroxides = [12.9, 13.5]) atappropriate conditions (e.g., pH) (Jangetal., 2006; Gustafsson,

2010)
2a Complexes between aqueous Fe(Il) and
U(VI)
2b Reduction of U(V1) by Fe(Il) in aqueous
complexation
3 Precipitation of U(VI)
4 Precipitation of Fe(ll)
5a Oxidation of soluble Fe(ll) to Fe(ll)
5b Precipitation of Fe(lll)

6a Reduction of soluble U(VI) to U(IV)
Eh-pH)
6b Precipitation of U(IV)

Ta Adsorption of Fe(ll) on solid uranyl

Limited experimental data

Theoretical studies show dependence on thermodynamics, kinetics, complexing ligands,
outer- vs. inner-sphere coordination, etc., (Wander et al., 2006)

Concentrations above solubility limits at appropriate conditions (e.g., pH > 4.5)
Concentrations above solubility limits (e.g., pH > 7.5)

Availability and reactivity of oxidant at appropriate conditions (e.g., Eh-pH)

Above Fe(l11) phase solubility products (109 "Ksp reinyiny-tydroxides = [—1.4, 3.4])
(Gustafsson, 2010)

Availability and reactivity of reductant (Du et al., 2011) at appropriate conditions (e.g.,

Above U(1V) phase solubility products (log "Ksp.uo2 = —4.7) (Jang et al., 2006;
Gustafsson, 2010)
Solids present (generated through processes such as 3 and 6b) with available surface sites,

phase at appropriate solution conditions (e.g., pH)

7b ET between U(s) and Fe(ll)

7c Formation of passivation layers on
original U(s)

8a Adsorption of U(VI) on solid ferrous
iron-containing phase(s)

8b ET between Fe(s) and U(VI)

8c Formation of passivation layers on
original Fe(s)

reaction

reaction

Complexation such as in process 2
Surface area saturated by redox products without new surface area being exposed after

Solids present (generated through processes such as 4 and 5b) with available surface sites,
at appropriate solution conditions (e.g., pH)

Complexation such as in process 2

Surface area saturated by redox products without new surface area being exposed after

can be immobilized through reduction to U(1V) and subse-
quent precipitation of UOzs).

The studies described above observe very different
behaviors for aqueous uranyl and its chemical reduction
by ferrous iron (at neutral pH values in anoxic systems),
which can lead to high uncertainties in predicting the trans-
port of U. There is a lack of knowledge in fundamental pro-
cesses and mechanisms by which uranyl reduction by
ferrous iron occurs; this is due to the complexity of the
redox environment. The abiotic reduction of U(VI) is
shown to be influenced by a number of processes in an
aqueous, homogeneous system, including processes that
can convert a homogeneous system to a heterogeneous sys-
tem (i.e., where U and/or Fe species can exist as both aque-
ous and solid phases) (Fig. 1, Table 1). The generation of
solid redox products, for instance, can enable the possibly
rapid transition to a heterogeneous system where the
mechanisms involved in removing uranyl from solution
are more complex (Fig. 1, Table 1, Processes 3-8).
Understanding the mechanisms controlling uranyl removal
from solution in homogeneous and heterogeneous systems,
whether it be schoepite precipitation and/or the chemical
reduction of U(VI) to U(IV) and subsequent precipitation
of UOzs), for example, is necessary to develop more effec-
tive pathways for waste isolation and environmental
restoration.

Here, experimental and molecular theoretical approach-
es are applied to understand mechanisms removing uranyl
from solution, focusing on whether the chemical reduction
of aqueous U(VI) by aqueous Fe(ll) in fact occurs.
Experiments were designed using conditions and U

concentrations that can be found in the literature and had
produced conflicting results or interpretations. Analyses
of the aqueous and solid fractions over time were done to
accurately interpret U concentration changes and assess
redox mechanisms. Finally, ab initio molecular modeling
is applied to explain experimental and geochemical obser-
vations. Reduction of U(VI) to U(I1V) occurs as a sequential
two-ET process; the intermediate oxidation state of U(V) is
nominally unstable in solution. It has been postulated that
the rate-limiting step is the first ET, reducing U(VI) to
U(V). Thus for this study, the first ET step for U(VI) reduc-
tion to U(V) by Fe(ll) was specifically investigated. By
evaluating molecular mechanisms occurring in both homo-
geneous and heterogeneous systems, this study intends to
advance our understanding of environmentally relevant
actinide redox reactions.

2. METHODS
2.1. Experimental

2.1.1. Batch experiments

All solutions were mixed using degassed water prepared
by autoclaving ultrapure Milli-Q® water (typically
18.2 MX cm at 25 °C) in Pyrex® Corning®® glass bottles
at regular sterilizing conditions (i.e., 40 min at 121 °C and
~138 kPa). Out of the autoclave, purified Nz is blown onto
and bubbled into the water for about 90 min while it cools
from 95 °C to 35 °C in a warm bath. Glass bottles are
then air-tight capped and immediately transferred to a con-
trolled atmosphere Coy® vinyl glove box. Gas in the box



(5% H in N mix) is kept dry and at O levels <1 ppm using a
desiccant and a palladium catalyst attached to a con-
tinuously running fan box. O is further removed by recircu-
lating the glove box atmosphere through an O trap using a
diaphragm pump.

Stock solutions of 0.05 M UO$* and 0.18 M Fe?* were
prepared from high-purity solids UO2(NOs)2 -6H20
(International Bio-Analytical Industries Inc.; CAS-#:
13520-83-7) and FeCl2 (Sigma—Aldrich; 99.998% trace met-
al basis; CAS-#: 7758-94-3) in 1% HNOs and HCI, respec-
tively. Experiments were conducted at pH~7.2, where the
solution pH was buffered by 5 mM HEPES and the ionic
strength was controlled at 50 mM NaCl. Intermediate
0.82mM UO$*and 5 mM Fe(ll) stock solutions werepre-
paredin5 mM HEPES-50 mM NaCl (pH =7.5) solution,
further titrated with 0.1 M NaOH to pH~7.2, and equili-
brated overnight. After equilibration, solutions were fil-
tered through 0.22 1m pore-size PVDF syringe filter
membranes. The 5 mM Fe(ll) solution prepared this way
was used in both Experiments 1 and 2 (described below).
The equilibrated 0.82 mM UO?* solution was used only
for Experiment 2, while the titration information served
tomake asecond UO%* intermediate stock at reactiontime
for Experiment 1.

Experiments were conducted at conditions similar to
those where the chemical reduction of uranyl have and have
not been observed; Du et al. (2011) observed the chemical
reduction of 0.20 mM U(VI) in a 1 mM Fe?*-containing
solution while Zeng and Giammar (2011) did not observe
uranyl reduction at 0.01 mM U(VI) in a 5 mM Fe?*-con-
taining solution. Similar concentrations were used in this
study, 0.16 mM and 0.02 mM U, to further probe the
mechanisms controlling removal of uranyl from solution;
i.e., these experiments would be able to observe if uranyl
is being removed from solution by uranyl reduction occur-
ring in a homogeneous system and the subsequent pre-
cipitation of UO2i) or via other mechanisms such as
precipitation of U(V1) solid phases.

For Experiment 1 (predicted to be thermodynamically-
favorable and kinetically-rapid conditions for uranyl reduc-
tion by Du et al. (2011)), a neutral reaction solution (pH
7.2) of 1 mM Fe?* and 0.16 mM UQ}* was prepared in
5 mM HEPES-50 mM NacCl solvent using the intermediate

5mM Fe?* stock solution (equilibrated overnight and fil-
tered) and 0.05 M UO?* stock solution.

For Experiment 2 (pzredicted to be thermodynamically-
favorable but kinetically-slow conditions for uranyl reduction
by Zeng and Giammar (2011)), a neutral reaction solution
(pH 7.2) of 1 mM Fe?* and 0.02 mM UQ?* was prepared
in 5 mM HEPES-50 mM NaCl solvent, using the
intermediate Fe and U stock solutions (both equilibrated
and filtered). The filtered U stock solution was used to
ensure uranyl in the system was present only in its aqueous
state.

The solutions for both experiments were constantly
agitated on a sample rotator. Aliquots of 3 ml were taken
from the reactors at 0, 15, 30, 45 min and 1.5, 3, 5, 8, 24,
32, 48, and 72 h from the beginning of the experiment.
The aliquots were filtered through 0.221m pore size
PVDF syringe filter membranes acidified to 1% HNOs,

and reserved for analysis by ICP-MS. The solution pH
was measured at 0 and 45 min and 3, 8, 24, 48, and 72 h
to observe if the acidity of the solution was increasing via
the generation of solid (redox) products. Solid samples were
also collected on the 0.22 1m pore size PVDF syringe filter
membranes at 0 and 45 min and 3, 8, 24, 48, and 72 h to
observe the rate of uranyl reduction occurring over time.
Precipitate samples were dried on filter membranes in a des-
iccator under anoxic conditions in the glove box, and were
set aside for XRD and/or XPS analysis.

Aqueous Fe?* and UO%" concentrations were measured
from the diluted, acidified aliquots using a Perkin-Elmer
ELAN DRC-e ICP-MS. The identity of Fe analyzed with
the ICP was confirmed to be Fe?*, as UV-Vis measure-
ments using the ferrozine method provided similar Fe?*
concentrations (within 5% error). The quantitative analysis
method used ten sweeps per reading, five readings per repli-
cate, and the average of five replicates per measurement,
simple linear standard calibration curve with 6 points,
and Ga as internal standard. Analytical precision was bet-
ter than 3% RSD for both U and Fe based on check stan-
dards, laboratory reference material, and sample replicates.
Internal standard variation was never above 15%.

To determine the thermodynamics for Fe—U redox reac-
tions, geochemical information, such as the chemical spe-
ciation of Fe?* and UO% at the given experimental
conditions, was derived using the software Visual Minteq
(Gustafsson, 2010). It was of particular interest to deter-
mine the thermodynamics for redox reactions where both
the Fe and U reactants and products are in the aqueous
phase, similar to what was done by Felmy et al. (2011).
Because the solubilities of Fe3* and U* are low, with
respect to their corresponding oxides, redox reactions are
often expressed as UOZZ*(aq) + 2e— 1 UOy), for instance,

where the reactant is one phase (aqueous) and the product
is a different phase (solid). However, if considering a truly
homogeneous system, aqueous reactants should yield aque-
ous products immediately following the redox process (e.g.,
UO%Gg + 26~ 1 Ugyy). Thus, thermodynamic calculations
with products in both the aqueous and solid states were
used to determine the feasibility of redox reactions occur-
ring in homogeneous solution and the potential influence
of solid phases on the reaction free energy.
Standard electrode potentials (pe®) for UQ2*/U**
(pe® = 9.038) and Fe?*/Fe3* (pe® = 13) were used to

1 2 calcu-
late redox potentials pe1 and pez, respectively (Morel and
Hering, 1993) (Eqg. (1)):

0 Yaped — Ing‘zF‘Qedyctant ab
hOxidant]
The experimental conditions used were: Fe?*

=6.8x107* M, Fe3* =32 x10~* M, Uo3%* =7 x
10-"M (based on experimental data in this study),
U* =16 x 10~* M (assuming all uranium is reduced to
U* by two-Fe?*), pH = 7.2. While the UO?*/U** equilib-
riumis pHdependent because itinvolvesthe coupled proton
transfer of 4 H* ions, the UOZ*/U(OH)4 is not and the tran-
sition between these two equilibria can be performed using
the hydrolysis of the U(OH)a complex. Atthese conditions,
the primary electron donor from Fe?*-containing species



(e.g., FeCl*, FeCly) is Fe?* (-98% of the aqueous Fe?* spe-
cies) and the UO3* electron acceptor species are
(UO2)3(OHY  (~65%), (UO2)4(OH)* (~32.5%), and
UO2(OH)2 (4.5%). Redox products were chosen based
on dominant aqueous and solid redox species; the aqueous
redox products were U(OH)4 and Fe(OH); and the solid
redox products used were Fe(OH)s, a-FeOOH, a-Fe20s,
and UOz(ams). An amorphous, solid UO2 phase was chosen
based on experimental observations of faster precipitation
kinetics than crystalline UO2 (Felmy et al.,, 2011).
Thermodynamic data for aqueous hydrolysis species were
calculated using hydrolysis constants supplied by Visual
Minteq’s thermodynamic database (Gustafsson, 2010). The
reaction free energy, DG, for a two-ET redox reaction was
calculated from the redox potentials derived from the var-
ious combinations of reactant and product species (Eq. (2)):

DG % —n X 2:3RTdpe; — 2 X pe,b a2p

where nisthe number ofelectrons transferred (two in this
case), R is the gas constant (8.314Jmol-1 K-1), and T is
temperature in Kelvin (298.15 K).

2.1.2. Analyses of the solids

X-ray diffraction (XRD) analyses were performed on
selected samples to determine the identity of the solid
(redox) products formed. Again, precipitate samples had
been dried on filter membranes in a desiccator under anoxic
conditions. XRD spectra were acquired using a step size of
0.02° 2h and a scan rate of 0.02°/s from 5° to 60° 2h on a
Scintag X1 Powder X-ray Diffractometer with Cu-Ka
source. Background from the PVDF filters was subtracted
from the XRD spectra.

A Philips XL30 FEG scanning electron microscope
(SEM) was used to observe uranyl precipitation at the
lower uranyl concentration (0.02 mM U). Dried filter
membranes were carbon-coated and mounted using dou-
ble-sided copper-tape. A thin strip of graphite paste was
also painted on the filter-membranes to the sample mount
to reduce the amount of charging on the nonconductive fil-
ter membranes. Images were collected using a beam current
of 15 keV. Backscattered electron (BSE) imaging was used
to identify solid precipitates on the filter membrane and
energy-dispersive spectroscopy (EDS) spectra with an
EDAX Genesis detector was used to confirm the presence
of uranium in the precipitates observed.

Characterization of the chemical oxidation states of ura-
nium was done by measuring electron binding energies
(BEs) using a Kratos Axis Ultra X-ray photoelectron spec-
trometer (XPS) with an Al-Ka X-ray radiation source
(1486.6eV). Thedried powders on the filtermembranes (ex-
posed only to the anoxic glove bag atmosphere) were trans-
ferred ina Cole-Parmer vacuum desiccator during transit to
avoid exposure to atmosphere. The filters with the powders
were affixed onto double-sided copper tape and loaded onto
a sample bar. This is the only time where samples could
have been exposed to atmosphere for up to 2—4 min. The
samples were degassed in the sample-transfer chamber
under a vacuum pressure of <10-5Torr overnight, to
ensure degassing of the PVDF filters. Upon transferring
the samples to the sample-analysis chamber, a vacuum

pressure of <10—8 Torr was maintained. The X-ray emis-
sion currentand anode voltage used during spectraacquisi-
tion were 8 mA and 14 keV, respectively. A charge
neutralizer was used during spectra acquisition due to the
non-conductive behavior of the filters and powdered sam-
ples. Spectra were acquired using a hybrid lens and slot
aperture (700 x 300 1m).

Survey scans were collected to confirm the presence of
relevant elements in this study (U, C, O, Fe) in the BE range
—-5-1200 eV at 1 sweep (dwell time = 200 ms) and at a pass
energy of 160 eV. Following the survey scans, narrow scans

were collected under the same analyzer conditions, but at
lower pass energies and with more sweeps to better resolve
photopeak energies. Samples from Experiment 1 were col-
lected using a pass energy of 20 eV while samples from the
Experiment 2 used 80 eV (the lower concentrations of
uranyl produced lower counts); narrow scans for U used
15-20 sweeps (dwell time = 133 ms). The presence of U, O,
C, and F (from the PVDF filters) was apparent and nar- row
scans could be acquired. Fe 2p photopeaks could not be
found or resolved with survey or narrow scans (BE 710
-eV), despite estimated Fe cps suggesting Fe was detectable
in samples for Experiment 1 (based on the ratio of Fe
removed from solution to uranium removed from
solution).

XPS spectra were analyzed using the Casa XPS software
(v. 2.3.16). Spectra were calibrated using the adventitious
carbon method (Hochella, 1988); the energy for the C 1s
photopeak led to a shift in energy from-282.5 to 285 eV.
Narrow scans for the U 4f photopeaks were analyzed in
detail to characterize uranium oxidation states. Within a
simple (oxy)hydroxide system, the U 4f BE can be used to
distinguish between U(VI1) and more reduced U phases,
where a higher BE represents the higher U(VI) oxidation
state (Hochella, 1988). BEs for different chemical oxida-
tions of uranium can overlap, in which case satellite peaks
(if present) are used to provide more concrete determina-
tion of the oxidation state. Quantification of the amounts
of reduced uranyl on the solids collected over time were also
compared to aqueous data to understand whether the aque-
ous data accurately reflected the amount of reduction
occurring. Shirley background subtraction was applied to
U 4f spectra with Gaussian—Lorentzian (GL) type curves
fit to the photopeaks and satellite peaks. The FWHM for
the components fit to the photopeaks were held constant
and so was the FWHM for the components fit to the satel-
lite peaks (though not necessarily the same FWHM as the

photopeaks).

2.2. Computational

The aim of the ab initio calculations was to estimate the
thermodynamics and kinetics of the first ET step in Fe-U
complexes found in aqueous, homogeneous systems. An
aquo Fe?* complex (Fe(H20)2*) and hydrated, octahedral-
ly-coordinated UO2(OH)2 complex were constructed, con-
sistent with their expected speciation at neutral pH
(Fig. 2a and b). The uranyl species at higher concentrations
at neutral pH also exist as hydroxypolymers (e.g.,
(UO2)3(OH)Y), although using these polynuclear species
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HEPES, pH, = 0.05 atm, pN, = 0.95 atm). (b) Aqueous chemical speciation for 0.16 mM U(VI) (in the presence of 1 mM Fe?") at

experimental conditions.

would significantly complicate the ab initio calculations
(e.g., reduction of the entire complex would require six-
ET steps). At lower uranyl concentrations, the neutral
UO2(OH):2 species is the major dissolved species and is suf-
ficient for these calculations. An outer-sphere (OS) complex
Fe(H20)*-UOLOH) {H 0) , was modeled to represent the
ions in an aqueous environment being fully solvated while
an inner-sphere (IS) complex ((H20)sFe(OH)2-UO2
(H20)2)?* represents the dehydration of the OS complex
and complexation of the ions through bridging-hydroxyl
ligands. The IS complex is the predicted complex through
which uranyl reduction can occur, and is also relevant to
heterogeneous systems (Charlet et al., 1998, 2002; Liger
et al., 1999; Sherman et al., 2008; Singh et al., 2012).
biniti(gzgalculatiops were,applied to ET reactionsto
reduce U ) to UO2 by Fe?*, 'using the speciation as
above, and in the gas-phase (i.e., only the first hydration
shell is explicitly treated). Marcus Theory has been used
as a framework for environmental ET calculations using
molecular modeling for over a decade (Rosso et al., 2003,
2004; lordanova et al., 2005; Rosso and Dupuis, 2006;
Wander et al., 2006; Wander and Schoonen, 2010); detailed
explanations of Marcus Theory and the calculation of ET
rates are available in the literature, which the reader is
referred to for more information (Marcus and Sutin,
1985; Farazdel et al., 1990; Marcus, 1993; Rosso et al.,
2003). To model an ET reaction, the Fe?* and UO?* ion
must be assigned with the appropriate charges and spin
configurations. Before ET occurs, the Fe* ion has a net
charge and spin of +2 and +4, respectively, while the
UO%* ion has a net charge and spin of +2 and 0, respective-
ly; this state is referred to as the pre-ET complex in this
study. After ET, the oxidized Fe?* (now Fe®*) would have
a net charge %nd spin of +3 and +5, respecti\_/eI%L while the
reduced UOZ+ (now UOZ*) iIs +2 and #1; this state is

referred to as the post-ET complex. Ferromagnetic (same

majority spin direction for Fe3* and UO3) and ferrimag-
netic (opposite majority spin directions for Fe3* and UGy
with a net residual moment) spin configurations for the
post-ET complex were modeled to determine the most ener-
getically favorable spin configuration as well as observe
whether the spin configuration affects the thermodynamics
and kinetics of ET.

The pre- and post-ET structures were geometry opti-
mized using NWChem (Valiev et al., 2010). Basis sets used
in this study were 6-31G™ (O and H) (Harihara and Pople,
1973), Ahlrichs PVDZ (Fe) (Schafer et al., 1992), and the
Stuttgart RLC ECP (U) (Kuchle et al., 1991); the reliability
of these basis sets has been demonstrated in other studies
(Kerisit and Rosso, 2006; Wander et al., 2006; Skomurski
et al.,, 2011). The structures were Pre-optir_nized using
spin-unrestricted Hartree—Fock (HF) to localize the elec-
trons in the desired distribution, and then re-optimized
using the HF-DFT hybrid B3LYP functional to improve
the exchange—correlation description and produce more
accurate wavefunctions and structures. Only the results of
the DFT-B3LYP calculations are presented in this study,
except for electronic coupling matrix elements which were
calculated at the HF level.

Changes in Mulliken spin distributions for the optimized
pre- and post-ET structures, as mentioned above, were ana-
lyzed to approximate ET extent. Changes in Fe and U
atomic distances were monitored to confirm the appropri-
ate oxidation state was obtained. Average bond lengths
between Fe(lll) and its hydroxyl or water ligands, as well
as average bond lengths between U(VI) and its oxo,
hydroxyl, and water ligands, are shorter than those for
the Fe(ll) and U(V) cations, respectively, due to the elec-
tron localization (Rosso et al., 2003).

Followin timization qof the pre- and post-ET struc-
%tlo energy (PE proﬁPe was c?eﬁved rom stin-

tures, a pote
gle-point energies calculated from hybrid structures,



obtained using the linear synchronous transit method
(LST) (Halgren and Lipscomb, 1977) (Fig. 3). Parabolic
functions were fit to the reactant and product PE surfaces
to derive ET parameters, namely the free energy of ET reac-
tion, the reorganization energy, and the diabatic activation
energy. The reaction free energy, DG?, is the change in free
energy upon ET. The reorganization energy, k, is the energy
needed to distort the configuration of the reactants into that
of the products without changing the electronic
distribution. From these datathe electronic coupling matrix
element and adiabaticity of the reaction were also
determined.

The electronic-coupling matrix element, Vas, is the
amount of electronic interaction between the reactant and
product states at the transition state (calculated using HF

YRyefanstdenpe Usded iatErhe Meshelestrth VECEaMyakt
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magnitude of Vae determines if the reaction proceeds
adiabatically (the electronic coupling is strong;
Vas > ksT) or nonadiabatically (weak; Vas < ksT)
(Skomurski et al., 2011).
Additionally the probability for ET to occur, P12, is a
function of Vas and k (Eq. (3)):
C ., )SMMMMM!
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Pi2%1l-exp - hv KKs

where h is Planck’s constant (4.14 x 10-15eVs), v is the
typical frequency for nuclear motion (1013 s~1) (Wander
et al., 2006), ks is the Boltzmann’s constant (8.62 x 10~
5eV/K), and T is the temperature in Kelvin (273 K).
P12 is another indication of whether a reaction occurs
adiabatically or nonadiabatically: if the probability is
high (~1), ET occurs adiabatically and vice versa.
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Fig. 3. Free energy diagram of an electron transfer reaction.
Modified from Kerisit and Rosso (2006).

The activation energy, DG", is the energy required to
(thermally) excite the system to the transition state con-
figuration, and can be estimated for the adiabatic case as

(Eq. (4)):
02
DG 1/46k DG b -V aB a4b
4k

If the electronic coupling is strong, the ET reaction occurs

adiabatically and the ET rate, ker, is expressed as (Eq. (5)):

e 8
eT ¥a texp - KT

If the electronic coupling is weak, the ET reaction occurs
nonadiabatically and ker is expressed as (Eq. @6)):
2p 1 3DG p kb

\Y; 2
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B 4pkksT
KeT%a i asj pii i exp - P 6P
The OS-ET reactioh was found to be complicated as ener-
gy minimization of the product state shows that proton
transfer (PT) is coupled to the ET. Proton-coupled elec-
tron transfer (PCET) was also observed in calculations
for the reduction of triscarbonato uranyl by Fe?*
(Wander et al., 2006). To understand the rates of
elementary steps involved, Wander et al. (2006) treated
the OS-ET as two different models, as a concerted-PCET
reaction (PCETconc) and as a sequential-PCET (PCETseq)
reaction. The PCET ., reaction describes ET and PTs
occurring simultaneously while the PCETseq reaction
describes ET to occur first and was followed by PT.
Separating the ET from the PT led to significantly differ-
ent thermodynamics and ET rates for the reduction of
triscarbonato uranyl by Fe?*. More so, the comparison
between the two different models enabled the authors to
conclude that the ET step of the PCETseq was rate-
limiting (Wander et al., 2006). This approach was adopted
into the present study; the two different models were
applied to the OS-complex in the ferrimagnetic spin
configuration. The PE surfaces for the PCETseq reaction
showed different curvatures between the ET step and the
PT step (i.e., the curvature for the PT was steeper).
Thus, k values for the PT were calculated with both the
shallow and steep curvatures, providing a range of values
for k, DG", Vag, and Ker.

The reaction energy to proceed from an OS complex to
an IS complex was calculated as a dehydration reaction

(Ea. (7)):
FedH20b2” — UO280Hb,3H20p,
— 88H20b,FedOHb, — UO20H20b,b™ p 2H20 87p

The gas-phase energetics for the dehydration reaction were
corrected for aqueous solution conditions by calculating the
energy for the water molecule with the COnductor-like
Screening MOdel (COSMO) (Klamt and Schuurmann,
1993; Delley, 2006), as the energy of a water molecule is
significantly better described by including solvation interac-
tions. COSMO corrections for the metal species were found
to cancel due to large and similar cavity sizes and identical
net charge.



3. RESULTS
3.1. Experimental results

3.1.1. Experiment 1: Thermodynamically favorable and
kinetically rapid conditions

At conditions where uranyl reduction had been observed
(0.16 mM U(VI), 1 mM Fe(ll)), the aqueous uranium
concentration decreases rapidly during the first 15 min of
reaction. Within the first hour of reaction, the concentra-
tion decreases by an order of magnitude (i.e., from
0.16 mM to 0.02 mM UO?) (Fig. 4a and c). After 8 h of
reaction, U(V1)aq reaches an equilibrium concentration of
~7 x 10=7 M, which remained constant until the experi-
ment’s completion. In agreement with previous studies
(Du et al., 2011), the removal of aqueous U in a Fe?*-con-
taining solution at near-neutral pH under anoxic conditions
occurs rapidly.

Fe?* concentrations were measured concurrently to
assess whether they correlated with changes in uranyl con-
centrations. Such a correlation would suggest chemical
reduction and eventual precipitation of UOzs). [Fe(ll)ag]
show a decreasing trend similar to that of [U(VI1)ag]
(Fig. 4b and c). However the proportion of Fe to U
removed is 1.4-1 instead of the expected 2-1 ratio, consid-
ering simple mass and electron balance for reduction to
U(IV) (Fig. 4d). Thus, Fe?* concentrations indicate only
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partial reduction of U(VI). Assuming the loss of Fe?* is
due exclusively to chemical reduction, an estimated maxi-
mum of 0:02 mM U(VI) ( 13%) is reduced at 45 min
and 606 mM U(VI) ( 38%) by 72 h.

The pH decreased from 7.19 to 7.09 within the first 8 h,
but remained constant at pH 7.09 from 8 h onward to 72 h
of reaction. The pH changes also correlate to [U(V1)ag]
changes, where the U(VI) concentration reached equilibri-
um after 8 h, as mentioned above. This decrease in pH is
in agreement with the generation of solid (redox) products,
such as the precipitation of iron oxides and of uranium
phases including schoepite and uraninite; these processes
increase the acidity of the solution as discussed below.

Analyses of aqueous uranyl concentrations show uranyl
is removed from solution over time, though the mechan-
ism(s) controlling uranyl removal from solution are uncer-
tain. Decreasing Fe(ll) concentrations indicate partial
U(VI) reduction occurred, though it is unclear if reduction
occurred in a homogeneous environment (where aqueous
U(VI) is reduced by aqueous Fe(ll)) or in a heterogeneous
environment (where formation of iron or uranyl-containing
solids in turn facilitate U reduction). Control experiments
were conducted to show whether a homogeneous system
was maintained. After equilibration, both 0.17 mM UQ?*
and 1 mM Fe?* stock solutions at pH 7.2 were filtered
through syringe filters (25 mm-diameter PTFE membrane,
0.22 1m pore size), which were set aside for solid analyses.
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Fig. 4. (@) Aqueous uranium concentrations over time comparing measurements from Experiments 1 (open, red circle) and 2 (open, red
triangle). The initial U(V1) concentration for Experiment 1 is 0.16 mM, and is not shown on the figure in order to observe changes at lower
concentrations in better detail. (b) Aqueous Fe(II) concentrations over time comparing measurements from Experiments 1 (filled, green circle)
and 2 (filled, green triangle). (c) Comparison between relative uranyl and ferrous iron concentrations over time for both the Experiment 1 and
2. Circle markers denote data from Experiment 1 while triangle markers denote data from Experiment 2. Open, red markers denote aqueous U
concentrations for the respective experiments while filled, green markers denote aqueous Fe concentrations. (d) Correlation between U and Fe
concentrations over time for Experiment 1. Markers are filled with green and red to denote the comparison between Fe and U concentrations.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Equilibration of the 1 mM Fe?* solution at pH 7.2 showed
little to no Fe?* was removed from solution after filtration,
over 24 h. The precipitation of green rust or iron redox
products did not occur under  these conditions.
Conversely, the concentration of the 0.17 mM UQ#*
solution decreased to 0.05 mM U within the first 1.5 h
(similar to the rate the in uranyl concentration decreases
in the Fe—U experiment). A uniform coating of bright-yel-
low precipitates was observed on the filter, and the solids
were characterized to be predominantly (meta)schoepite
using XRD (~74% schoepite, ~16% metaschoepite, and
~10% b-UO2(OH)z2) (Fig. 5).

These control experiments show the precipitation of
(meta)schoepite to be the primary mechanism controlling
uranyl removal from solution. Geochemical models also
indicate the system being supersaturated with respect to

schoepite (Fig. 6). The removal of uranyl could not be
attributed to the chemical reduction of soluble U(VI) by

soluble Fe(ll) as concluded by previous experiments (Du
et al., 2011). It is thus expected that any chemical reduction
of U(VI) by Fe(ll) at these conditions is a result of catalytic
effects supplied by the solid substrate. This conclusion sup-
ports previous results where U(VI) reduction by Fe(ll) is
observed to occur only in heterogeneous systems (Liger
et al., 1999; Zeng and Giammar, 2011).

XPSanalyses on the solid fractions were used to observe
whether the chemical reduction of uranyl by ferrous iron
had occurred. Powders covered the filters uniformly and
facilitated XPS analyses. The U 4f XP spectra for the solid
samples collected at 45 min and up to 72 h showed clear
asymmetry in the U 4f 7/2 and 5/2 peaks, indicating more
than one oxidation state of uranium being present
(Fig. 7a). GL curves were fit at 381.7+0.2 and
380.7 £ 0.2 eV BEs (Fig. 7b). The component peak at
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Fig. 5. XRD pattern for the 0.17 mM U(VI) control experiment
and comparison with peak lists to other uranyl solids phases; the
PDF-#s for the solids are 01-086-1383 (schoepite), 01-089-7333
(metaschoepite), and 01-074-1468 (b-UO,(OH),).

Fe?* Hydroxides

Saturation Index
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Fig. 6. Saturation index for uranyl (red lines) and ferrous iron
solids (green lines) at the experimental conditions used (0.16 mM
U0%, 1 mM Fe?, 50 mM NaCl, 5 mM HEPES, pH = 0.05 atm,
pN, = 0.95 atm). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)

381.7 eV is attributed to U(VI1). U(VI) is the predominant
oxidation state of the solid, as shown by the higher intensity
of the U(VI) component peak as well as the clear obser-
vance of U(VI) satellite peaks (Fig. 7b, Table 2); the satel-
lite for 7/2 peak is at 385.6 eV and the satellites for the 5/2
peaks are at 396.7 and 402.8 eV. It should also be noted
that the BE for the U(VI) phase measured is lower than
BEs reported for typical uranyl oxide phases such as schoe-
pite (382.3 eV); this energy difference is possibly due to
more complex bonding environments on the surface of
the solid where U(VI)-O-U(V,IV) bonds, for instance,
may exist.

The lower BE component peak at 380.7 eV is associated
withthereduced uranyl fraction, thoughitisdifficult to attri-
bute the peak to asingle uranium oxidation state. U(IV) and
U(V) can be difficult to distinguish because the BEs of their
(pure) oxides partially overlap (379.8—-380.5 eV for U(1V)
oxides; 380.1+1 eV for U(V) oxides) (limited information
on U(V) oxides is available) (Allen et al., 1974; Wersin
etal., 1994; llton and Bagus, 2011). Satellite features are often
more helpful to discriminate between these oxidationstates,
though clear U(1V) or U(V) satellite peaks could not be
observed in the spectra collected due to the small fraction
of reduced uranyl present. Faint U(V) 4f 7/2 satellites
(388.7 £0.2) were visibleinsome spectra (i.e., 45 min, 24 h,
72 h), suggesting the chemically reduced uranyl portion
may be U(V), thoughitwas difficultto observe the 5/2 satel-
lite due to background noise. Unfortunately, not enough
information was available from the XPS analyses to deter-
mine the ratio between the concentrations of U(V) and/or
U(IV) present.

The reduced uranyl portion after 45 min reaction time is
estimated to be up to24% of the total uranium present
(Table 2). After 72 h, the proportion of reduced U increases
slightly to 26%. The small changes in the reduced uranyl
proportions show the chemical reduction of U(VI) within
the near surface of (meta)schoepite occurs rapidly and little
uranyl is reduced after 45 min. Thus, rapid reduction of
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Fig. 7. (a) U 4f XPS spectra for solids representing different times of the Experiment 1, overlain together for comparison. (b) Fitted GL curves
for U4f 7/2 peak at 0.75 h from Experiment 1, as an example of how proportions of U(VI) and reduced uranyl were quantified. (¢c) U 4f
spectra for solids representing different times of the Experiment 2, overlain together for comparison.

Table 2
Proportion of reduced U over time from XPS quantification.
Time (h) Expt 1 Expt 2
% % U % % U
u(vi) reduced u(vi) reduced
Schoepite 99.4 0.6 - -
standard
0.75 76.1 23.9 NA NA
3 75.1 24.9 NA NA
8 74.5 25.5 NA NA
24 74.3 25.7 65.1 34.9
48 73.2 26.8 67.4 32.6
72 73.8 26.2 66.6 334

uranyl occurs at the surface of the (meta)schoepite; uranyl
is rapidly precipitated from solution at the beginning of
the experiment as (meta)schoepite where the formation of
a solid facilitates adsorption of Fe(ll) onto the surface of
the bulk U phase. This result is reminiscent of heteroge-
neous experiments where reduction occurs at a timescale
of hours (Liger et al., 1999; Zeng and Giammar, 2011).
Additionally, the formation of a passivation layer of
reduced species on the schoepite surface is believed to inhi-
bit further reduction of uranyl within the bulk of the solid
U phase (Fredrickson et al., 2000; Duff et al., 2002).
The estimated reduced uranyl proportions based on the

decrease of Fe?* concentrations in batch experiments

(analyzed by ICP-MS) somewhat disagree with those
derived from XPS solid analyses. As mentioned earlier,
assuming the amount of Fe?* removed from solution was
lost entirely to the chemical reduction of uranyl, the result-
ing Fe to U ratios would erroneously lead to the belief that
up to 43% of uranyl was reduced to U(1V) (0.02 mM U)
after 45 min and~ 38% of uranyl was reduced to U(IV) (or
~0.06 mM U) after 72 h. The XPS data indicate instead

that up to ~24% of the uranyl was reduced ( ©.04 mM
U) within the first 45 min, and it is not certain whether
completereductionto U(1V) occurred. While quantification
of the reduced uranyl proportion from XPS analysis is
less accurate than those using aqueous methods such as
ICP-MS, the XPS data imply a fraction of the Fe(ll)
removed from solution did not participate in uranyl
reduction. It is plausible that a portion of Fe(ll) removed
from solution and not involved in the chemical reduction
of uranyl may have precipitated with iron oxide redox
products. Fe(lll) generated from the oxidation of Fe(lIl)
and reduction of mM to 1M amounts of U(VI) would be
well above the saturation limit of several iron oxides such
as magnetite (FesOas). Characterization of the iron redox
products is relevant to deciphering the mechanisms and
processes that concern this study. Unfortunately, the
scarcity of solids collected prevented the identification of
potential iron redox products using either XPS or XRD.
The relevance of characterizing these redox products will
be revisited in the discussion.



3.1.2. Experiment 2: Thermodynamically favorable but
kinetically slow conditions

For conditions where uranyl reduction had not been
observed (0.02 mM U(VI), 1 mM Fe(ll)) (Zeng and
Giammar, 2011), [U(V1ag] is constant for the first 3 h of
reaction, suggesting uranyl remains in the aqueous phase
(Fig. 4a and c). However, after 3 h, [U(V1)aq] decreased
by micromolar amounts (<51M) and after 24 h about
50% of the aquepus uranyl (0.01 mM) is removed from
solution. At 72 hj the uranyl concentration reaches
1.8 x 107 M, close to the analytical limit of detection
(1.6 x 10-7 M U,| 0.3 ppb) and near schoepite’s solubility
limit.

Fe?* concentrations were measured concurrently to
assess whether uranyl reduction was occurring.
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[Fe(I1)aq] remain fairly constant during the 72-h reaction
period (Fig. 4b and c), as expected. The amount of
Fe(ll) required to chemically reduce all the U(VI) pre-
sent is within the analytical error; reduction of the

0.02 mM U(VI) would lead to a less than 4% change
in the Fe* concentrations, which is within the error
of the measurements (5%). Consequently, changes in
Fe?* concentrations could not be used as a proxy for
chemical reduction. The stability of the Fe?* concentra-
tions indicates that the loss of Fe?* would be due to the
production of only small amounts of Fe3* redox prod-
ucts. pH measurements also do not indicate significant
generation of solid (redox) products; the pH remained
constant at 7.18 + 0.3 over the 72-h reaction (within
the error of the pH meter).
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Fig. 8. (a) BSE image and EDS spectra for filtered 0.02 mM UO2* solution obtained at 3 h, showing the absence of precipitates at the early
stages of the experiment. (b) BSE image and EDS spectra for filtered 0.02 mM UO?* solution obtained at 24 h, showing the presence of
uranium-oxide precipitates. The 0-8 keV energy region was chosen for analysis of the 24 h sample to better resolve elemental information.



(Meta)schoepite precipitates were not visible to the
naked eye at these concentrations in contrast to those
observed in Experiment 1. To test whether precipitation
was occurring, a control experiment for 0.02 mM U(VI)
at pH 7.2 was conducted, similar to the experiment con-
ducted for the 0.17 mM U(VI) solution. The solution was
equilibrated, with solids collected on filters at 3 and 24 h
using 0.021m Anopore aluminum oxide membranes
(Whatman Anotop syringe filters) to ensure collection of
nanoparticulate uranium precipitates. SEM imaging was
used to confirm precipitation of uranium solids. The filter
at the 3-h sampling time did not show uranium precipitates
(Fig. 8a). However, the filter for the 24-h sample contained
clumped aggregates of rod-shaped precipitates, generally
longer than 500 nm; EDS identified the precipitates to be
a uranium oxide (Fig. 8b). This is in agreement with the
aqueous data where uranyl remained in the aqueous phase
for the first 3 h and considerable precipitation occurred
after 24 h. Thus, uranyl reduction by ferrous iron at these
experimental conditions is again predicted to occur via
heterogeneous pathways that involve reaction on or cataly-
sis by surfaces in contact with solution.

Solids collected on the filters were sparsely found,
making it difficult to obtain high-quality XP spectra. U 4f
spectra on samples from 45 min to 8 h were broad, noisy,
and difficult to quantify (not shown in Fig. 7c¢). Distinct
U 4f peaks appeared in correlation to removal of ~50%

of the aqueous uranyl from solution (i.e., from 24 h
onwards) (Fig. 7¢). The U 4f 7/2 and 5/2 peaks showed

asymmetry, implying the presence of uranium in more than

one oxidation state. GL curves were fit for the U 4f7/2
peak with BEs of 381.5 £ 0.1 eV (U(VI) phase) and at
380.4 £ 0.1 eV (reduced uranyl phase). The predominant
oxidation state of the solid was U(VI) based on the higher
intensity component peak at 381.5 eV and faint U(V1) satel-
lite peaks for the 7/2 peak at 385.0 eV and the 5/2 peak at
396.1 and 402.6 eV. The oxidation state of the reduced ura-
nyl fraction at 380.4 eV is again less distinct; satellite peaks
for U(V) and U(IV) were inseparable from the background
noise. At 24 h, an estimated 30-33% of the total uranium
present was in the reduced phase (Table 2); the uranyl pro-
portions remained constant at 48 and 72 h suggesting that
most of the reduction occurred within the first 24 h. This
is again consistent with uranyl reduction occurring rapidly
at the onset of U(VI) precipitation.

These experimental results suggest that uranyl reduction
is facilitated by the formation of a heterogeneous system.
Thermodynamic calculations are compared to these obser-
vations to better understand whether uranyl is capable of
being reduced by ferrous iron in a homogeneous system
(Fig. 9). Redox reaction thermodynamics (at the given
experimental conditions) were calculated to be endothermic
when aqueous redox products (i.e., Fe(OH); and U(OH)4)
were produced, regardless of the aqueous reactant species
used (Fig. 9) (Eqg. (8)). The thermodynamic favorability of
the redox reaction is heavily influenced by the formation
of solid redox products, particularly the formation of speci-
fic Fe®" solids. For instance, uranyl reduction to
U(OH)4(ag) was endothermic when coupled with formation
of Fe(OH)s(s) (Eq. (9)) but was exothermic with the
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Fig. 9. Trends in the free energies of U-Fe redox reactions as a

function of aqueous and/or solid products generated. The markers
indicate the aqueous reactants used in the calculation.

formation of Fe20s3¢) (Eg. (10)) (again regardless of the
aqueous reactant species used).
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These thermodynamic results are in agreement with Felmy
et al. (2011) where the free energy of the Fe3* reaction pro-
duct is a key factor in determining the conditions where
UOZ%' can be reduced by Fe?*. Additionally, this study
and Felmy et al. (2011) predict uranyl reduction by ferrous
iron in a homogeneous system (where reactants and prod-
ucts are all in the aqueous phase) is not thermodynamically
favorable at near-neutral pH values. These calculations fur-
ther support experimental observations of uranyl reduction
being facilitated in heterogeneous systems. They also show
the importance of accounting for the aqueous redox prod-
ucts to form before the solid phases, as this approach leads
to considerably different conditions where uranyl reduction
by Fe?* is thermodynamically favorable.

In summary, the removal of uranyl from solution in a
homogeneous, ferrous-iron containing solution is from
the precipitation of (meta)schoepite, not from the chemical
reduction of uranyl by ferrous iron in aqueous phase and
the subsequent precipitation of UO2zs). The creation of a
heterogeneous system following uranium precipitation cre-
ates an environment conducive towards the chemical



reduction of uranyl by ferrous iron. This supports previous
experimental results where the chemical reduction of uranyl
by ferrous iron occurs in heterogeneous systems, such as in
the presence of iron oxides (Liger et al., 1999; Zeng and
Giammar, 2011). Further clarity for why uranyl reduction
by ferrous iron in a homogeneous system is not observed
will be provided through the thermodynamics and Kinetics
of molecular-scale ET reactions mechanisms modeled using
ab initio methods.

3.2. Computational results

3.2.1. Outer-sphere ET thermodynamics and kinetics

Structures for pre- and post-ET OS-complexes were geo-
metry optimized using a DFT-B3LYP approach (Fig. 10a
and b). Electron localization was assessed by Mulliken spin
density distributions. Mulliken spin densities for the Fe?*
and UO?} ions in the pre-ET model were approximately
+3.85 (formal spin of +4) and 0 (0), respectively, while
for the Fe®* and UO*,ions in the post-ET models, they
were approximately +4.26 (+5), and +1.12 (1), respec-
tively (the negative sign of the U spin indicates the spin
direction is opposite to the Fe spin direction).
Additionally, the [bond distances reflect the correct oxida-
tion states for bath the pre- and post-ET models, where
shorter average bond lengths are observed for the Fe3*
and US* in comparison to Fe** and US*, respectively
(Table 3); larger bond length changes are incurred in
cations where the |electron is localized.
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Table 3
Measured atomic distances for Fe and U cations for the outer-
sphere (OS) and inner-sphere (IS) models.

Model

Average distance (A)

Outer-sphere Inner-sphere

Pre-ET Post-ET Pre-ET Post-ET
U-OHgq 2.219 NA 2.288 2.56
U—-OHy,eq 2.532 2.519 2.505 2.514
U-0Oy 1.769 1.803 1.752 1.795
U-Fe 4.831 4811 3.412 3.455
Fe-OH NA 1.875 2.105 1.896
Fe-OH, 2.152 2.162 2.186 217

In addition to the respective lengthening and shortening
of bonds for each model, the optimized structures show the
reduction of U(VI) to U(V) by Fe(ll) as an OS complex
proceeds as a PCET reaction. The ET from the Fe(ll) to
the U(VI) is accompanied by spontaneous transfer of two
protons. After ET, the uranyl molecule was hydrated from
UO2(OH)2(H20)2 to UO2(H20);; each of the hydroxyl
ligands of the uranyl molecule acquired a hydrogen atom
from water ligands associated with the iron complex. The
aquo Fe?* complex was hydrolyzed from Fe(H20)** to
Fe(OH)2(H20);. This is in agreement with the chemical
speciation and behavior of ferric iron in solution where
water molecules, when bound to Fe3*, are Bronsted—
Lowry acids and hydrolyze to induce the formation of ferric
iron hydroxide species.

Post-ET: Fe**-U**

0
0 02 04 06 08 1
Reaction Coordinates (q)

1.2 14 16 18 2

Fig. 10. DFT geometry optimized pre-ET (a) and post-ET (b) states for the OS models, where water ligands separate Fe—U complexes. The
values next to the Fe and U cations indicate the Mulliken spins for that ET state. Circled hydrogen atoms denote occurrences of PT. (c) PE
surface for the ferrimagnetic, PCET o reaction; solid data points are calculated values while the solid lines are the curves fitted to the
properly calculated data points. Reaction coordinate O represents the pre-ET state and 1 represents the post-ET state. (d) PE surface for the
ferrimagnetic, PCETgq reaction; makers are calculated values while the solid and dashed lines are the parabolas fitted to the calculated values.
The solid lines are parabolas fit to the ET step (i.e., the coefficient a is the same for each curve); the dashed curve indicates parabolas fit to the
PT data values, yielding higher reorganization energies. Reaction coordinate O represents the pre-ET state; 1 the intermediate state; and 2 the

post-ET state.



From the geometry-optimized structures and their total
energies for the pre- and post-ET systems, the thermody-
namics and kinetics for the ET from Fe?* to UO3* were
determined. The free energy of the PCETconc reaction was
exothermic for the ferromagnetic and ferrimagnetic cases
(-9 and 35 kJ/mol, respectively). Based on just the free
energy of reaction, the first ET step would be plausible
for U(V1) to be reduced by Fe(ll) in a homogeneous sys-
tem. Thethermodynamics differ between the computational
and empirical calculations; thermodynamic calculations
using empirical data predict uranyl reduction to be ener-
geticallyunfavorable inahomogeneous system (as present-
ed above) while these ab initio calculations suggest the first
ET step occurs. Thermodynamic calculations using empiri-
cal calculations account for more extensive hydrolysis reac-
tions and changes in speciation of the reduced products
(e.g., UO%* + 2e— 1 U(OH) ). The molecular computa-
tional models provide a quantum-level understanding of
uranyl reduction and the thermodynamics reflect the ener-
getics of atomistic redox-reaction mechanisms.

Even though the ET reaction is thermodynamically
downhill, the Kinetics of the reaction are predicted to be
slow; the coupling of two PTs to the ET for the ferromag-
netic and ferrimagnetic cases yield vanishingly small (effec-
tively zero) rates, —~10-%! and 4x 10-1°s-1, respectively
(Fig. 10c, Table 4). Additionally, only the ferromagnetic
case proceeds adiabatically (Vas = 9.9 ki/mol), though
the predicted rate remains negligible. These slow rates are
due to a persistent tendency for the ET reaction to be cou-
pled to spontaneous PTs, requiring substantial structural
rearrangement through bond breaking and reforming that
accompanies the redistribution of the electron density.
The activated complex is thus characterized by a nuclear
configuration involving two H* ions dissociated from water
molecules in transit relatively long distances (because of the
OS encounter complex treatment) to the uranium hydration
sphere. High reorganization energies (+707 and
+769 kJ/mol for the ferromagnetic and ferrimagnetic mod-
els, respectively) and activation energies (+192 and
+176 kJ/mol, respectively) are incurred by the significant
structural rearrangement of the OS complex. We consider
our calculated energetics to be maximum values, as the
LST method to determine the reaction coordinates does
not ensure an energy minimized pathway. It is possible that

second-shell waters could provide lower energy pathways
for PT, particularly in the OS encounter complex, though
these are not included in our treatment. Nonetheless, the
coupled PTs and hydrolysis of the aquo Fe molecule lead
to considerable energetic barriers affecting the ET rate for
the OS PCETconc System.

Treatment of the OS ET as a PCETseq reaction was also
done to observe the ET energetics without the energetic
contributions from the spontaneous PTs; U(VI) was first
reduced to U(V) (an intermediate structure, using a ferri-
magnetic spin configuration for this calculation) with the
PTs following the ET step. To model the post-ET state
without PT occurring concurrently, all OH bond distances
(excluding hydrogen bonds) were fixed relative to the O
atoms in the pre-ET state and the structure was energy
minimized. In this treatment, the energetic barriers for ET
are lowered; the activation energy decreases by
~50kJ/molto +117 kJ/mol andthe reorganization energy
decreases by 500 kJ/mol to +210 kJ/mol (Fig. 10d,
Table 4). This confirms that a substantial contribution to
the activation energy inthe PCETconc treatment arises from
thedissociationof OHbonds. However,the ET step forthe
PCETseq treatment is thermodynamically unfavorable
(+102 kJ/mol) due to the steric constraints placed on the
system. Thus, although the rate of ET from Fe(ll) to
U(V1) increases through a PCETseq reaction mechanism,
the ET rate remains slow (3 x 10~12 s—1),

The second step of PCETseq, involving PTs and the
structural rearrangement of the OS complex, is exothermic
(134 kJ/mol) and is characterized by lower activation
energies than the ET step (+84 to +8 kJ/mol); these trends
are expected given that the ET has increased the negative
charge density on the uranium ion. However, the overall
PCETseq reaction would be limited by the slower of the
two component rates in the sequential mechanism — the
ET step. It thus appears that the tendency for the Fe3*
molecule to hydrolyze during ET leads to a configurational
barrier that hinders U(VI) reduction by Fe(ll) as an OS
encounter complex.

3.2.2. Inner sphere ET thermodynamics and kinetics

As was done with the OS models, the structures for the
pre- and post-ET IS models were geometry optimized
(Fig. 11a and b). Correct oxidation states were also

Table 4

Calculated thermodynamic and Kinetic properties for the OS and IS models.

Model (spin-configuration) DG° k (kJ/mol) DG" (kJ/mol) Vg Py, ket (s7%)
(kJ/mol) (kJ/mol)

OS PCET.onc (ferromagnetic) —19.395 769.105 192.348 9.928 0.963 9.892 x 107%"

OS PCET.onc (ferrimagnetic) —35.403 707.345 176.809 1.349 0.061 3.760 x 107*°

OS PCETsq (ferrimagnetic, ET 102.113 209.984 117.138 0.193 0.002 3.111 x 107*2

without PT)

OS PCETsq (ferrimagnetic, ET —134.421 (524.960, (83.994™, (0.4127, (0.0077, (1.750 x 1073,

with PT) 209.984) 8.399) 0.167) 0.002) 1.783 x 109)

IS (ferromagnetic) —-16.202 186.245 37.774 0.624 0.026 2.056 X 16‘*

IS (ferrimagnetic) —16.376 174.558 33.493 9.8015 0.999 2.750 x 15

“ Denotes reactions that are adiabatic.
“ Denotes properties determined using data fit to PT values.
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Fig. 11. DFT geometry optimized pre-ET (a) and post-ET (b) states for the IS models, where Fe—U complexes are connected by bridging-
hydroxyl ligands. The values next to the Fe and U cations indicate the Mulliken spins for that ET state. (c) PE surface for the ferrimagnetic ET
reaction; solid data points are calculated values while the solid lines are the curves fitted to the properly calculated data points (the coefficient a

is the same for each curve).

confirmed through analysis of Mulliken spin density
distributions (pre-ET: Fe?* +§83 and UO?" 0.0& —post-
ET: Fe3* +4.25 gnd UO* £1.15) apdghrough assessment of
calculated bond distances. Interatomic dis- tances for the IS
complex are also in good agreement with

experimental results; e.g., our Fe-U distance is ~3.5 A,
which is similar to experimentally-measured Fe-U distances
observed for uranyl adsorbed on iron (oxyhydr)oxides as an
IS complex (3.44-3.49 A) (Waite et al., 1994; Sherman
et al., 2008; Singh et al., 2012).

Similar to the OS PCETcnc model, the reduction of
U(VI) to U(V) is found to be thermodynamically favorable
for both the ferromagnetic and ferrimagnetic models
(16 kd/mol for both reactions) (Fig. 11c, Table 4). In con-
trast to the OS complex, the IS complex does not exhibit
spontaneous PT accompanying ET. In turn, the energetic
parameters and the kinetics are not affected by large
energetic contributions from the OH dissociation. The acti-
vation energies are low in comparison to those for all of the
OS models (+38 and +33 kJ/mol for the ferromagnetic and
ferromagnetic models, respectively). The reorganization
energies for the IS models are also considerably lower than
those observed in the OS PCETconc complex (+186 and
+175 kJ/mol, respectively). The reorganization energies
are close to those obtained for the ET step of the OS
PCETseq model; this is reasonable because in both cases
the absence of PTs means that internal reorganization ener-
gy arises primarily from small adjustments to bond lengths
and angles in the Fe-U encounter complex. The energetic
barriers for ET are thus shown to be significantly reduced
upon formation of a hydroxyl-ligand bridge between the
uranyl and ferrous iron ions. In turn, the resulting ET rates
for the ferromagnetic and ferrimagnetic reactions are

calculated to be orders of magnitude faster than the OS
rates (2 x 10* and 3 x 108 s~1, respectively). More so, the
ferrimagnetic ET proceeds adiabatically (Vas

= 9.8 kJ/mol) and would represent the most likely pathway
for ET to occur in the IS complex.

U(VI) reduction by Fe(ll) in a homogeneous system is
calculated to be thermodynamically favorable and
kinetically feasible when U and Fe form an IS encounter
complex via bridging-hydroxyl ligands. This suggests that
ET between U(VI) and Fe(ll) is highly dependent on the
ease by which an IS complex may form. Our molecular
computations address the thermodynamic favorability for
an OS complex to transition to an IS complex (via Eq.
(7)), where it is found that +96 kJ/mol of energy is required
to remove two water molecules from the OS complex to
become an IS complex. Thus, based on the thermodynamic
unfavorability for an OS Fe-U complex to dehydrate and
form an IS complex, the formation of an IS Fe-U complex
within which ET may proceed is predicted to be exception-
ally low in an aqueous, homogenous solution.

4. DISCUSSION

The experimental results are in agreement with previous
studies where the removal of uranyl at high concentrations
is observed. However, the mechanisms for the removal of
uranyl were not attributed to the chemical reduction of
aqueous uranyl and subsequent precipitation of UOzs) as
in Du et al. (2011) (Fig. 1; Table 1; Processes 2, 5, 6). In
contrast, this study indicates the removal of uranyl due to
the precipitation of (meta)schoepite and the subsequent
transitioning to a heterogeneous system further enabled
uranyl reduction by ferrous iron (Fig. 1; Table 1;



Processes 3, 7). These results support solubility data (Fig. 6)
as well as results from previous studies concluding that the
chemical reduction of U(VI) by Fe(ll) proceeds rapidly in
heterogeneous systems, such as uranyl and ferrous iron
coadsorbed onto iron oxide minerals (Liger et al., 1999;
Zeng and Giammar, 2011). These batch experiments show
U(VI) is removed from solution by precipitation and that
transitioning to a heterogeneous system enables uranyl
reduction to occur, where the surface of the solid U phase
is partially reduced to U(IV) and/or U(V). This study also
shows redox reaction thermodynamics are endothermic in a
truly homogeneous system, where aqueous redox products
(i.e’, Fe(O +2and U(OH) )Aare produced.

To substantiate experimental observations, ab initio
methods and ET  calculations  provide  further
thermodynamic and kinetic data as well as an understand-
ing of molecular-scale reaction mechanisms significantly.
The progression of U(VI) reduction to U(V) as a PCET
reaction leads to high energetic barriers and in turn slow
ET rates. These rates and energetics are in agreement with
values obtained for ET between Fe2* and uranyl-carbonate
complexes (Wander et al., 2006). In contrast, achieving an
IS complex through bridging hydroxyl ligands enables
rapid reduction of U(VI) to U(V). This is in agreement with
surfacecomplexationmodelspredicting U(VI)reductionby
Fe(l1) to proceed as an IS reaction, based on the formation
of IS oxidant and reductant complexes on iron (hydr)oxide
surfaces (Charlet et al., 1998, 2002; Liger et al., 1999).
Furthermore, the ease with which ET proceeds in an IS
complex also supports the rapid reduction rates observed
in heterogeneous systems on (hydr)oxide minerals, where
the reduction rates have been directly proportional to the
concentration of hydroxylated Fe?* surface complexes
(Charletetal.,1998; Ligeretal.,1999). However, our study
suggests that formation of the IS complex necessary for
facile ET in homogeneous aqueous solution is unfavorable.
These models provide a fundamental understanding of why
reduction for the homogeneous uranyl-ferrous iron system
is rarely observed.

The ab initio models are in agreement with other
experimental observations such as the hydrolysis of Fe?*
and its enhanced reactivity; the aquo Fe?* ion in the OS
complex undergoes hydrolysis with and/or during ET,
resulting in a hydroxylated Fe®* ion. It is well known that
hydrolysis of Fe?* increases the oxidation rate; deprotona-
tion of the aquo Fe?* ion causes an accelerated oxidation
rate by a factor of 10* and Fe(OH)2 reacts 10° times faster
than Fe(OH)* (Wehrli et al., 1989). The precipitation of
(uranyl) oxide phases can also facilitate the hydrolysis of
divalent cations including Fe?* compared to solution
(Schindler, 1991), in turn accelerating its oxidation rate
(Wehrli et al., 1989; Charlet et al., 2002). Surface com-
plexation models also predict uranyl reduction by ferrous
iron to be kinetically inhibited, where Fe?* hydrolysis and
formation of a redox precursor-complex such as a binary
Fe-U complex, are some of the postulated barriers
(Wehrli et al., 1989; Schindler, 1991; Liger et al., 1999).
These atomistic mechanisms are observed for the OS ET
models in this study and are shown to have a considerable
impact on the ET reaction thermodynamics and Kinetics,

whereby the IS complex is the product of overcoming these
energetic barriers.

Chemical speciation also significantly influences whether
reduction can occur via homogeneous pathways. The IS
complex is less thermodynamically favorable than the OS
complex, thus the formation of IS complexes would be lim-
ited in an aqueous system. The lowered stability of the IS
complex is likely due to repulsive Coulombic forces
between the positively charged Fe** and UO2* species
(Rosso and Morgan, 2002). Our results suggest that homo-
geneous reduction may be significantly limited due to the
unfavorability of IS interactions between Fe(ll) and
U(VI). Similarly, it is also plausible that the homogeneous
reduction of metals such as Cr(V1) and Tc(VII) by Fe(ll)
are facilitated through the attraction, collision, and com-
plexation between oppositely charged ions (CrO?; and
TcOz and Fe?*) (Zachara et al., 2007; Wander and
Schoonen, 2010). For instance, the free energy to bring
two, oppositely charged CrOz? and Fe?* ions together is
approximately 23 kJ/mol (Wander and Schoonen, 2010)
while this study would predict 0 to +20 kJ/mol for
UO2(OH)2/U03* and Fe?* species. Thus, while the reduced
uranyl and oxidized Fe?* products may be thermody-
namically favorable, the formation of an IS complex is
unfavorable (in comparison to other metal systems such
as Cr(VI) and Tc(VII)) based on the chemical speciation.

For future studies, it is important to address areas of
analysis that can be improved upon so that more accurate
observations and predictions of uranyl reduction can be
made. Analysis of the aqueous U(VI) fraction can lead to
inaccurate predictions of the mechanisms governing uranyl
removal from solution. Studies often correlate aqueous
U(VI), extracted U(VI) (via the bicarbonate method)
(Waite et al., 1994; Gabriel et al., 1998), and loss of aqueous
Fe(ll) to quantify the amount of wuranyl reduced.
Stoichiometric relationships between the consumption of
Fe(ll) and removal of U(VI) help determine whether the
chemical reduction of uranyl is occurring (Eary and Rai,
1988; Hua et al., 2006; Hua and Deng, 2008; Du et al.,
2011). However, in the uranyl-ferrous iron system it is dif-
ficult to attribute reduction solely to homogeneous path-
ways due to the complexities introduced by the generation
of solid redox products and transition to heterogeneous
redox pathways. Aqueous analyses and interpretation of
the mechanisms controlling uranyl removal from solution
becomes complicated, as loss of uranyl could now be due
to precipitation, adsorption, chemical reduction to U(IV)
and precipitation to UOzs), etc. In addition to analyzing
the rate of uranyl removed from solution, it is necessary
to apply a combination of different methods to determine
the removal mechanisms.

To attribute the removal of uranyl from solution by
reduction, identification of the solid redox products and
physical evidence of U(IV) is needed for confirmation of
chemical reduction occurring (Noubactep, 2009). In this
study, correlating aqueous data to uranyl reduction leads
to higher concentrations of uranyl being reduced 38%
after 72 h) though analysis of the solids show that U(VI)
is the dominant oxidation state and that-25% of the ura-
nyl is reduced to U(V)/U(1V) within the first hour. Partial



reduction of the uranyl solid is likely reached due to the for-
mation of a passivation layer of reduced uranyl-oxide on
the surface of the (meta)schoepite, which would inhibit fur-
ther chemical reduction of U(VI) within the bulk
(Fredrickson et al., 2000; Duff et al, 2002) (Fig. 1;
Table 1; Processes 7c, 8c). Additionally, based on the
XPS data from this study, it is possible that a portion of
the reduced uranyl product is U(V); previous studies
showed the existence of U(V) over U(IV) could be due to
coordination environments favoring U(V) (llton et al,
2006, 2010, 2012). Thus, more detailed analyses of the solid
U redox product provide insight into whether U(VI) reduc-
tion to U(IV) is proceeding to completion, which isotherms
do not always show, and in turn contribute to predicting
the stability and solubility of the solid U phase.

In addition to solid U redox products formed, the co-
precipitation of iron redox products adds to the complexity
of the system and, more importantly, impacts the energetics
of uranyl reduction. Felmy et al. (2011) calculated the ther-
modynamics for the reduction of U(VI) by Fe(ll) to assess
the impact of different Fe(III) reaction products (using con-
ditions from Liger et al. (1999)). Under these conditions,
aqueous Fe(ll) could only reduce aqueous U(VI) to
UO2@ms) at pH > 8. If stable Fe(lll) reaction products
form, the pH range over which U(VI) reduction can occur
will increase. For instance, if hematite formed (via the over-
all reaction: U(V1)@g + 2Fe(I1)@g M UOz2@m) + Fe203()),
it becomes thermodynamically possible to reduce U(VI)
to U(IV) at pH P 6. The type of Fe(lll) reaction product
formed (e.g., FeOHas(s) vs. Fe20s(s)) also has a large impact
on the pH range over which the reaction occurs.
Unfortunately, the Fe(lll) reaction product(s) could not
be determined in this study (with analysis requiring use of a
combination of Mdssbauer  spectroscopy, TEM,
XANES, and EXAFS) (Zachara et al., 2007; Peretyazhko
et al., 2008). The free energy of the Fe(lll) reaction prod-
ucts is a key factor in determining the range of conditions
under which U(VI) can be reduced by Fe(ll); future studies
should emphasize characterizing the solid iron redox prod-
ucts to better understand its impact in redox environments.

4.1. Conclusions

A more fundamental understanding of mechanisms
involved in the abiotic reduction of U(VI) by Fe(ll) has
been gained by combining experiments and ab initio model-
ing. Through careful monitoring and analysis of both the
aqueous and solid fractions over time, experiments have
clarified that U(VI) reduction by Fe(Il) occurs in a hetero-
geneous system. Ab initio calculations reveal the nature of
thermodynamic and kinetic barriers that must be overcome
at the molecular scale in order for reduction to proceed in a
homogeneous system, such as dehydration of solvated com-
plexes and Fe?* hydrolysis. In turn, reduction of U(VI) by
Fe(Il) in ahomogeneous system is predicted to be kinetical-
ly inhibited. These atomistic details are difficult to observe
using geochemical models or experiments, and have helped
reinforce deductions from experiments. Our results not only
show the reduction of soluble U(VI) by soluble Fe(ll) to be
thermodynamically and kinetically limited under the given

experimental conditions, but also, and most importantly,
shed light on the feasibility of uranyl reduction in a homo-
geneous system under different chemical conditions (e.g., in
the presence of naturally occurring reductants such as sul-
fide and hydroquinone).

This study also helps provide insight into relevant redox
mechanisms in analogous systems, such as reduction on
mineral surfaces. Reduction of U(VI) by Fe(ll) was found
to be thermodynamically favorable and kinetically feasible
foran IS complex. IS complexes are often observed for ura-
nyl adsorbed onto iron oxide surfaces (Waite et al., 1994;
Sherman et al., 2008; Singh et al., 2012). Thus, it is possible
one of the atomistic mechanisms enabling reduction of ura-
nyl in heterogeneous systems is the ability for the mineral
surface to strip solvating waters and facilitate the formation
of an IS complex. More so, it is of interest to understand
whether minerals (particularly semiconducting minerals like
hematite) directly participate in redox processes.
Semiconducting minerals are hypothesized to provide a
structural template that increases the probability of forming
configurations compatible with ET/PCET and/or can serve
as a conduit for shuttling electron density from donor to
acceptor. It is well established that semiconducting minerals
possess the ability to connect redox reactions at a distance,
where an electron from a reductant at one site of the min-
eral surface can be transferred through the mineral and
reaches an oxidant within close proximity (Becker et al.,
2001; Rosso and Becker, 2003; Renock and Becker,
2010). The effect of the mineral surface on the thermody-
namics and kinetics for ET would again be important in
predicting uranyl mobility and reactivity, and is currently
being investigated.

An in-depth understanding of the conditions conducive
for abiotic reduction of U(VI) by Fe(ll) is required to
accurately predict uranyl’s mobility and reactivity. These
conditions are a complex function of chemical speciation
and solubility, molecular-scale reaction mechanisms, and
the thermodynamics, kinetics, and reduction potential of
uranyl in solution or sorbed onto geologic materials. For
example, it has been shown that predictions for the field-
scale behavior of radionuclides at the Hanford site were
significantly improved in several transport models using in-
depth atomistic and molecular-scale characterization
(Felmy et al., 2011). Thus, to most accurately predict the
migration of radionuclides and metals for realistic systems,
integration of detailed experimental and computational
results into conceptual models is needed. The methodology
used in this study, combining experimental and computa-
tional approaches, has broad applications and will be
applied in future studies to provide insight into redox reac-
tion pathways and mechanisms for other redox-sensitive
systems.
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